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Abstract. The use of old building design codes and improper execution of recent seismic design practices
resulted in substandard and vulnerable reinforced concrete building stock, the majority of which is built with
weak beam-column joint connections (i.e. joint panels having no transverse reinforcement and built in low
strength concrete). In order to understand the seismic response and damage behavior of recent special
moment resisting frame (SMRF) structures with the defect of weak beam-column joints, shake table tests
were performed on two 1:3 reduced scale two storey and one bay RC frame models. Reference code
design and weak beam-column joint frame models were subjected to unidirectional dynamic excitation of
increasing intensities using the natural record of 1994 Northridge Earthquake. The input scaled excitation
were applied from 5 % to 130 % of the maximum input peak ground acceleration record, to force the test
models from elastic to inelastic stage and then to fully plastic incipient collapse stage. The weak beam-
column frame experienced flexural cracking of the columns, longitudinal bar-slip in beam members, cover
concrete spalling and severe damageability of the joint panels under multiple dynamic excitations. The
deficient frame was able to resist only 40 % of the maximum acceleration record as compared to the code
design frame, which was able to resist up t0130 %. Based on the experimental observations, a drift-based
damage scale was developed for different performance limits states that can be employed for the global
performance assessment of deficient weak beam-column joint RC frames.

Acknowledge: The authors are thankful to the Earthquake Engineering Center (EEC), Department of Civil
Engineering, UET Peshawar, for supporting the experimental research presented herein.
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1. Introduction

Reinforced concrete construction is on the peak in many urban areas of the world. This type of
construction is particularly used for multi-storey buildings, schools, hospitals, and residential type buildings
because of the vast availability of constituents of concrete around the world and the ease of construction.
Although the design and construction of RC buildings in the developing countries are mostly based on the
locally available or adopted international building codes, the proper construction execution of the specified
design in the field is still a big challenge. The improper construction practices and use of old seismic code
provisions resulted in a widespread substandard and vulnerable building stock [1-2], with recent surveys
showing a number of construction/designs deficiencies [1, 3]. The commonly available construction/design
defects include: substandard quality of concrete (low strength concrete), joint panels without transverse
reinforcement, beam column members with reduced flexural reinforcement along with shear reinforcement
spacing larger than specified by the code, and non-seismic hooks among others. In all these typical
construction or non-seismic design practices, the weak beam-column joint connections i.e. joint panels

© Rizwan, M., Ahmad, N., Naeem Khan, A., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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having no transverse ties reinforcement and built with low strength concrete, are very common. An RC
building with joints having such non-seismic provisions can cause shear failures of the critical panel regions;
in turn, such failures can result in partial or full collapse of the structures. It is also worth to mention, majority
of these RC buildings in the developing countries are located in high seismic regions and can be subjected
to large earthquakes of extreme excitations in the future [4]. RC structures if not built properly can result in
catastrophic failure and subsequent human and economic losses due to strong earthquake induced ground
motions [5-9].

In recent decades, many researchers performed experimental investigations through quasistatic
tests on weak beam-column connections and shake table tests on deficient frame structures, in order to
assess their seismic performance [10-28]. In most of these experimental studies, either full scale and/or
reduced scale beam-column connections and frame structures were employed. In these experimental
investigations, different types of substandard and non-seismic parameters and diverse structural
configuration were considered, in order to assess the seismic performance and damage mechanism of
deficient of RC structures. Quintana et al. [10] tested a 1:2.5 reduced scale three-storey deficient frame
structure (Fig. 1 a) on shaking simulator, in order to assess the damage mechanism and to provide bench
mark test data for the retrofitting of old type, non-ductile and non-seismic design buildings. The test model
was built with plain rebars, without joint transvers reinforcement provisions and with 90° non-seismic hooks.
The test models were subjected to increasing PGA excitation of several earthquake records in order to
observe the damage behavior of the test frame. During the initial excitations it was observed that the model
experienced a lap splice failure at the top storey joints because of the use of plain rebars. At high PGA
intensity most of the damage was concentrated at lower storey column bases and extensive damage was
observed at beam-column connections; this showed high vulnerability of these deficient RC structures.
Stavridis et al. [11] conducted shake table tests on a 2:3 scale three-storey and two-bay RC frame structure
(Fig. 1 b) with older code design parameters and non-seismic detailing. The effects of infill panels were
also investigated during the experimental program. Increasing inputs excitations were applied to test
specimens in order to investigate the damage mechanism with low, moderate and high-level shaking
intensities. It was observed during the testing program that at low level intensity, minor cracks were
appearing in the infill panels, with the development of plastic hinge formation at column bases, i.e. cracking
and joint shear failures at high level excitations. Yavari et al. [12] tested four 1:2.25 scaled two-storey and
two-bay RC frames (Fig. 1 ¢) with non-seismic detailing in the beam and column members and no
transverse reinforcement in the beam-column joints. The objectives of the experimental program were to
investigate the collapse mechanism and gravity load redistribution with increasing dynamic excitations.
Different factors affecting the behavior of these deficient RC frame structures during an earthquake loading
including axial load demand on the column members and shear failure pattern of weak beam-column
connections were evaluated. It was observed from the experimental study that the collapse of deficient RC
frame structures may be a result of the plastic hinging mechanism produced at the base of non-ductile
columns ends and critical shear failures of beam-column connections. Sharma et al. [13] conducted shake
table test on a 3D, three-storey RC frame model (Fig. 1 d) with design deficiency of having no transverse
reinforcement in beam-column connection and poor anchorage provision. The objectives of the testing
program were to investigate the effectiveness of a tuned mass damper (TLD) retrofitting scheme and to
observed the inelastic behavior of a non-seismic design RC frame structure under increasing dynamic
excitations. It was observed from the test results that under increasing dynamic shaking, the model damage
behavior is mostly concentrated at the lower storey columns base and beam-column panels. Most of the
experimental studies available in the literature were focused on the vulnerability assessment of gravity
type/old type RC buildings and/or the performance of a specific retrofitting, strengthening or isolation
technique [14-28]. However, experimental shake table investigations on the recent special moment
resisting frames (SMRF) structures (seismic code compliant beam and column members), but having weak
beam-column joints (no transverse ties reinforcement and built with low strength concrete) and their seismic
behavior at the ultimate damage state, are lacking.

In order to assess the ultimate capacity and damage mechanism of frames with weak beam-column
joints, shake table tests were performed on representative frames structures. The shake table tests
investigations have been performed on two 1:3 reduced scale two-storey RC frame specimens. Model-1
(reference model) was a code compliant model design based on the seismic building code. Whereas,
Model-2 had similar characteristics but was provided with no ties in beam-column panel zone along with
concrete strength less than the design specification (33 % less) to consider the effects of the most
commonly available defects in the existing building stock [1, 3]. The test specimens were subject to multiple
excitations using the natural accelerogram of 1994 Northridge Earthquake ranging from 5 % to 130 % of
peak ground acceleration. These multiple scaled excitations were used in order to force the test models
from elastic stage to inelastic and finally near collapse stage. The damage mechanism of each specimen
was observed and reported. Acceleration and displacement response of the structure was recorded and
analyzed to obtain the inter-storey drift demand, inter-storey shear and displacement profile of the structure
and to develop deformation-based damage scale for seismic assessment of the considered structures.
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The objectives of the current experimental program were to understand the dynamic response,
damage mechanism at ultimate capacity and to develop drift-based damage scales for RC frame structures
with weak beam-column joint connections.

(a) 1:2.5 scale three storey two bays by one bay deficient RC model tested
by Quintana et al. [10]

(d) mid-height of middle
column

(C) overview (€) bottom of east column

column

(b) 2:3 scale three storey RC frame tested by Stavridis et al. [11]

s

(c) 2:2.25 scale two storey and two bay (d) 1:3 scale three storey RC model
RC frame tested by Yavari et al. [12] tested by Sharma et al. [13]

Figure 1. Shake table tests investigations on deficient RC frame models.

2. Methods
2.1. Experimental Program
2.1.1 Test Specimens

The current research focused on low rise RC frame structures with weak beam-column joints (non-
seismic detailing along with low strength concrete), in order to quantify their seismic performance and
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observe their damage response. In particular, a RC frame with a two storey structure was considered,
typically employed for low rise schools, hospital or apartment type public buildings. The considered
structure consisted of a 2 by 1 bay frame, with each bay length of 5487 mm (18 feet) and storey height of
3658 mm (12 feet) for both the stories, as shown in Fig. 2. The representative frame structure was designed
according to static force-based procedures (BCP-SP 2007/UBC 97) [29—-30], considering high seismic zone
of 4.0 (0.40 g design peak ground acceleration) with stiff soil type B (NEHRP classification). The modeling
and design were carried out using the design software CSI ETABS considering all load combinations as
per the code. For the material properties, 21 MPa (3000 psi) concrete and 414 MPa (60,000 psi) rebar yield
strength were considered in the design process. The design model was detailed as per the ACI-318-14 [31]
recommendations for the SMRF provisions. Fig. 1 also shows the design details of the prototype structure.

2.1.2 Preparation of One-Third Reduced Models

The seismic shake table simulator in Earthquake Engineering Center, Department of Civil
Engineering, UET Peshawar, has a table size of 1.5m x 1.5 m (5 feet by 5 feet) and can operate with
loading capacity of about 5 tons (11.01 kips) only in the unidirectional excitation. Due to the size and loading
capacity limitations, only the interior critical frame was extracted from the prototype design building and
reduced to one-third scale for seismic excitation as shown in Fig. 2. For scaling between the prototype and
model dimension, a simple linear model idealization was considered as shown in Table 1. Such simple
modeling allowed simplicity and reduced the cost as well as complexities associated with scaling the stress-
strain properties of the materials (concrete and reinforcing bar) in the model domain. As shown in Table 1,
all the members of the extracted prototype frame, i.e. beam, column and slab, and reinforcing rebar were
reduced by a scale factor of S_ 3. For the constituents of concrete, 8.52 mm (3/8 in) down aggregate size
was taken for model preparation, in order to use scaled coarse aggregate, whereas cement and fine
aggregate were used with no scaling. As mentioned earlier two types of concrete strength were employed
in this study, i.e. 21 MPa (3000 psi) and low strength test model with a 14 MPa (2000 psi) concrete
compressive strength. For this purpose, ACI concrete mix design methods were followed for the preparation
of concrete constituent mix.

68t Bar

1-6"

Slirrup
3 @ 3inclc

—- 1" -—

Beam section A-A

BHE Bar

Stirrup
,1 ' #3 @ 3in oo

I A A AT AT

m —

Column section B-B

—lal—
I O O OO T

Figure 2. Geometric and design layout of prototype RC frame.
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Table 1. Prototype and reduced models’ dimensions and similitude conversion factors.

Structural Properties

Prototype Frame Test Models (Scale 1:3)
Beams: Beams:
304 mm x 459 mm 102 mm x 153 mm Simple Model Similitude Requirement
(12 in x 18 in) (4inx6in)
Physical Relationship Scale
Columns: Columns: Quantity Factor
304 mm x 304 mm 102 mm x 102 mm Lenath — 3
(12/in x 12 in) (4in x 4 in) 9 Su= Lp/Lm
Stress St = fplfm 1
Slab: Slab: Strain Se = ep/em 1
153 mm (6 in) 51 mm (2 in) Specific Mass S, = pp/pm 1
Concrete strength: Concrete strength: Displacement Sa = dp/dm =S¢ 3
21 MPa (3000 psi) 21 MPa (3000 psi) Sk = FplFm = 9
14 MPa (2000 psi) 14 MPa (2000 psi) Force 5,25
Aggregate size: Aggregate size: Time St = tp/tm = 3
25.4 mm (1 in) 9.52 mm (3/8 in) = SLV(SS,/St)
Frequenc =0Q,/0On=1 1/3
Steel strength and dia: Steel strength and dia: a Y Sa _p/ /m _ ISt 1
414 MPa (60000 psi) 60000 psi (414 MPa) Velocity Sy = Vplvm =
19 mm (#6 Rebar) 6.33 mm (#2 Rebar) = V(5S,/S)
10 mm (#3 Rebar) 3.33 mm (#1 Rebar) S, = ag/am = 1/3
Acceleration p
SHSLS,

The concrete mix proportion of cement:sand:coarse aggregate, for both design specified strength of
21 MPa (3000 psi) and reduced strength of 14 MPa (2000 psi) are shown in Table 1. Fig. 3 shows the
sequence of construction for the 1:3 scaled frame models. Due to scaling and similitude requirements the
reduced scale models were subjected to gravity and seismic mass less than the required. To satisfy the
condition of mass simulation for the reduced scale test models, additional floor mass was applied following
the mass simulation model [10, 32]. On each floor level extra mass of 1200 kg was applied through steel
blocks mounted and fixed to the floor by means of fully secured 13 mm (%2 inch) steel bolts as shown in
Fig. 4.

e
Pad a lumn Reinforcement
15

cment ol
Preparation of Concrete Base Pad with Beam Type Rei

& el
Column Rei and Rei g and Compaction of  Finally Prepared First Floor of
Formwork for Slab and Beams First Floor the Model

Preparation of First Floor of the Model

o

Conereting and Compaction of

iy Finally Prepared Test Model

Figure 3. Test frames construction stages.
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Stacking & Welding of Plates for Floor Biocks

Final Model with Added Floor Masses

Figure 4. Added floor mass preparation and setup for artificial mass simulation.

2.2. Shake Table Test of RC frames Specimens

2.1.3 Testing setup and model instrumentation

The test model’'s setup on the shaking simulator and model instrumentation are shown in Fig. 5. The
objective of experimental testing was to observe the global response of the test frames, so only external
instrumentation was employed in the form of six accelerometers and three linear displacement transducers.
The instruments sensitivity, maximum capacity and conversion coefficient are reported in Table 2. On each
floor level (mid position of joint panel region) and at the base pad level, three accelerometers were installed
on the front and back sides of the test models in order to record floor and base pad accelerations. For
recording the displacement at each floor and pad level, three displacement transducers were attached to a
fixed steel frame, which was installed in-line with the model in-plane position.

f Displacement :
20 ton Ov transducers 3 —~
lerometer 3 ‘ i r
=) i

Displacement

Load + Additional Mass
] transducers 2

<

 nam

o I .m'eﬁﬁ'l'eter 2.
e ——

Fixed frame Reference frame

| Accelerometer

Displacement ™
transducers. 1~
e

Figure 5. Test frame instrumentation and shaking setup.
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Figure 6. Input time history record of 1994 Northridge Earthquake.

2.1.4 Shake table Input Loading Protocols

The test models were tested by the Earthquake Engineering Center (EEC)’s seismic simulator in a
unidirectional motion. Table 3 reports the characteristics limit values of the shake table. In order to excite
the test models from elastic stage to full ultimate collapse stage, and also to be within the shaking range of
shaking simulator, the 1994 Northridge Earthquake natural acceleration record was selected. This selection
was made after careful analysis of a number of natural acceleration records to be within the range of shake
table limiting acceleration, velocity and displacement limits. Fig. 6 shows the horizontal component of 1994
Northridge Earthquake record acceleration time history. The record was obtained from PEER strong motion
data base (090 CDMG Station 24278) and had a peak acceleration, velocity and displacement values of
0.57 g, 518 mm/sec (20.39 in/sec) and 90 mm (3.54 in), respectively. The acceleration record time step
was reduced by 1/3 to satisfy the input frequency requirement for the model as mentioned in Table 1.
Table 4 and 5 reported the input multiple excitations and test sequence for both code compliant Model-1
and Model-2. Both frame models were excited with incremental excitations of 5 %, 10 %, 20 %, 30 %, 40 %,
50 %, 60 %, 70 %, 80 %, 90 %, 100 % and 130 % depending on the ultimate capacities of the tested frame.
The idea of using multiple scaled excitation, i.e. from low to high level, was to deform and force the test
structures from elastic to inelastic stage and then to attain full ultimate incipient collapse stage. The EEC’s
seismic simulator performs a self-adjustment motion called Self-Check, once the input time history is given
to the shake table. After the simulator self-check adjustment, the test models were excited with scaled
incremental excitations of the maximum acceleration records. After each run the damage mechanism of
the test models was observed and documented with snapshots. The test sequence was progressing until
the test models reached the near incipient collapse stage, after which the test was concluded. The recorded
acceleration and displacement response time histories were obtained for each test run in the form of voltage
values.

2.1.5 Recorded Data Processing

The accelerometers and displacement transducers recorded the data in the form of voltage values
(mV). To get the time histories values in the form of accelerations (g) and displacements (mm), the recorded
raw data needed to be divided by the instruments conversion coefficient as reported in Table 2. Once the
recorded data were corrected for the respective instrument coefficient, the raw data were further processed
for base line correction and signal filtering. This data processing correction and filtering was done to remove
any noise in the actual recorded data. For this purpose, the SeismoSignal (SeismoSoft 2018) data
processing software was employed with a linear category base line correction and filter type of Butterworth
with frequency range of 0.10 Hz to 25 Hz considered.

Table 2. Test model instrumentation positions and characteristics.

Channel Position Direction Maximum Capacity Parameter Coefficient Unit
Al Pad level Front Acceleration 492.20 mv/g
A2 First Floor Front Acceleration 501.10 mv/g
A3 Second Floor Front +10g Acceleration 510.10 mv/g
A4 Pad level Back B Acceleration 508.90 mv/g
A5 First Floor Back Acceleration 490.10 mv/g
A6 Second Floor Back Acceleration 502.00 mv/g
D7 Pad level Front ) Displacement 1000.00 mv/inch
D8 First Floor Front 24 inches Displacement 1000.30 mv/inch

(610 mm)

D9 Second Floor Front Displacement 1000.20 mv/inch
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Table 3. Earthquake Engineering Centre (EEC)’s seismic simulator (shake table) limits.

Shaking simulator characteristics Limits
Excitation direction Single degree of freedom / unidirectional
Physical dimension 1.5m x 1.5m (5 feet x 5 feet)
Pay load capacity 5 tones
Maximum acceleration 11g
Maximum velocity +1.1 m/s
Maximum displacement +125 mm

Table 4. Input protocol and testing sequence for Model-1.

Time History Run (%) Observed Input PGA (g)
Self-Check 0.60
5% Run 0.033
10% Run 0.06
20% Run 0.12
30% Run 0.16
40% Run 0.19
1994 Northridge Earthquake 0% Run 0.25
60% Run 0.31
70% Run 0.36
80% Run 0.41
90% Run 0.49
100% Run 0.62
Self-Check 130% 0.62
130% Run 1.06

Table 5. Input protocol and testing sequence for Model-2.

Observed Input PGA

Time History Run (%) (9)
Self-Check Run 0.015

5% Run 0.52
10% Run 0.25
1994 Northridge Earthquake 20% Run 0.31
30% Run 0.35
40% Run 0.73

Once the processed data were obtained, the displacement and acceleration histories were converted
from the model domain to the prototype domain using the scaling conversion factors as mentioned in
Table 1. Table 6 shows the experimentally obtained, first and second floor level acceleration and
displacement time histories for the Model-1. Table 6 shows the time histories records for the selected
significant runs in the prototype domain. For obtaining the relative displacements of each floor relative to
the base of the pad, the displacement histories of the base pad were subtracted from each floor level
displacements. For each test run, the peak values of displacement were obtained and normalized by the
height of the storey to obtain the corresponding first and second floor drifts. To calculate the floor inertial
forces at each floor level as well as the total base shear force at base of the porotype model, each of the
floor accelerations were multiplied by each floor total mass, which included: the additional block mass, self-
weight of the slab, self-weight of the beam and half column above and below the floor level. The inertial
forces at each floor level were added to obtain the total base shear force at the base of frames.
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Table 6. Model-1 experimental observed displacement and acceleration histories.
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3. Results and Discussions

Table 7-8 shows Model-1 and Model-2 maximum roof displacement, maximum drift ratio, maximum
base shear force and the observed damage mechanism for the selected significant runs. Fig. 7 shows the
test model’'s comparison at the final run, i.e. incipient collapse stage and joint panel damage mechanisms.
The code design Model-1 was initially excited by shake table self-check run which forced the structure to a
drift of about 1.88 % and with shaking intensity of 0.60 g. During this first run the model developed
significant beam flexural cracks at the first storey level. This flexural cracking was due to the reinforcement
rebar yielding and plastic hinge mechanism. Minor vertical cracks were observed in the beam on the ground
storey at the beam-column interface, which was due to the beam’s longitudinal steel bars slip. This
longitudinal beam’s bar slip was observed also in full scale special moment resisting beams tested under
guasi-static cyclic loading [33, 34]. During this run, there were flexural cracks observed on the ground storey
at columns bases and on the first storey at beam ends. The model was then subjected to multiple excitations
from 5 % to 100 %, with slight increase in cracking pattern. After this the test model was subjected to 130 %
of the maximum acceleration record during which the model experienced shaking intensity of about 1.06 g.
During this run the previous damage got significantly aggravated. The test model experienced concrete
crushing and core spalling at the base and top ends of the columns on the ground storey due to excessive
compressive strain demand on the cover concrete. Minor spalling was also observed at the base of columns
on the first storey. Additionally, the model was observed with severe diagonal cracks in the joint panel
region on the ground storey and slight diagonal cracks in the joint region on the first storey, which was due
to transferring moments from beam-ends to columns’ ends.
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Table 7. Observed damage in Model-1.

Top storey maximum Top storey Maximum Base shear

Run displacement maximum : Observed damage
mm (Inch) Drift (%) force kN (kips)
Self-
Check — 61.45 (2.42) 0.87 151.08 (33.96) Flexure Cracks at Base of Columns
0.60g i
Flexure Horizontal & Vertical Cracks in Beam
0 — C te Crushing at G d St Col
100% 133.56 (5.26) 1.88 188.90 (42.47) o G e oy o
0.62¢g
Cover Spalling at Ground Store Column Base
130% — Diagonal Cracks in Joint Panel, Ground
1.06 g 373.03 (14.69) 5.26 254.73 (57.27) Store

Diagonal Cracks in Joint Panel, First Storey

This damage pattern testified to the existence of materials’ over-strength in beams that resulted in
plastic section moment capacity higher than the yield moment capacity, consequently, increasing demands
on the joint region [12, 14].
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Table 8. Observed damage in Model-2.

Top store
mgximumy Top storey ~ Maximum Base
Run displacement rg?l);'t"(](;)r)n Shea[kﬁgsr;:e kN Observed Damage
mm (Inch)
5%-— 123.69 Flexural Cracks in Beams and Columns, éround Storey
0.52g (4.87) 1.75 117.92 (26.51) 3
30% — 182.37
0.35¢ (7.18) 2,57 137.48 (30.91)
/ ff
Damage Progress in Joint Panel on Ground Storey
40% — 338.19
0.73g (13.31) 4.77 184.50 (41.48)

Severe Damage to Joint Panel on Ground Storey

In comparison to Model-1, weak beam-column deficient Model-2 deformed laterally to larger roof drift
under similar input excitations and damage to structural members (beam and columns) and beam-column
joint panels occurred at comparatively lower excitation demand. Model-2 was able to only resist 40 % of
the PGA value (0.73 g) as compared to Model-1. Unlike Model-1, Model-2 experienced damage in joints
much earlier and to extreme extent under significantly lower excitations. This is due to the fact of using low
strength concrete in SMRFs. This reduces the steel-to-concrete bond strength and allows steel bars slip
through concrete, consequently resulting in larger displacement of the model. Unlike Model-1, the damage
evolution showed that damage in Model-2 was more limited to the joint region than the columns and beams.
Furthermore, the joint panels were damaged under less shear demand (in transferring beam moments to
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columns) due to the lower principal tensile strength of the joint panel, since the joint principal strength
capacity primarily depends on the strength of core concrete that is related to the compressive strength of
concrete [13, 35]. Joint cracks in Model-1 spread over larger area (joint panel core and transverse beams),
whereas joint cracks in Model-2 spread primarily within the joint panel core.

s o > h:..

Ground storey Joints
Front and back Joints

First storey Joints Front
and back Joints

| &
Model-1 at Model-2 at Final/Incipient collapse
130% Run 40% Run Run
1.06 0.73 PGA, g
14.69 (373.03) 13.31 (338.19) Displacement, in (mm)
5.26 477 Drift, %
57.27 (254.73) 41.48 (184.50) Base shear, kips (kN)

Figure 7. Comparison of test models at final/incipient collapse stage.

Most of the global performance assessment studies require development of damage scale that
specify strength or deformation limits and expected damage conditions of structure for various performance
levels. The present study developed a drift-based damage scale for the considered deficient frame as per
the damage levels: slight damage, moderate to heavy damage and critical damage, compatible with FEMA
(2003) [36] for building seismic performance limit state, i.e. operational, life safety and collapse prevention.
The developed drift-based performance level and corresponding damage for deficient weak beam-column
joint frame model are reported in Table 9. As it can be seen from Table 9, the performance limit state for
the case of operational level corresponds to drift of about 1.75 % with slight damage at the column bases
and beam ends. With the drift demand of about 2.57 %, the test model was in the life safety limit state with
moderate to heavy damages at column beam members ends and in the joint panel regions. At a drift
demand of about 4.77 % the frame was in the collapse prevention limit state, with heavy non-repairable
damages at members end and severe damage at joint panel regions. The drift-based performance levels
and damage mechanism can be used for the damage models and fragility functions development in the
context of performance based seismic assessment and economic loss estimation studies for deficient RC
frames structures.

4. Conclusions

Recent reinforced concrete SMRF structures with weak beam-column joints defects were evaluated
through dynamic shake table testing, in order to assess the seismic performance and ultimate damage
mechanism of such class of deficient RC structures. The test models consisted of a code design SMRF
model and a deficient model without transverse ties reinforcement in the beam column panels and built in
low strength concrete. Unidirectional dynamic shake table tests were used to shake the test model under
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various scaled excitations in order to observe seismic damage mechanism and develop drift-based
performance limit states.

The following are the main conclusions from this experimental research work:

1. The code design SMRF model experienced beam and column plastic hinge formation at the
member ends under extreme ground shaking and complied with the code well (1.3 times (1.06 g) more than
the input design level shaking).

Table 9. Drift based performance levels and damage scales for the weak beam-column joint
frame.

Experimental
Limit State Damage Damage Description P .
State (Drift %)
- Slight cracks at the base of columns on the ground storey.
- Flexural cracks and slight vertical cracks at the beam-ends
LS1 on both the ground storey and first storey.

Slight

i % 1.75%
) Damage :
Operational :

- Flexural cracks at the base of columns widened on both
the ground storey and first storey.

- Flexural and vertical cracks at beam-ends significantly
widened in beam on ground storey.

LS-2 Moderate Damage in the joint panels on ground storey aggravated.
} to 2.57%
. eavy
Life Safety Damage
-Significant flexural cracks at top end and also at the bottom
end of all columns and beam ends on both ground storey
and first storey.
-Joint regions on both ground storey and first storey with
extreme damage and diagonal bat-like cracks.
Critical -Bat-like concrete cover wedge detachment from joint
LS-3 Damage regions.
Collapse to - Heavy Concrete crushing and cover spalling at column 4.77%
Prevention Incipient base and beam ends.
Collapse : %

2. We observed in the current study that beam longitudinal reinforcement was subject to bar slip and
bar pullout due to the use of low-strength concrete that resulted in steel-concrete bond failure.

3. Concrete structures in which joints were not provided with confining ties showed joint
damageability, while cover and core concrete showed spalling upon being subject to large lateral
deformation.

4. The experimental testing on the deficient weak beam-column joint RC frame revealed that such
frame building typology exhibited a mixed mechanism of column and beam members hinging followed by
severe beam-column joint panel damage. This also resulted in altering the damage mechanism of the
structure from beam-sway to column-sway and joint panel mechanism that consequently resulted in
lowering the lateral strength and displacement ductility of the structural frames. This can result in significant
vulnerability of the considered frame structures. The performance states of this structure type are dictated
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by the joint damage state and their reparability issues that the engineers may face following damaging
earthquake events.

5. The weak beam-column joint SMRF model was able to only resist 40 % of the PGA value (0.73 g)

as compared to reference code design SMRF model, which was able to resist 130 % (1.06 g).

6. The experimental tests showed that the deficient weak beam-column joint frame reached the

operational limit state at a drift demand of 1.75 %, life safety limit state at a drift demand of 2.57 %, and
was found to be in the incipient collapse state at a drift demand of about 4.77 %.
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Abstract. Currently, one of the primary areas of technical progress in the field of construction is creating
modern high performance concretes based on modified cement binders using various chemical and mineral
additives that allow effective control of the structure formation and properties of material. The stock of the
conventional additives for cement systems is failing to meet the increasing demand, which is related to
territorial limitations and high cost of the most popular and efficient mineral modifiers (silica fume,
metakaolin, fly ash, granulated slag, etc.). In this respect, thermally activated polymineral clays used as
individual mineral additives and in complexes with carbonate rocks are promising for many regions of the
Russian Federation, including the Republic of Mordovia. The paper presents results of studying the patterns
in which mineral additives obtained on the basis of local raw materials of the Republic of Mordovia (calcined
polymineral clay, dolomite and thermally activated mixture of clay and limestone) influence the
technological characteristics of plasticized cement paste, phase composition and physical-mechanical
properties of cement stone. Optimal dosages of mineral additives of calcined clay and thermally activated
mixture of clay and limestone were identified: they did not exceed 19 and 12 % by binder weight,
respectively. These dosages improved strength characteristics of cement systems in comparison with the
control composition without the additives. X-ray powder diffraction established that using the developed
mineral additives based on calcined polymineral clay and carbonate rocks increased hydration rate of
Portland cement and allowed a targeted guidance of the cement stone phase composition: optimizing the
ettringite concentration, reducing the number of the weakest and corrosion-exposed Portlandite crystals,
increasing the density and strength of the bulk of calcium hydrosilicates by shifting the balance towards an
increased content of highly dispersive low basic phases of C—S—H(l) type instead of high basic C—S—H(ll)
compounds. All of these factors determined the chemical efficiency of these mineral modifiers in cement
systems.

Citation: Nizina, T.A., Balykov, A.S., Volodin, V.V., Kyashkin, V.M. Structure and properties of cement
systems with additives of calcined clay and carbonate rocks. Magazine of Civil Engineering. 2022. 116(8).
Article no. 11602. DOI: 10.34910/MCE.116.2

1. Introduction

The late 20t century and early 21st century were marked by revolutionary changes in concrete
technology [1-6], which was and is one of the main building materials. The most important achievements
in the field of cement concretes were those that broadened the understanding of processes taking place at
the micro-level and promoting improved primary characteristics of the material — strength, deformability,
corrosion resistance, etc. [7, 8]. Among them were scientific justification of cement hydration processes
and development of scientific bases for modifying cement systems with chemical and mineral additives that

© Nizina, T.A., Balykov, A.S., Volodin, V.V., Kyashkin, V.M., 2022. Published by Peter the Great St. Petersburg
Polytechnic University.
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allowed for efficient control over concrete structure formation at all stages of technology ensuring the high
quality of products and structures based on it [9-16].

Out of many types of mineral modifiers for the compositions of high-strength cement systems, highly
dispersive pozzolanic additives have increased efficiency. These additives contain amorphous silica or
alumina and have high reactive activity: condensed silica fume, high-dispersive fly ash of heat power plants
with a minimal content of non-combusted residues, blast-furnace granulated slag, etc. [9, 10, 17-20]. It was
confirmed by the results of the authors’ studies [21-24].

One of the most efficient pozzolanic additives is metakaolin [25—-32] representing a product of thermal
treatment of mono-mineral kaolinite clays Al2(OH)4[Si2Os] or Al203-2Si02:2H20 within the range of
650-800 °C. Removal of about 14 wt. % of chemically bonded water results in the destruction of the initial
crystalline structure and formation of the amorphous phase (metakaolinite). Calcination at a higher
temperature (900-1000 °C) promotes the mullite formation by transformation the crystalline grid of
metakaolinite with the detachment of y-Al20s. At the same time, it should be noted that the high cost of the
resulting enriched raw materials, the large specific surface requiring the use of plasticizers, and the growing
needs of the paper and medical industries that are also kaolin consumers cause a low degree of its
application in the cement industry. Moreover, the kaolin reserves are limited both spatially and
guantitatively. According to [33], only 3 % of the global kaolin reserves are found in Russia that occupies
about 1/9 of the land area of the whole world.

In this connection, it is important to create an efficient substitute for deficient and expensive imported
mineral modifiers with cheaper additives based on common local raw materials. In this respect, thermally
activated polymineral clays used as individual mineral additives and in complex with other modifiers are the
most promising for many regions of the Russian Federation, including the Republic of Mordovia.

The papers [34-40] were defined the optimal parameters for baking polymineral clays based on the
evaluation of their reactivity depending on the chemical and mineralogical composition of raw materials. It
has been found that the initial products of dehydration and thermal destruction of clay minerals with a
partially restructured (meta-stable) crystalline grid are of increased activity. A transition to an active form of
most clay minerals (kaolinite, montmorillonite, illite, bentonite, etc.) was reached within 400-800 °C.

Apart from active mineral additives, an important component of modern concretes is relatively
chemically inert additives (fillers) of carbonate rocks such as limestones, dolomitic limestones, and
dolomites [41]. However, the lack of reactivity of such additives is doubtful, which was proved by
researchers [42] who studied hydration of C3S in the presence of a superplasticizer and CaCOs using
calorimetry. As a result of the application of highly dispersive limestone the additional centers of
crystallization of new formations in cement systems was installed. The papers [43-46] showed that the
efficiency of additives of carbonate rocks is increased in the presence of aluminosilicate components that,
in addition to tricalcium aluminate contained in cement, can be such aluminum-containing mineral additives,
for example, as slags, fly ashes, thermally activated clays, etc. In this connection, a relevant trend is the
combined use of thermally activated clays and carbonate rocks in the formulations of modified cement
composites.

Thus, according to the results of literature review, it has been found that the resources of currently
used additives for cement systems do not meet the increasing demand, which is related to territorial
limitation and high cost of the most popular and efficient mineral modifiers (silica fume, metakaolin, fly ash,
blast-furnace granulated slag). Currently, most studies in the area of aluminosilicate modifiers carried out
by foreign and national scientists are dedicated to the efficiency of the calcination product of kaolinite
monomineral clays (metakaolin). At the same time, such sedimentary rocks as polymineral low-kaolinite
clays, widely distributed in many regions of the Russian Federation, are not considered as components of
complex additives for cement systems. Of particular interest at present is the use of thermally activated
mixtures of polymineral clays and carbonate rocks (limestones, dolomites) as complex additives in the
formulations of cement systems. The highest attention in creating efficient complex modifiers based on
calcined clays and carbonate rocks must be paid to studying their physical-chemical and technological
compatibility between each other, with Portland cements, superplasticizers, other components of the
formulation with identification of synergistic effects. It is also required to have detailed studies of the effects
of the chemical and mineral compositions of both clays and carbonate rocks on the structure formation of
cement stone and properties of modified cement concretes of various types.

The aim of the current research was to establish the patterns of influence of mineral additives based
on calcined polymineral clay and carbonate rocks of the Republic of Mordovia on the structure formation
and physical-mechanical properties of plasticized cement systems with the identification of the most
effective modifiers. To achieve this aim, the following tasks were solved:

— mineralogical (phase) composition of the initial clay and carbonate rocks was established;
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— the effect of dosages of mineral additives based on calcined clay and carbonate rocks on the
mobility of plasticized cement paste was studied,;

— the influence of mineral additives based on thermally activated clay and carbonate rocks on the
phase composition and physical-mechanical properties of cement stone was studied,;

— interrelations and regularities in the “composition — structure — property” system were revealed,
which allow optimizing the formulations of modified cement compositions to achieve the required
levels of technological and physical-mechanical characteristics.

2. Materials and methods
2.1. Materials

The primary component of binder in the formulations of cement systems was Portland cement CEM
| 42.5 R (PC) manufactured by Mordovtsement PJSC (Russian State Standard GOST 31108). Melflux
5581 F polycarboxylate superplasticizer was used as modifier using in complexes with the following types
of mineral additives:

1. thermally activated clay of the Nikitsky deposit (TCN) (temperature and time of calcination: 700 °C
and 2 hours; Sss = 7800 cm?/g (grinding for 1 hour)) located in the north-western part of Saransk,
the Republic of Mordovia, the Russian Federation;

2. dolomite of the Yelnikovsky deposit (DY) (Sss = 4450 cm?/g (grinding for 3 hours)) located near the
village of Budayevo, Yelnikovsky district, the Republic of Mordovia, the Russian Federation;

3. thermally activated mixture of Nikitsky clay and limestone of the Atemarsky deposit (TM(CN+LA))
(clay to limestone ratio = 2/1; temperature and time of calcination: 700 °C and 2 hours) located near
the village of Atemarsky, Lyambirsky district, the Republic of Mordovia, the Russian Federation.

This ratio of clay and carbonate rock (2/1) in the thermally activated mixture was adopted as the most
optimal taking into account its correspondence to the proportion of the chemical reaction of the interaction
of 1 mol of alumina metakaolin with 1 mol of calcium carbonate in the presence of excess of calcium ions
in a water solution with the formation of 1 mol of calcium hydromonocarboaluminate as described in [47].

2.2. Methods

The first stage included the study of the mineralogical (phase) composition of Nikitsky clay,
Yelnikovsky dolomite, and Atemarsky limestone.

The phase composition analysis of clay and carbonate rocks was done using X-ray powder diffraction
(X-ray phase analysis). X-ray structural measurements were conducted using an Empyrean automated
diffractometer by PANalytical (Netherlands) with a vertical goniometer in the radiation of a copper anode
with a nickel filter ensuring suppression of the background and spectral line Kp together with the
monochromator on the secondary beam. Shooting was done in the geometry according to Bragg-Brentano
(0-26 scanning) using a spectral doublet Cu Kg1.2 with weighted average wavelength A = 1.5406 A. X-ray
powder diffraction patterns were obtained using PIXcel3P two-coordinate semiconductor detector operating
in the linear detector mode.

Qualitative phase analysis was done in semi-automatic mode using the HighScore Plus software
linked with the base of the International Center for Diffraction Data ICDD PDF-2. Matches between the
position and intensity of specimen reflexes and the card of a respective standard were searched. In the
case of automatic selection of a large number of standard phases by the software from the PDF-2 library,
the results were additionally specified in manual mode.

To specify the concentration and primary structural characteristics of the identified phases of the
Nikitsky deposit clay, full-profile Rietveld analysis was used (quantitative X-ray phase analysis). The
method was to calculate the theoretical model of the diffraction pattern using the structural models of phase
components of the analyzed powder and reduce the calculated profile of the model diffraction pattern to
the profile of the experimental diffraction pattern when varying profile and structural parameters and
evaluating the level of discrepancy by the least square method. In order to find the relative concentration
of crystalline phases of Atemarsky limestone and Yelnikovsky dolomite, the method of corundum numbers
was used.

The second stage found the effects of dosages of mineral additives (MA) of the thermally activated
Nikitsky clay, Yelnikovsky dolomite and Atemarsky limestone on the flowability of plasticized cement paste
and physical-mechanical properties of cement stone (average density in normal humidity conditions at the
age of 28 days, compressive strength at the age of 1, 7 and 28 days). The study was carried out for cement



Magazine of Civil Engineering, 116(8), 2022

systems with the Melflux superplasticizer dosage of 1% by weight of binder
(Portland cement (PC) + mineral additive (MA)) and water-binder ratio W/B = W/(PC + MA) = 0.21 with
varying content of used mineral modifiers in compositions within 0—20 % of binder weight (PC + MA) with
increment of 5 % (Table 1).

Analysis of changes in the flowability of the plasticized cement paste depending on the content of
mineral additives was done using a mini-cone (ring of the Vicat apparatus under the Russian State Standard
GOST 310.3). The optimal dosage of the mineral modifier was deemed to be the amount that ensures the
required consistency of cement paste defined by the mini-cone spread diameter of at least 250-255 mm.

The compression strength of cement stone was measured using Wille Geotechnik® press (13-
PD/401 model). The primary parameters were configured and obtained experimental results were recorded
using the GEOSYS 8.7.8 software.

Table 1. The researched compositions of cement systems.

Type of mineral additives

Cormﬁ)sgon Portland cement — DY TM(CN+LA)
% by weight of binder (Portland cement + mineral additive)
1 95 5 - -
2 90 10 - -
3 85 15 - -
4 80 20 - -
5 95 - 5 -
6 90 - 10 -
7 85 - 15 -
8 80 - 20 -
9 95 - - 5
10 90 - - 10
11 85 - - 15
12 80 - - 20
Control 100 - - -

The third stage included the study of the effects of mineral additives based on thermally activated
Nikitsky clay, Yelnikovsky dolomite, and Atemarsky limestone on the phase composition of cement stone
aged 28 days using the X-ray phase analysis method. As study subjects, in addition to the non-modified
composite of control composition, cement systems were selected, which had the dosage of mineral
additives TCN, DY and TM (CN+LA) of 20 % of binder weight (PC + MA). The primary controlled parameters
were as follows:

1. the level of Portland cement hydration (a) evaluated by the decrease in the intensity of one of the
primary reflexes CsS for d = 1.76-1.77 A (20 = 51.6-51.9°) in the hydrated powder samples of cement
stone at the studied moment of time relative to the samples of the initial binder (Portland cement + mineral
additive) until hydration;

2. the relative amount of Portlandite (Ca(OH)2) evaluated by comparing the intensity of primary

reflexes for d = 4.94-4.96 A (20 = 17.87-17.94°) and d = 1.93-1.94 A (20 = 46.8-47.0°) for powder
samples of cement stone of modified and control compositions;

3. the relative content of ettringite (CasAl2(SO4)3(OH)12-26H20) evaluated by the ratio of the intensity
of one of the primary reflexes for d = 9.80-9.84 A (20 = 8.98-9.02°) for powder samples of cement stone
of modified and control compositions;

4. the relative content of low basic (C—S-H(l)) and high basic (C—S—H(ll)) calcium hydrosilicates
evaluated by comparing the intensities of one of the primary reflexes a-CS (d = 3.23-3.25 A and 20 =
27.4-27.6°) and B-CS (d = 2.97-2.99 A and 20 = 29.9-30.1°) for C-S—H(l) and B-C.S (d =
=2.79-2.80 A and 26 = 31.9-32.1°) for C-S—H(ll) in powder samples of cement stone of modified and
control compositions calcined at 980-1000 °C.
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3. Results and Discussion

3.1. Phase composition of the initial components of mineral additives

The results of qualitative and quantitative X-ray phase analysis to determine the primary crystalline
phases and their relative concentrations for clay of the Nikitsky deposit are given in Table 2. It was found
that the phase composition of the studied clay rock was represented predominantly by minerals of the
kaolinite and illite (hydromicas) groups, as well as by quartz modifications, feldspars, and gypsum at their
relative content in the overall mass of crystalline phases (wt. %): 39.8; 23.1; 19.8; 14.2 and 3.1, respectively,
i.e. the represented clay was polymineral.

Table 2. Phase composition of Nikitsky deposit clay (before calcination).

lllite grou
Crystalline phase Kaolinite d i P Qqart; Feldspars Gypsum
(hydromicas) modifications
Phase content, wt. % 39.8 23.1 19.8 14.2 3.1

The mineralogical composition of the Yelnikovsky deposit dolomite was represented by phases of
the dolomite CaMg(COs)2 and calcite CaCOs with the relative phase contents of 52 wt. % and 48 wt. % for
dolomite and calcite, respectively. The phase composition of the Atermarsky deposit limestone was
predominantly represented by calcite CaCOs with inclusions of quartz SiO2 with the relative phase contents
of 96 wt. % and 4 wt. %, respectively (Table 3).

Table 3. Phase composition of carbonate rocks.

Content of crystalline phases, wt. %

Type of carbonate rocks

Calcite Dolomite Quartz modifications
Dolomite of the Yelnikovsky deposit 48 52 -
Limestone of the Atemarsky deposit 96 - 4

3.2. Effects of mineral additives dosages on the flowability of plasticized cement
paste and physical-mechanical properties of cement stone

The study results confirmed the thickening capability of applied mineral additives increasing in the
row of Yelnikovsky dolomite — thermally activated Nikitsky clay — thermally activated mixture of Nikitsky clay
and Atemarsky limestone. Dependencies was found (Fig. 1), according to which the production of modified
cement paste of required flowability (spread diameter of at least 250-255 mm) was possible for the contents
of DY, TCN and TM(CN+LA) of no more than 18, 11 and 9 % of binder weight, respectively. If these dosages
of applied modifiers were increased, this resulted in a significant drop in the flowability of cement systems
indicated by a bend with an increased angle of inclination to the X-axis of respective curves expressing
dependencies between the content of mineral additives and the mini-cone spread diameter of cement
paste.

Mini-cone spread diameter, mm
S !
= [

I 100 \ \

70 4
0 5 10 15 20
Mineral additive content, % by weight of binder (PC + MA)
Type of mineral additives:
—e—TCN —o—DY —— TMICNALA)
Figure 1. Influence of the type and dosage of mineral additives on the cement paste flowability.

Figs. 2 and 3 represent the study results for the effects of the dosages of mineral additives on the
primary physical-mechanical properties of cement stone — average density in normal humidity conditions
at the age of 28 days, compression strength at the age of 1, 7 and 28 days.
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Figure 2. Average density of the researched cement paste compositions (Table 1).
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Figure 3. Compressive strength growth kinetics of the researched cement paste compositions.

According to the data (Fig. 2), the average density of cement stone for compositions with 5 % of
mineral additives of thermally activated Nikitsky clay, Yelnikovsky dolomite and the thermally activated
mixture of Nikitsky clay and Atemarsky limestone was 2265, 2270 and 2272 kg/m?3, respectively
(compositions 1, 5, 9). This was close to a similar indicator for the control additive-free composition
(2275 kg/m?3). It was found that when the dosages of mineral modifiers were increased, the average density
of cement stone was reduced insignificantly. It was reaching the minimal values in compositions 4, 8 and
12 with the content of TCN, DY and TM(CN+LA) of 20 % of binder weight (PC + MA) — 2226, 2222 and
2163 kg/m3, which is 2.2, 2.3 and 4.9 % less than the control composition. The recorded decrease in the
average density of cement stone can be caused by the reduced flowability and compaction efficiency of
cement paste when the content of TCN, DY, and TM(CN+LA) additives in the compositions is increased,
which have a thickening effect on cement systems.

The results of experimental studies (Fig. 3) showed that the compositions with TCN, DY and
TM(CN+LA) mineral additives under study differed in high rates of increasing cement stone compression
strength at the age of 1 and 7 days: 41-50 and 75—-86 % of the strength at the age of 28 days, respectively.

Data analysis in Fig. 3 showed that when using the additives of calcined polymineral Nikitsky clay
and thermally activated mixture of Nikitsky clay and Atemarsky limestone, the highest compression strength
of cement stone at the age of 28 days was reached in compositions 2 and 9 (Table 1) with these modifiers
having the content of 10 and 5 % of binder weight (PC + MA) — 117.2 and 114.9 MPa, respectively. The
analysis results in Fig. 4 showed the optimal content of TCN and TM(CN+LA) mineral additives promoting
increased strength of cement systems —max. 19 and 12 % of binder weight, respectively. With the indicated
levels of dosages, mineral additives based on calcined Nikitsky clay and thermally active mixture of Nikitsky
clay and Atemarsky limestone were active and had increased physical-chemical efficiency. Exceeding
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these content levels of mineral additives led to decreased compressive strength of cement stone below the
level typical of the control composition. The results obtained are confirmed by data of a number of
publications [33, 36], which showed that individual additives of calcined polymineral clays to Portland
cement, depending on the activation temperature and grinding fineness, contributed to more significant
increase in the strength of cement stone than similar additives of high-quality metakaolin.

The study results (Figs. 3 and 4) showed that Yelnikovsky dolomite was an inert mineral additive.
The increased content of this filler from 5 to 20 % of binder weight (PC + MA) in the formulation of cement
systems resulted in consistent reduction of cement stone compression strength from 103.1 to 92.8 MPa,
respectively. The achieved compressive strength level of the researched cement stone compositions under
study by 7-16 % was less than that of the control composition (110.6 MPa).
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Figure 4. Influence of the type and dosage of mineral additives
on the compressive strength of cement paste at the age of 28 days.

3.3. Influence of mineral additives on the cement paste phase composition

Fig. 5 represents the X-ray diffraction patterns of cement stone powders aged 28 days for
compositions 4, 8, 12 containing 20 % of mineral additives and for the control additive-free composition
(Table 1).
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Figure 5. X-ray powder diffractograms of the researched cement paste compositions
at the age of 28 days (Nos. 4, 8, 12 and control additive-free compaosition).

The qualitative analysis of the diffraction patterns (Fig. 5) showed that the crystalline part of the
cement stone structure of both control additive-free composition and the compositions modified by mineral
additives Nos. 4, 8, 12 was represented by the following minerals:
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1. the phases of Portland cement clinker not subject to the hydration reaction: alite (CasSiOs) with
number of inter-plane distances d = [...; 3.04; ...; 2.78; 2.75; ...; 2.62; ...; 2.19; ...; 1.77 A; ...]; belite (B-
CazSiOs) with d =[...; 2.89; ...; 2.79; 2.75; 2.72; ...; 2.62; ...; 2.19 A; .

2. the hydrate phases: Portlandite (Ca(OH)2) with d = [4.95; 3.12; 2.64; ...; 1.93; 1.80; 1.69; ...;
1.49 A; ...]; ettringite (CasAl2(SO4)3(OH)12-26H20) with d = [9.82; ...; 5.65; ...; 4.72; ...; 3.89; ...; 3.48; ....
2.78; ...;2.57; ...; 2.21 A; B

Semi-qualitative X-ray phase analysis of cement stone powders aged 28 days (Table 4) showed that
the introduction of mineral additives of thermally activated polymineral Nikitsky clay, Yelnikovsky dolomite
and the thermally activated mixture of Nikitsky clay and Atemarsky limestone in cement systems increased
hydration levels of Portland cement as compared to the control additive-free composition from 65 to 79, 82
and 77 %, respectively, i.e., by 18-26 %. In this manner, the data showed an intensified processes of
Portland cement hydration in the presence of TCN, DY and TM(CN+LA) mineral additives in the cement
systems, which was caused by the presence of reactive minerals (kaolinite and illite) in the phase
composition of Nikitsky clay, and by the capability of Yelnikovsky dolomite minerals to act as the centers of
crystallization of new formations. The established regularities are consistent with the data of other authors,
in particular [34].

Table 4. XRD results of the researched cement paste compositions at the age of 28 days.
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Control 100 % PC 65 100 100 100 100
4 80 % PC + 20 % TCN 79 80 73 255 59
8 80 % PC + 20 % DY 82 62 91 108 130
12 80 % PC + 20 % TM(CN+LA) 77 94 75 238 94

The analysis of experimental data represented in Table 4 showed the content of ettringite
(CasAl2(S04)3(OH)12:26H20) reduced by 6-38 % in the cement stone samples with additives of calcined
polymineral Nikitsky clay, Yelnikovsky dolomite and the thermally activated mixture of Nikitsky clay and
Atemarsky limestone relative to the control composition. Decreasing the concentration of the tri-sulfate form
of calcium hydrosulfoaluminate could be related to the changes occurring in the composition of the liquid
phase (pH, the concentration of Ca?*, Al**, SO4* ions, etc.) when hardening cement stone in the presence
of these modifiers. This promoted the shift of the balance to the formation of compounds of another

chemical and mineralogical nature (calcium hydrosilicates, AFm-phases, etc.).

Silicate phases of Portland cement 500-DO-N amounted to 78 % (CsS = 60.4 % and -C2S = 17.5 %),
which caused the predominance of calcium silicate hydrate phases (C—S—H) in the hardening cement
stone. Calcium hydrosilicates formed in normal conditions were characterized by widely varying
compositions and degrees of crystallization, so they were conditionally divided into two groups [48, 49]:
those who had high strength, low basic C-S—H(l) with CaO/SiO2 < 1.5 and less durable high basic
C-S—H(ll) with CaO/SiO2 > 1.5.

The results of experimental studies given in Table 4 showed that introducing mineral additives of
Nikitsky clay, Yelnikovsky dolomite and the thermally activated mixture of Nikitsky clay and Atemarsky
limestone into the formulation of cement systems promoted substantial quantitative change in the ratio
between the primary hydrate phases in the cement stone — Portlandite and calcium hydrosilicates of various
basicity. In particular, as compared to the control composition, in the powder samples of cement stone with
TCN and TM(CN+LA) additives aged 28 days, the content of high basic C—S—H(Il) and large low-strength
crystals of Portlandite Ca(OH)2 was reduced by 6—-41 % and 25-27 %, respectively. At the same time, the
content of fine and high strength low basic C—S—H(I) was increased 2.4-2.6 times.
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The discovered change of balance between hydrate phases in the cement stone with additives of
Nikitsky clay, Yelnikovsky dolomite and the thermally activated mixture of Nikitsky clay and Atemarsky
limestone towards a rise in the volume of the most durable and most stable low-basic C—-S—H(l) with
CaO/SiO2 < 1.5 instead of primary crystalline hydrates such as the Portlandite and high-basic C—S—H(ll)
indicated chemical effect [50] in the action mechanism of these mineral modifiers. This chemical effect was
related to the pozzolanic activity of TCN and TM(CN+LA) mineral additives in cement systems and caused
by the presence of active silica-containing components in their chemical and mineralogical composition
(reactive minerals with amorphized structure).

4. Conclusions
The following results were obtained upon the completed experimental studies:

1. Phase composition was established for the initial components of mineral additives — polymineral
clay, dolomite and limestone of the Nikitsky, Yelnikovsky, and Atemarsky deposits, the Republic of
Mordovia, the Russian Federation, respectively.

2. Effects were found for dosages of mineral additives based on the thermally activated clay and
carbonate rocks on the mobility of plasticized cement paste and physical-mechanical properties of cement
stone (average density in normal humidity conditions at the age of 28 days, compression strength at the
age of 1, 7 and 28 days).

3. We found that mineral additives based on thermally activated clay and carbonate rocks have
influence on the phase composition of cement stone aged 28 days.

4. Interrelations and regularities were revealed in the “composition — structure — property” system,
which allow optimizing the formulations of modified cement compositions to achieve the required levels of
technological and physical-mechanical characteristics. Optimal dosages of mineral additives of calcined
clay and thermally activated mixture of clay and limestone were identified, the sizes of which did not exceed
19 and 12 % by binder weight, respectively, which contributed to an increase in strength characteristics of
cement systems relative to the control composition without additives. At the same time, the highest
compressive strength values of cement stone aged 28 days were recorded for the modifiers contents equal
to 10 and 5 % by binder weight.

By generalizing the results of experimental studies, it could be noted that the use of mineral additives
of thermally activated polymineral Nikitsky clay and the thermally activated mixture of Nikitsky clay and
Atemarsky limestone allowed increasing the rate (level) of Portland cement hydration and consistently
changing the phase composition of cement stone:

— optimizing the ettringite concentration,
— decreasing the number of the weakest and corrosion-exposed Portlandite crystals,

— increasing the density and strength of the primary mass of newly formed calcium
hydrosilicates by shifting the balance towards an increased content of highly dispersive low
basic C—S—H(l) phases instead of high basic C—S—H(ll) compounds.

At the same time, the data given in Table 4 proved relative chemical inertness of the Yelnikovsky
dolomite additive: concentrations of Portlandite and low basic C—S—H(l) phases in the cement stone sample
of composition No. 8 with carbonate filler are close to those of the control composition without mineral
additives.
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Abstract. This paper assesses the feasibility of concrete mixtures containing high replacement rates of fine
and/or coarse waste brick aggregates. Three mixture series prepared with different water-to-cement ratios
are tested for workability, compressive strength, split tensile strength, modulus of elasticity, water permea-
bility (by capillary or under pressure), and drying shrinkage. Test results showed that the concrete proper-
ties remarkably degrade when the coarse natural aggregate fraction (i.e., retained on sieve No. 4) is fully
replaced by recycled waste bricks, given their increased porosity that reduces the concrete density and
weakens its skeleton. In contrast, the strength and durability remained almost unaltered when the fine nat-
ural aggregate fraction was replaced by 50 % recycled waste bricks, and considerably better than equiva-
lent mixtures made using the same amount of recycled fine aggregates derived from hardened waste con-
crete.
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1. Introduction

The recycling of construction and demolition wastes (CDW) in infrastructure engineering works con-
siderably increased in the past few years. Such practice proved efficient to preserve natural resources,
almost proportionally to the replacement rate, while reducing the landfill debris and mitigating the carbon
dioxide (CO2) emissions [1-3]. Also, this is in line with many regulation guidelines (such as Directive
2008/98/EC) and sustainable strategies established to valorize the CDW including their life cycle manage-
ment and environmental impacts.

The waste concrete constitutes by far the biggest component of CDW which, after crushing, leads to
the production of recycled concrete coarse aggregate (rCCA) typically larger than 5 mm size (i.e., retained
on sieve No. 4) and recycled concrete fine aggregate (rCFA). The rCCA is composed of natural coarse
aggregates with about 30—-40 % adhered cement paste that alters the material’s texture and increases
water absorption [1, 2, 4]. The valorization of rCCA by partial or complete replacement of coarse aggregates
in concrete works is well documented in previous studies [1-4]. The curtail in the concrete mechanical
properties encountered due to rCCA additions can be mitigated by different methods such as reducing the
free mixing water or incorporating supplementary cementitious materials, fibers, and polymers [5-8]. Unlike
rCCA, the rCFA is generally considered as unwanted by-product generated from the CDW crushing pro-
cess. This aggregate fraction is rich with hydrated cement compounds, albeit their re-hydration remains
weaker than ordinary cement because of reduced compacity and crystallization degree of the new hydrates
[9, 10]. The difficulty to control the poor physical properties (mostly the water absorption and contaminants)
are among the main reasons that limited the use of rCFA in new construction and building materials. Several

© EI-Mir, A., Nehme, S., Assaad, J., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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countries and standard regulations restricted the use of rCFA to mortars intended for masonry and render-
ing works, applications located in non-aggressive environments, and within limited replacement rates in
low-strength concrete grades [11-13].

Bricks are the second most abundant CDW component [14, 15]. Depending on the vitrification pro-
cess, these are broadly divided into two categories including (1) the semipermeable ones used for ceramic
stoneware and tiles having high hardness and low water absorption (i.e., 5 to 8 %) and (2) those used as
building stones and roof tiles with relatively higher water absorption (i.e., 12 to 18 %) [16]. Huge amounts
of waste bricks are generated each year, which represented in 2018 about 33 % of all CDW produced in
Brazil and 54 % in Spain [17]. The manufacture of ceramics also generates large amounts of wastes esti-
mated to be about 19 kg/m? of tiling product, which is equivalent to about 30 % of daily production [18]. In
2018, India produced 650 million m?2 of sanitary and tiling products, which generated about 12 billion tons
of waste bricks [19].

Just like the waste concrete, waste bricks are generally crushed and sieved to produce recycled brick
coarse aggregate (rBCA) larger than 5 mm size and recycled brick fine aggregate (rBFA). Current literature
converges that the concrete strength and durability degrade with rBCA, mostly depending on the addition
rates and inherent aggregate characteristics such as the hardness and porosity levels [14, 16, 20]. Cachim
[21] reported that the concrete compressive strength (f’c) remains practically invariable when the natural

coarse aggregate replacement rate by rBCA is less than 15 %. At higher rates, the drop in f’¢ could reach
20 % depending on the brick types. Zhang and Zong [22] suggested that 30 % was an appropriate replace-
ment rate, while Zhu and Zhu [16] found that f’¢ could drop by 45 % when the coarse aggregate fraction is
fully replaced by rBCA. Many scholars reported that the mixed use of rBCA and rBFA could improve the
concrete strength, given the creation of a denser interfacial transition zone (ITZ) between the mortar and
aggregate rough surface [23, 24]. Additionally, the strength gain could be attributed to pozzolanic reactions
owing to the rich brick silicon dioxide (SiO2) content that promotes the calcium silicate hydrate (C-S-H)
development and refines the microstructure. Toledo et al. [25] showed that the f’c and modulus of elasticity
remain almost unaffected as long as the natural sand replacement by rBFA is less than 20 %. Naceri and
Hamina [26] found that finely ground waste bricks having a mean particle diameter smaller than 30 ym can
be used up to 30 % cement replacement without detrimental effects on mechanical properties.

The durability of concrete mixtures containing waste bricks is of prime importance, especially know-
ing the inherent porous nature of such additions. Earlier studies showed that the transfer properties such
as the resistance to water permeability and ingress of chloride/sulphate ions could substantially decrease
when the natural coarse aggregates are replaced by rBCA [14, 16, 17]. Such phenomenon becomes how-
ever less pronounced with the use of rBFA at low replacement rates (i.e., less than 20 %), which may be
attributed to the refined porous structure and pozzolanic reactions [16, 23]. Nevertheless, some scholars
reported that the brick porosity might be beneficial to promote internal curing with direct consequences on
hydration reactions and strength development. For instance, Khatib [27] observed that drying shrinkage
could increase by only 10 % when natural sand is fully replaced by rBFA. Other studies showed that shrink-
age may be twice to six times higher, due to lower restraining effect and reduced brick modulus of elasticity
compared to natural aggregate [21-23]. Bravo et al. [28] noticed that durability properties such as shrink-
age, sorptivity, and carbonation could be improved when reducing the mixing water added to compensate
the water absorption resulting from the bricks. The resistance against freeze-thaw cycles and thermal con-
ductivity improved due to the increased global porosity of concrete containing waste bricks [28—-30].

Limited comparative investigations were carried out to evaluate the effect of waste concrete or brick
aggregates on concrete properties and durability. Such studies can be relevant to ascertain the extent of
natural aggregate replacement rates that can be incorporated for a specific application, including the ben-
efits and limitations of each kind of recycled aggregate on concrete performance. Zheng et al. [31] are
among the few researchers who compared the effect rCCA and rBCA on f’¢ of concrete having 25 and

50 MPa strength grades (i.e., C25 and C50). At 100 % aggregate replacement rate, the f’c dropped by
7.2 % and 9.6 % for C25 and C50 mixtures containing rCCA, while this reached 11 % and 13 % for C25
and C50 mixtures prepared with rBCA. However, no information was given regarding the origin and source
of parent concrete and brick demolished structures. Khatib [27] observed that the strength decreased by
10 % when the natural sand is replaced by rBFA, while this reached 30% for rCFA. Similar losses were
also found by Mobili et al. [32], albeit a slight improvement in mechanical properties was observed in the
case of fine waste bricks.

This paper is part of a comprehensive research program undertaken to evaluate the effect of recycled
waste bricks on concrete properties including the structural behavior of reinforced concrete members. The
waste bricks were crushed and sieved to secure rBFA and rBCA fractions meeting ASTM C33 gradations,
which were incorporated at the highest feasible replacement rates of 50 % to 100 %, as will be discussed
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later. Three mixture series prepared with different water-to-cement ratio (w/c) are tested, while the evalu-
ated properties included workability, f’c, split tensile strength, modulus of elasticity, water permeability (by
capillary or under pressure), and drying shrinkage. Special emphasis was placed to compare the hardened
properties of concrete mixtures prepared with recycled aggregates derived from waste bricks to those de-
rived from waste concrete. The structural properties determined using 2.2 m long reinforced concrete
beams are presented in a follow-up paper. Such data can be useful to contractors, municipalities, and
environmental activists to valorize the brick component in CDW during civil and engineering construction
works.

2. Methods

2.1. Materials

CEM 111 32,5 N Portland cement complying with BS EN 197-1 [33] was used; its chemical composition
(along with the brick wastes) is given in Table 1. Continuously graded siliceous natural coarse aggregate
(NCA) and siliceous natural fine aggregate (NFA) were employed; their particle gradations varied respec-
tively from 4.75 to 16 mm and from 0 to 4.75 mm, in accordance with ASTM C33 requirements [34]. A
polycarboxylate-based high-range water reducer (HRWR) complying with EN 934-2 [35] was employed; its
solid content, specific gravity, and maximum recommended dosage rate are 32 %, 1.07, and 4 % of cement
mass, respectively.

Table 1. Chemical composition for the cement and waste brick.

Cement Brick
SiO2, % 25.53 58.67
Al203, % 6.3 13.08
Fe20s3, % 2.29 0.84
CaOo, % 55.59 4,51
MgO, % 4.05 1.32
SOs, % 2.34 0.89
K20, % 0.78 2.55
TiO2, % 0.28 -
LOI, % 2.15 2.81

Two types of fine and coarse recycled aggregates sourced from waste concrete or brick structures
are investigated. A laboratory jaw crusher was used to crush the wastes, which then were carefully sieved
to produce similar gradations as the natural fine and coarse aggregate fractions. Typical grading curves
are presented in Fig. 1, while the aggregate physical properties are summarized in Table 2. The parent
concrete from which the rCCA and rCFA were derived had a compressive strength varying from 35 to
42 MPa [11]. The adhered mortar content determined using a sodium sulphate solution by the freeze-thaw
test method was 39% +2.5 % [11, 18].
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Figure 1. Particle size distribution curves for NCA, NFA, rBCA, and rBFA.
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Table 2. Physical properties for the coarse and fine aggregate fractions.

Coarse aggregate fraction Fine aggregate fraction

NCA rBCA rCCA NFA rBFA rCFA

Specific gravity 2.65 2.13 2.43 2.61 2.1 2.37
Fineness modulus 7.45 6.79 6.77 3.05 2.85 3.1

Water absorption, % 2.1 9.96 7.04 1.31 12.94 9.25
Los Angeles abrasion, % 26.5 31.4 32.6 - - -
Material finer than 75-um, % — — — 0.44 6.4 5.8

Stones of fired clay brick wastes having 215x102.5x65 mm size were collected from demolition sites
and crushed to produce the rBCA and rBFA. The compressive strength of the brick blocks was 38 +3 MPa.
It is to be noted that several brick samples were ground finer than 100-um sieve, and incorporated at 20 %,
40 %, and 60 % replacement rates by cement mass in order to determine the strength activity index (SAl),
as per ASTM C311 [36]. The cement-sand-water ratio used for mortar batching was set at 1:2.75:0.5. As
shown in Fig. 2, the SAI at 20 % replacement rate was higher than 80 % (reaching 104 % at 56 days),
reflecting moderate pozzolanic reactivity equivalent to ASTM C989 Grade 100 pozzolan [37]. The SAIl
reached 76 % and 58 % at 56 days, despite the relatively high cement replacement rates of 40 % and 60 %,
respectively.

The NCA specific gravity was 2.65, while remarkably decreased to 2.13 for rBCA because of in-
creased porosity (Table 2), making this kind of waste brick suitable for semi-lightweight concrete mixtures
[14, 38]. The NCA abrasion loss determined as per ASTM C131 [39] was 26.5 %, while increased to 31.4 %
and 32.6 % for the rBCA and rCCA, respectively (Table 2). The materials finer than 75-um remarkably
increased from 0.44 % for NFA to 6.4 % and 5.8 % for rBFA and rCFA, respectively, as per ASTM C117
[40]. The corresponding water absorption varied from 1.31 % for NFA to 12.94 % and 9.25 % for rBFA and
rCFA, respectively.
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Figure 2. Strength activity index determined using crushed fine bricks.
2.2. Mixture proportions

Three control concrete series proportioned to exhibit lean to high strength grades suitable for resi-
dential applications are used in this experimental program (Table 3). The lean mix contained 320 kg/m?3
cement and 180 kg/m?3 water (i.e., w/c of 0.56); its 28-days f’¢ is 38.2 MPa. The higher strength concrete
mixtures contained either 360 or 400 kg/m3 cement together with the same amount of water (i.e.,
180 kg/m3), which resulted in 0.5 and 0.45 wic, respectively; the corresponding 28-days f’c was 45.7 and
52.3 MPa, respectively. The HRWR was adjusted in all mixtures to secure a similar slump flow of
620 +10 mm. The fine-to-coarse aggregate ratio remained fixed at 0.45.
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Table 3. Effect of recycled waste bricks on fresh concrete properties.

Cement, HRWR, % Slump* Fresh density,

kg/m?3 wie of cement after 30 kg/m?®
min, mm

0.56-Control 320 0.56 1.76 630 2380
0.5-Control 360 0.5 1.98 610 2365
0.45-Control 400 0.45 2.2 625 2390
0.56-100%rBCA 320 0.56 2.13 590 2195
0.5-100%rBCA 360 0.5 2.39 570 2155
0.45-100%rBCA 400 0.45 2.66 590 2130
0.56-50%rBFA 320 0.56 2.53 590 2310
0.5-50%rBFA 360 0.5 2.84 570 2325
0.45-50%rBFA 400 0.45 3.16 550 2350
0.56-100%rBCA-50%rBFA 320 0.56 2.91 560 2170
0.5-100%rBCA-50%rBFA 360 0.5 3.28 550 2120
0.45-100%rBCA-50%rBFA 400 0.45 3.64 540 2150

*Initial slump of tested mixtures = 620 +10 mm.

Each of the control concrete was tested using three different combinations of coarse and/or fine
recycled brick aggregates (Table 3). Hence, a 100 % replacement rate was selected to substitute the NCA
by rBCA. The cement content, w/c, and fine-to-coarse aggregate ratio remained fixed as described earlier
for the control mixtures, while the HRWR adjusted to secure the targeted workability. The second mixture
combination consists of replacing the NFA by 50 % rBFA, in fact, preliminary tests showed that higher
replacement rates would excessively increase the HRWR demand, which would lengthen setting times
beyond 24 hours and detrimentally alter the concrete strength development [5, 28]. Also, a third combina-
tion that involves replacing 100 % NCA and 50 % NFA with recycled bricks was considered.

To compensate for the effect of aggregate water absorption during concrete batching, all coarse
aggregates (i.e., NCA, rBCA, and rCCA) were pre-soaked overnight in water, and then drained for about 4
hours prior to batching to ensure saturation at or above the saturated surface dry (SSD) condition [4, 27,
7]. Regarding the fine aggregates, the procedure adopted consisted of homogenizing such materials in the
mixer with approximately 50 % of mixing water for about 10 minutes, then introducing the remaining ingre-
dients (i.e., coarse aggregate and cement) for concrete batching. Many researchers preconized this mixing
approach, as more than 85% of the recycled fine aggregate water absorption takes place within the first 10
min of exposure to water [13, 27, 41]. The batch proportions were adjusted for aggregate surface moisture
to maintain constant w/c. After one minute of concrete mixing, the other 50% of water was added followed
by the adjusted amount of HRWR to secure the targeted slump flow. Concrete mixing was resumed for two
additional minutes. The ambient temperature during mixing and sampling hovered around 21 + 3 °C.

2.3. Test methods

Following the end of concrete mixing, the workability and fresh density were determined as per BS
EN 12350-5 [42] and BS EN 12350-6 [43]. The workability test method consists of dropping fifteen times
the flow table, and measuring the average concrete spread. The initial slump flow of 620 £10 mm selected
in this study represents a flowable type of concrete requiring light mechanical vibration during in-situ cast-
ing. The flow was also determined 30 minutes after the end of mixing, during which the fresh concrete was
kept in a bowl covered with a wet burlap. Table 3 summarizes the HRWR demand, slump flow after 30 min,
and fresh concrete density.

The fresh concrete was then placed into cubic (150 mm3), cylindrical (100x200 mm and
150x300 mm), and prismatic steel molds (75x75x250 mm) for strength and durability assessment (Table
4). All specimens were lightly compacted using a vibrating table for 5 seconds. The specimens were
demolded after 24 hours, moist cured in lime saturated water for 7 days (except for drying shrinkage), and
then placed in standard conditions of 22 £3 °C and 55 +5 % relative humidity until 28 or 56 days. Averages
of three measurements were considered for each strength property.

The hardened concrete density and f’c were determined using the cubic specimens as per BS EN
12390-7 [44] and BS EN 12390-3 [45], respectively. The splitting tensile strength (fr) was carried out using
the 150-mm cubic specimens as per BS EN 12390-6 [46]; the load was gradually applied (i.e., rate of
0.95 kN/s) until the specimen split into two halves. The 150x300 mm cylindrical specimens were used to
determine the modulus of elasticity (E), as per BS EN 12390-13 [47]. Three loading cycles were applied;
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the displacement values were recorded using a strain-gauge possessing a 0.2 % sensitivity rate. The up-
per-stress limit for each cylinder was defined as the one-third value of ultimate f’c, while the stabilized
secant E value is determined from the third cycle of the stress-strain curves.

Table 4. Effect of recycled waste bricks on hardened concrete properties.

dgr?sri(tjy, 7df,  28dfe T E,cPa Waps, % When, Swﬁ:k

kg/m3 MPa MPa MPa mm um
0.56-Control 2325 175 38.2 3.84  28.45 10 25.7 630.3
0.5-Control 2310 24.3 45.7 4.05 - 6.5 18.4 474.2
0.45-Control 2345 26.1 52.3 425 3159 5.2 20.5 4222
0.56-100%rBCA 2125 171 32.2 351  27.46 15.4 50.8 711.4
0.5-100%rBCA 2010 22 40.6 4.15 - 115 31.8 587.5
0.45-100%rBCA 2090 21.1 44.9 49  26.46 8.5 41.5 510.3
0.56-50%rBFA 2235 175 38.9 3.22 - 115 29.6 691.6
0.5-50%rBFA 2235 18.6 41.5 - - 10.1 245 566.4
0.45-50%rBFA 2245 20.5 49 - 28.44 7.7 21.6 4475

0.56-100%rBCA-

E0%rBEA 2095 15.9 335 3.45 - 145 49.8 802.8
0'5'5%?,2;@5?” 2065 19.2 40.6 - - 13.4 36.6 634.5
O A5 IOOWBCA- 2110 215 455 - 2615 115 364 5393

The concrete permeability was assessed at 56 days by two methods including the water absorption
(Wans) and water penetration (Whpen) tests. The former test was carried out using 100x200 mm cylinders,
as per BS 1881-122 [48]. The specimens were initially oven-dried at 110 +10 °C for 48 hours, which after
cooling down to ambient temperature, were fully immerged in a water tank for 72 hours at 22 +2 °C. The
relative masses were measured using a digital balance for oven-dry and SSD conditions, and the water
absorption by mass (%) is determined as the change in mass divided by the oven-dried value. The water
penetration (Wpen) depth under pressure was performed on 150 mm cubes, as per BS EN 12390-8 [49].
The surfaces of the cubes were adjusted to a water pressure of 500 + 50 kPa for 72 + 2 hours. The speci-
mens were then removed from the apparatus and split in two halves, perpendicularly to the face on which
the water pressure was applied. The maximum water penetration depth is recorded using a digital caliper
with 0.01-mm precision.

The drying shrinkage was performed using 75x75x250 mm prisms, as per ASTM C157 [50]. Right
after the demolding, studs were glued on the longitudinal side of the specimens by applying a special ad-
hesive. The changes in length were measured by means of a demountable mechanical strain gauge with
0.001-mm precision in one day offset during the first week, then three days offset until the month is com-
pleted. The temperature and relative humidity in the drying room were maintained at 22 + 2 °C and
55 % + 5 %, respectively.

3. Results and Discussion
3.1. HRWR demand and slump flow variations

Typical HRWR demand and slump flow loss for 0.56 and 0.45-w/c mixture series are plotted in Fig. 3.
The loss in flow was determined as the difference between the initial value of 620 +10 mm from the one
measured 30 minutes after mixing. Regardless of w/c, the use of recycled bricks necessitated higher HRWR
to secure the targeted initial slump flow. For example, the HRWR increased from 1.76 % for the control
0.56-w/c mix to 2.13 % when 100 % rBCA is used, while this varied from 2.2 % to 2.66 % for mixtures
prepared with 0.45 w/c. Such results are in line with other scholars [11, 24, 51] who attributed this phenom-
enon to aggregate frictional texture and surface roughness that hinder the ease of flow. The HRWR demand
reached respectively 2.53 % and 3.16 % for 0.56 and 0.45-w/c mixtures containing the fine recycled aggre-
gate fraction (i.e., 50 % rBFA), given the porous nature and increased specific surface that could absorb
part of the superplasticizer molecules [26—28]. As normally expected, the HRWR demand further increased
when both rBCA and rBFA are used, which can be related to the conjuncture detrimental effect of both
phenomenon on workability.
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As shown in Fig. 3, mixtures incorporating the fine fraction of recycled bricks exhibited remarkable
slump flow loss over time. For instance, at 0.45 wi/c, a loss of 75 mm was recorded for the concrete con-
taining 50 % rBFA, and reached 85 mm when both rBCA and rBFA are used. While the initial concrete
workability is mostly affected by an internal friction phenomenon, the slump flow variation can be associated
to the coupled effect of internal friction and water absorption [19, 52]. In fact, as earlier mentioned, the fine
recycled aggregate fraction was not in SSD condition prior to batching, thereby increasing the potential of
higher water absorption that could reduce concrete workability over time. Actually, the difficulty to control
the SSD state of fine recycled aggregates was raised by many researchers, especially since any moisture
excess could increase w/c and consequently degrade concrete strength and durability [1, 7, 13].

Generally speaking, the fresh density of control concrete mixtures hovered around 2375 * 15 kg/m3,
while slightly decreased to about 2330 +20 kg/m3 when the fine aggregate fraction was replaced by 50 %
rBFA (Table 3). Due to reduced aggregate specific gravity, the fresh density remarkably decreased to
2160 + 30 kg/m? when the NCA was fully replaced by rBCA, which will have direct consequences on the
concrete strength, as will be discussed later.
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Figure 3. Effect of rBCA and rBFA additions on HRWR demand and slump flow loss.
3.2. Hardened properties of concrete containing recycled brick aggregates

Fig. 4 plots the absolute values of the hardened properties determined for concrete prepared with
0.56 and 0.45-w/c. For better clarity and analysis of results, Fig. 5 illustrates the corresponding change in
properties (i.e., A(Property)) due to recycled brick additions for all tested w/c series. The A(Property) is
normalized with respect to each control mix prepared at given w/c as follows:

Property of control Mix— Property of mix with recycled aggregates)xlOO
Property of control mix '

A(Property),% = (

3.2.1. Effect on f'¢, f;, and E

Regardless of w/c, the strength reduced when the NCA is fully replaced by rBCA, just like what
happens when recycled concrete aggregates are used [7,9]. For example, f'c decreased from 38.2 to 32.2
MPa (i.e., A(f’c) of -15.8%) for the 0.56-Control and 0.56-100 % rBCA mixtures, respectively (Figs. 4 and
5). The corresponding f; decreased from 3.84 to 3.51 MPa (i.e., A(ft) of —=8.6 %), while E decreased from
28.45to 27.46 GPa (i.e., A(E) of —3.5 %). This can be primarily attributed to the reduced hardness of rBCA
fraction (compared to NCA), leading to a weaker concrete skeleton. As summarized in Table 2, the abrasion
loss increased from 26.5 % to 31.4 % for NCA and rBCA, respectively. Concurrently, the decrease in
strength can be associated with higher aggregate porosity that reduced concrete density including its stiff-
ness for a given applied load [20, 29].

The strength of concrete mixtures containing 50 % rBFA additions did not significantly curtail (com-
pared to control NFA concrete), which maintained the f'c, ft, and E responses within the repeatability of
testing (Fig. 4). Hence, a positive A(f’¢) of +2% was obtained for the 0.56-50 % rBFA mix, while this was -
6.4 % for the 0.45-50%rBFA mixture (Fig. 5). The improvement in concrete strength can be attributed to
enhanced filler effect (especially the fraction finer than 75 ym) coupled with some pozzolanic reactions
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owing to the brick mineralogical composition that is rich in SiO2 content (Tables 1 and 2). This later phe-
nomenon promotes C-S-H development and densifies the ITZ between the mortar and aggregate particles
[16, 23, 26]. Additionally, it is important to note that the hardened concrete density was slightly altered with
50 % rBFA additions (i.e., 2240 +20 kg/m?3), which helped control the drop in strength.

The A(f'c) hovered about -12% for the various w/c concrete series prepared using 100 % rBCA and
50 % rBFA (Fig. 5), while the corresponding hardened density was 2090 + 25 kg/m? (Table 4). Such strength
loss remains lower than the values registered using concrete containing only rBCA, given the filler and
pozzolanic effects associated with the fine brick fraction. This practically reveals the benefits of combining
both coarse and fine brick fractions to control strength loss, despite the reduction in concrete hardened
density. Such sustainable concrete mixtures can drastically reduce the consumption of natural aggregates,
yet being suitable for semi-lightweight concrete applications having relatively high compressive strengths
[14, 30]. As shown in Table 4, the 28-days f'c for mixtures prepared using 100 % rBCA and 50 % rBFA
varied from 33.5 to 45.5 MPa, depending on w/c. The E measurement decreased from 31.59 to 26.15 GPa
for concrete mixtures having 0.45 w/c.

3.2.2. Effect on water permeability

As expected, the resistance against water permeability improved for mixtures made with reduced
w/c, given the decreased matrix porosity that hinders the ease of water percolation [7, 10]. For instance,
Woans decreased from 10 % to 6.5 % when w/c was reduced from 0.56 to 0.5, respectively; the correspond-
ing Wpen decreased from 25.7 to 18.4 mm, respectively (Fig. 4). Regardless of w/c, the resistance against
permeability remarkably degraded when the NCA is fully replaced by rBCA. The resulting Wabs and Wpen
reached 15.4 % and 50.8 mm for the 0.56—100 % rBCA mixture (i.e., A(Wabs) and A(Wpen) of 55.2 % and
97.8 %, respectively). Such results are in agreement with f’¢, albeit each property is affected by a different
phenomenon. While the reduced brick hardness mostly influences the strength [21, 23], the higher perme-
ability can be inherently related to the porous rBCA nature (compared to NCA) that increases the overall
concrete porosity and easiness towards water permeation.

The resistance against water permeability considerably improved when 50 % of the fine aggregate
fraction is replaced by rBFA (Figs. 4 and 5). Hence, Wabs and Whpen slightly increased to 11.5 % and
29.6 mm for the 0.56-50 % rBFA mixture (i.e., A(Wabs) and A(Wpen) became 15.7 % and 15.3 %, respec-
tively). As earlier explained, this can be related to a combined filler and pozzolanic effects associated with
the fine brick fraction, leading to refined pore size that enhances the concrete resistance towards water
permeation [52, 53]. In this context, it is worth noting that the preliminary tests made with 30 % recycled
fine brick materials yielded pretty similar or slightly better permeability resistance, as compared to mixtures
prepared with only NFA. Hence, unlike the rBCA fraction that increased the overall concrete porosity, recy-
cled bricks are better used in fine fractions.
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As shown in Fig. 5, water permeability degraded when both the recycled fine and coarse brick frac-
tions are incorporated in the same concrete; the resulting A(Wabs) and A(Wpen) values were similar to those
obtained when only the rBCA fraction is used. This physically implies that the porous rBCA nature over-
shadows the benefits associated with the fine recycled brick fraction, leading to increased concrete porosity
that reduces the resistance against water permeability. Fig. 6 plots the relationships between the 28-days
f'c with respect to Wans and Wpen for all tested concrete. As expected, mixtures possessing increased f'c
are characterized by denser microstructure, leading to better resistance against water permeability.
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3.2.3. Drying shrinkage

Typical variations of drying shrinkage over time for the 0.56 and 0.45-w/c mixtures are plotted in
Fig. 7. Clearly, the shrinkage gradually increased during the first 10 days after demolding, and then tends
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to stabilize over time depending on w/c and aggregate properties [28, 53, 54]. Hence, the maximum shrink-
age reached 630 uym for the 0.56-Control concrete, while decreased to 474 and 422 um for the control
mixtures prepared with 0.5 and 0.45 wi/c, respectively. Such behavior is mostly attributed to the loss of
capillary water due to evaporation and cement hydration reactions, causing increased proneness of hard-
ened concrete to contraction and volume change. Also, mixtures prepared with less w/c contained relatively
higher fine and coarse aggregate contents, which help restraining the concrete volume changes [54].

Although the general shrinkage trends remained similar (Fig. 7), it is clear that rBCA additions ac-
centuated the tendency towards concrete contraction, which increased the maximum shrinkage values rec-
orded after 35 days. For example, this reached 711 um (i.e., A(Shrink) of 13 %) and 510 ym (i.e., A(Shrink)
of 21 %) for the 0.56-100 % rBCA and 0.45-100%rBCA mixtures, respectively (Figs. 4 and 5). Earlier stud-
ies showed concrete shrinkage is strongly affected by the aggregate porosity since water may easier diffuse
and migrate out of porous aggregates (such as bricks) due to higher gradients [20, 28]. Also, the reduced
stiffness (i.e., higher abrasion loss) of rBCA compared to NCA materials could directly degrade the restrain-
ing effect, leading to increased shrinkage. This highlights the importance of proper curing to mitigate shrink-
age phenomena of concrete containing recycled coarse aggregate bricks.
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Figure 7. Effect of rBCA and rBFA additions on drying shrinkage over time.

The drying shrinkage considerably decreased when the natural sand is partially replaced by 50 %
rBFA, as compared to mixtures prepared with 100 % rBCA replacement. Hence, the maximum recorded
shrinkage reached 692 pym (i.e., A(Shrink) of 9.7 %) and 448 ym (i.e., A(Shrink) of 6 %) for the 0.56—50 %
rBFA and 0.45-50 % rBFA mixtures, respectively. This can be attributed to a combination of phenomena
including the reduced porosity of the fine aggregate fraction together with enhanced filler and pozzolanic
effects that strengthen the ITZ between the coarse aggregate and cement matrix [55-57]. Nevertheless,
just like what happened with strength development and resistance against water permeability, the conjunc-
ture usage of 100 % rBCA and 50 % rBFA led to increased drying shrinkage, given the inferior coarse
aggregate brick properties. A good relationship exists between the 28-days f’c and 35-days maximum
shrinkage measurements, as shown in Fig. 8. As a general rule, the higher the concrete f’c, the lower
becomes the shrinkage strains.
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Magazine of Civil Engineering, 116(8), 2022

3.3. Comparison between recycled brick vs. concrete aggregates

The comparative effects of recycled aggregates on A(f’c, ft, E, Waps, and Shrink) for concrete mix-
tures prepared with 0.56 and 0.45 w/c are plotted in Fig. 9. As noted in the experimental program, the
natural coarse aggregate (NCA) fraction was fully replaced by either rBCA or rCCA, while the natural fine
aggregate (NFA) fraction was replaced by 50 % rBFA or rCFA.

Although f’¢, fi, and E responses degraded when the NCA is replaced by either type of recycled
aggregates, however, it seems quite hard to determine whether such drop was more affected by rBCA or
rCCA additions (Fig. 9). Hence, on average, the A(f’c, ft, and E) hovered within —10 % + 5 %, revealing that
the drop in concrete properties is practically similar whether rBCA or rCCA materials are used. In contrast,
water permeability and drying shrinkage remarkably degraded for concrete containing recycled bricks.
Hence, A(Wabs) and A(Shrink) reached respectively about 60 % and 17 % for rBCA concrete, while these
were as low as 20 % and 8 % for rCCA concrete. As earlier explained, this can be inherently related to
porous rBCA nature that increases the overall concrete porosity and proneness towards water permeation
and contraction. In other words, it can be stated that the overall concrete porosity is comparatively less
affected by the rCCA fraction since it is composed of NCA particles (having reduced porosity) covered with
the adhered porous cement paste [1-3].
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Figure 9. Comparison between recycled fine and coarse brick and concrete aggregates.

Unlike the recycled coarse aggregate fraction, the concrete properties appear to be less altered when
the recycled brick fine fraction is considered (Fig. 9). Hence, the average A(f’¢, fi, and E) values hovered
within =5 % + 3 % for rBFA concrete, while these varied within =15 % + 5 % for rCFA concrete. Considering
that the filler effect remains similar in both types of recycled materials, the comparative improvements rec-
orded in ¢, fi, and E responses for rBFA concrete can be attributed to the pozzolanic reactions that pro-
moted C-S-H development and densified the ITZ between the mortar and aggregate particles [29, 30]. Also,
this phenomenon helped improving the resistance against water permeability and drying shrinkage; the
resulting A(Wans) and A(Shrink) hovered respectively about 27 % and 15 % for rBFA concrete, while these
were 53 % and 32 % for rCFA concrete. Thus, unlike the rCFA fraction that is often regarded as an un-
wanted component in new construction and building materials, the recycled fine brick fraction can better be
employed during concrete production.
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4. Conclusion

This paper is part of a comprehensive research program undertaken to determine the benefits and
limitations of recycled bricks in concrete production. Based on the foregoing, the following conclusions can
be warranted:

1. Regardless of w/c, the use of recycled bricks necessitated higher HRWR demand to secure the
targeted concrete workability. This was attributed to the frictional texture of the coarse aggregate fraction
(i.e., rBCA) that hinders the ease of flow, while the porous nature of the rBFA could absorb part of the
HRWR molecules.

2. Mixtures incorporating the recycled fine brick fraction exhibited remarkable slump flow loss over
time, which was mainly related to the coupled effect of internal friction and water absorption. In fact, this
fraction was not in SSD condition prior to batching, which increased water absorption and reduced concrete
workability retention.

3. The concrete strength (i.e, f’¢, ft, and E) including its resistance to water permeability and drying
shrinkage degraded when the NCA is fully replaced by rBCA, given the reduced hardness of this aggregate
fraction that weakened the concrete skeleton. The curtail in concrete properties was concurrently associ-
ated with higher brick porosity that lowered the concrete density and reduced its stiffness for a given load.

4. Unlike the rBCA effect, the concrete properties did not dramatically curtail when the NFA is re-
placed by 50 % rBFA. The filler effect and pozzolanic brick nature have promoted higher packing density
and refined the concrete microstructure.

5. The concrete strength and resistance to permeability and drying shrinkage improved when both
recycled fine and coarse brick fractions are incorporated in the same mixture. This practically reveals the
benefits of combining both fractions to maintain proper concrete strength properties, despite the decrease
in density.

6. The f’¢, fi, and E responses degraded almost similarly when the NCA is replaced by either rBCA
or rCCA. In contrast, the curtail in water permeability and drying shrinkage was particularly clear for con-
crete containing recycled bricks, given the porous rBCA nature that increases the overall concrete porosity
and proneness towards water permeation and contraction.

7. The concrete properties (f’c, fi, and E) including the resistance to permeability and drying shrink-
age were less altered with the use of the recycled fine brick fraction, as compared to concrete containing
the rCFA fraction. This was mostly attributed to the pozzolanic reactions that promoted strength develop-
ment over time.
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Abstract. In this study, Iragi high-calcium bentonite was used for the first time to prepare natural pozzolan
for concrete by the thermal activation method (calcination). Raw bentonite was calcined at 700, 750, 800,
850, 900, and 950°C for 30, 60, 90, and 120 minutes at each temperature. X-ray diffraction and quantitative
X-ray diffraction techniques identified the optimal calcination program at 800°C for 90 minutes. In this
program, calcination destroyed the crystal structure of bentonite-forming clay minerals, thus converting
silicon, aluminium, and iron oxides into chemically reactive amorphous phases. The prepared natural
pozzolan achieves a strength activity index of 108.3% at 28 days; additionally, it meets the requirements of
the Iraqgi specification of pozzolanic materials. The effects of Portland cement replacement with calcined
bentonite at 5, 10, 15, 20, 25, and 30% were studied on selected properties of the cementitious binder and
concrete. The results indicate that replacement percentage is positively associated with initial and final
setting times and negatively correlated with the concrete slump. At seven days, calcined bentonite causes
the decline of the compressive strength of concrete, while at 28 days, concretes containing 5, 10, and 15%
develop higher compressive strength than the control mix. However, the compressive strength of concretes
containing calcined bentonite differs from the control mix by not more than £9% at 90 days. Calcined
bentonite reduces the concrete splitting strength and density properties, and the absorption at 25%
substitution or less.

Citation: Al-Hammood, A.A., Frayyeh, Q.J., Abbas, W.A. Iragi bentonite as natural pozzolan. Magazine of
Civil Engineering. 2022. 116(8). Article no. 11604. DOI: 10.34910/MCE.116.4

1. Introduction

The sustainability of concrete can improve by utilizing pozzolanic materials as a partial replacement
for Portland cement [1]. Natural pozzolan is one of the types of pozzolanic materials; when used as a part
of the cementitious binder, it develops some of the fresh properties, mechanical properties, and/or durability
of concrete [2, 3]. This research aims to prepare natural pozzolan from Iragi high-calcium bentonite by the
thermal activation method.

Bentonite is clay that consists dominantly of smectite minerals [4]. In addition to smectite minerals,
bentonite may contain multiple species of clay minerals such as palygorskite, kaolinite, illite, or others. It
may contain non-clay minerals such as quartz, gypsum, feldspar, or others [4, 5]. The unique property of
smectite minerals is the potential to swell due to water absorption [6]. In most cases, bentonite contains a
high percentage of montmorillonite mineral, a member of the smectite group. Therefore, bentonite may
define as clay consisting mainly of montmorillonite mineral [7].

There are numerous allegations about the pozzolanicity of raw bentonite [8—-14]. However, these
allegations are not supported by conclusive evidence of the occurrence of the pozzolanic reaction between
bentonite components and calcium hydroxide resulting from Portland cement hydration [15]. On the

© Al-Hammood, A.A., Frayyeh, Q.J., Abbas, W.A, 2022. Published by Peter the Great St. Petersburg Polytechnic
University.
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contrary, precise examinations have shown that only minor changes in montmorillonite structure occur in
highly alkaline environments [16], and a small fraction of montmorillonite may contribute to pozzolanic
reaction [17]. On the other hand, the pozzolanicity of both calcined montmorillonite (CM) and calcined
bentonite (CB) has been confirmed in several studies [17-23].

CB modifies the concrete properties in plastic and hardened states due to both pozzolanic and
physical actions. In the plastic state, CB incorporation causes a linearly increase in water demand to
achieve standard consistency of the paste [23, 24], extends both initial and final setting time [23-25],
reduces the workability of concrete [26], and increases the dosage of superplasticizer required for self-
compacted mortar [27] and self-compacted concrete [28]. In the hardened state, CB reduces the rate of
strength gain due to the low pozzolanic reactivity of CM [21, 29-31]. Therefore, CB incorporation leads to
a reduction in compressive strength of concrete at early ages, i.e., 21 days or less [8, 9, 25, 26], but the
reductions in concrete strength tend to disappear at later ages, i.e., 28-90 days [25, 26, 28]. The most
important effect of CB is enhancing the durability of concrete against alkalis-silica reaction [25], sulfates
attack [32], acids attack [26], and chlorides penetration [25, 28]. No previous studies were related to Iraqi
bentonite, which differs in chemical and mineralogical compositions.

Given the absence of naturally formed pozzolans in Irag and the rarity in industries producing
pozzolanic materials as waste, the available alternative is to utilize mineral resources in obtaining natural
pozzolan. Iraqi bentonite represents a promising source for natural pozzolan production; its validity for this
purpose has not previously been investigated.

In Iraq, the petroleum industries are the largest consumer of bentonite. These industries require high
swelling bentonite, i.e., sodium bentonite, while the bentonite deposits in Iraq contain only low swelling
bentonite, i.e., calcium bentonite [33, 34]. Therefore, Iragi calcium bentonite shall be processed to convert
it to high swelling bentonite before using it to extract the crude oil. Calcium content is the criterion in
determining the validity of calcium bentonite to process and thus convert to high swelling bentonite [35]. On
this basis, Iragi bentonite is classified into two classes [33—-37]: high grade or low-calcium bentonite in which
CaO =5 %, and low grade or high-calcium bentonite in which CaO > 5 %. High-calcium bentonite requires
complex processes to be converted into high swelling bentonite [33, 36, 37]. Because of this, the production
of the high swelling bentonite from the high-calcium bentonite is not economically feasible, and the
utilization of Iragi bentonite is limited to the low-calcium bentonite only. In contrast, high-calcium bentonite
is considered a useless material. The main objective of this research is to determine the optimum
calcination program for producing natural pozzolan from high-calcium Iragi bentonite, and then study some
properties of the cementitious binder and concrete when Portland cement is partially substituted with the
prepared pozzolan.

2. Materials and Methods
2.1. Materials

Bentonite stones were obtained from the Wadi Bashira region in the Western Desert of Irag. The
coordinates of this region are 32°59'48.2"N, and 39°44'53.3"E. Wadi Bashira deposit represents the most
important montmorillonitic smectites deposits in Iraq as it contains reverse of more than 300x10° tons [38].
This deposit contains both high-calcium and low-calcium bentonite. The chemical composition of RB is
recorded in Table 1. Fig. 1 shows the status of RB as received.

Ordinary Portland cement (OPC) conforms to IQS 5/2019 type IQS 5-CEMI 32.5R. The chemical
composition of OPC is listed in Table 1, and its physical and mechanical properties are listed in Table 2.

Standard sand meets the requirements of the Iragi code of practice No. 1/198/2012 was used for
making mortar for the strength activity index test. For concrete production, round graded gravel 14-5 mm,
and natural sand in zone IV according to 1QS. 45/1984 were used.
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Table 1. Chemical composition of materials.

Oxide percentage

OPC RB CB (80090)

CaO 63.4 7.4 8.3
SiO2 21.0 57.6 60.3
Al203 5.0 13.6 14.9
Fe20s3 3.8 6.3 7.2
MgO 2.3 3.2 3.6
Na20 0.2 1.1 1.1
SO3 2.5 1.3 1.5
K20 0.5 0.5 0.6
P20s - 0.9 0.9
TiO2 - 1.1 1.3

Cl - 0.33 0.13
LOI 1.6 - -

IR 0.3 - -

Table 2. Physical and mechanical properties of OPC.

Property Result 1QS 5/2019 limit
Compressive strength @ 2 days 19 MPa 10 MPa lower limit.
Compressive strength @ 28 days 34.1 MPa 32.5 MPa lower limit.

Initial setting time 70 min. 45 min. lower limit.
Final setting time 235 min. 600 min. upper limit.
Soundness 0.04% 0.8% upper limit.

Fineness 317 m?/kg 250 m?/kg lower limit.

2.2. Methods

The experimental program included the following sequential steps:

1. The bentonite stones were soaked in water for 24 hours as they absorbed water and turned into
a soft paste, then spreading outdoors in direct sunlight for 5 to 10 days to dry. This process aims to facilitate
the grinding process and increase its efficiency, as it has been observed that the process of grinding
bentonite stones takes longer than the process of grinding dry bentonite paste to achieve the desired result
fineness. Fig. 2 shows the drying process of bentonite paste. After drying, the bentonite was ground using
a 300 g laboratory grinder for 90 seconds, then sieving the ground bentonite on a 300 um sieve to exclude
coarse grinding products. The ground raw bentonite was kept in airtight plastic containers.

Figure 2. Drying bentonite paste.

2. Identify the mineral composition of the RB by the XRD technique.

3. Calcination of RB at 700, 750, 800, 850, 900, and 950 °C for 30, 60, 90, and 120 minutes for each
calcination temperature. The nomenclature of each experiment shows in Table 3. Each sample was heated
at the rate of 30—40 °C/min. until it reached the calcination temperature; it was kept at this temperature +
10 °C for the calcination period; then, it was removed from the furnace immediately after the calcination
was completing. After that, it was left to cool down at ambient temperature. The purpose of fast cooling is
to prevent phase transformations that may occur during slow cooling [39].
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Table 3. Calcination programs.

Calcination temperature

700°C 750°C 800°C 850°C 900°C 950°C

Calcination 30 min. 70030 75030 80030 85030 90030 95030
period 60 min. 70060 75060 80060 85060 90060 95060
90 min. 70090 75090 80090 85090 90090 95090

120 min. 700120 750120 800120 850120 900120 950120

4. Recognize the modifications on crystal phases due to each calcination experiment by XRD
technique.

5. Select the probable experiments that disappear the peaks of clay minerals without the formation
of new crystal phases.

6. Analyze the results of XRD of the probable examinations by quantitative XRD (QXRD) to
determine the residuals of clay minerals.

7. Decide the optimum calcination program that confirms the maximum strength activity index at
28 days.

8. Verification of conformity of CB prepared by the optimum calcination program to the mandatory
requirements of 1QS 1748/1992 (Pozzolanic materials for use as a mineral admixture in Portland cement
concrete).

9. Examine the effects of partial replacement of OPC by CB at 5, 10, 15, 20, 25, and 30 %
replacement levels on the properties of the cementitious binder: water requirement, initial and final setting
times, and combined water.

10.Study the effects of partial replacement of OPC by CB at 5, 10, 15, 20, 25, and 30 % replacement
levels on the properties of concrete: slump, density, absorption, compressive strengths, and splitting tensile
strength. The details of concrete mixtures are shown in Table 4.

Table 4. Details of concrete mixtures.

Material content kg/m?

Mixture OPC CB Sand Gravel  Water
C100B0 450.0 0 650 1000 210
C95B5 427.5 22.5 650 1000 210
C90B10 405.0 45 650 1000 210
C85B15 382.5 67.5 650 1000 210
C80B20 360.0 90 650 1000 210
C75B25 337.5 112.5 650 1000 210
C70B30 315.0 135 650 1000 210

XRD patterns for RB and CB were performed using ADX-2700 diffractometer (manufactured by
Angstrom Advanced Inc., Boston, USA), the range of 28 is 3-80°, the rate of scanning is 0.05°/sec., the

type of radiation is CuKau, i.e., A = 1.54056A, the voltage is 40kV, and the current is 30 mA.

The QXRD of probable experiments were carried out using DIFFRAC.DQUANT software from Bruker
UK Limited.

Particle size analyses for CB and OPC were implemented with the NanoBrook 90PIlus particle size
analyzer (Brookhaven Instruments Corporation, NY, USA). The size range of the device is 0.3 nm — 6 um,
the scattering angle is 90°, the laser type is a temperature-controlled red semiconductor laser, the laser
wavelength is 660 nm, the liquid of the test solution is ethanol, and the test precision is = 1 %. This device
determines the equivalent diameter of the specimen's particles suspended in ethanol and subjected to the
laws of Brownian motion using the dynamic scattered light technique.

Tests of water required to achieve standard consistency, initial setting time, and final setting time
were carried out according to the Iraqi code of practice 1/198/2012.

Specimens of cementitious paste were prepared by mixing 200 g of the cementitious binder with 80 g
of water (0.4 w/cm); the hardened pastes were cured in saturated lime water for 90 days. Five grams were
taken from each specimen, dried at 40 °C for a constant mass, and weighted. A dried paste was ignited for
30 minutes at 1000 °C and then weighted. The combined water is determined as the following:
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%W, = [ (M4g —Myonp )/ Myo |*100,

where W,, My, and My, are the combined water, the mass of dried specimens, and the mass of the
ignited specimen, respectively.

The tests and requirements of the CB as a pozzolanic material were carried out according to IQS
1748/1992.

Concrete mixtures were prepared according to the Iragi code of practice 248/1991. Slump test was
carried out according to Iragi code of practice 354/1992, density test according to BS EN 12390-7:2009
(water saturated mass and actual measurements volume), absorption test according to BS 1881-122:2011,
compressive strength test according to Iraqi code of practice 348/1992, and splitting tensile strength
according to BS EN 12390-6:2009. All concrete specimens are 100mm cubes.

3. Results and Discussions
3.1. Physical effects of calcination

The calcination process turns the powder of RB from yellow colour to red colour. The colour of CB
gets darker with the increase in the calcination temperature. Fig. 3 illustrates the changes in bentonite
colour due to different calcination programs. The red colour is attributed to the formation of hematite Fe20s3,
and the dark colour is attributed to the formation of magnetite FesO4 [40]. The formation of hematite and/or
magnetite indicates a partial or complete dissociation of the crystal structure of clay minerals that make up
bentonite, as the iron cation represents the central part of some tetrahedrons in the tetrahedral sheet and
the central part of some octahedrons in the octahedral sheet. The calcination process causes the iron cation
to be released from the crystal structure and forms iron oxides Fe20z and Fe3Oa.

The bentonite powder tends to agglomerate with an increase in calcination temperature, and the
formed lumps harden at higher temperatures. Table 5 elucidates the status of CB after calcination, and
Figure 4 shows the statuses of some experiments. The formation of lumps is an indication to start the
sintering process and formation of new crystalline phases. The formation of lumps makes it necessary to
re-grind CB before using it as pozzolanic material.

Table 5. Status of CB after calcination.

experiment status
70030, 70060, 70090, 700120, 75030, 75060, 75090, 750120, and 80030. Powder
80060, 80090, and 85030. A mixture of friable lumps and
powder
800120, 85060, 85090, 850120, 90030, 90060, 90090, 900120, 95030, Hard lumps

95060, 95090, and 950120.

Activation ! RB
Period
(min.)

120

Activation Temperature (C)

Figure 3. Colour of bentonite at different activation temperatures.
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Figure 4. Status of some experiments.

The calcination process leads to a weight loss of RB by about 18—-22 %. The major weight loss is
ascribed to the free water release, the adsorbed water molecules from the surfaces of clay minerals, and
the hydroxyl groups from the structure of clay minerals. The minor weight loss is attributed to the
decarbonisation of dolomite and removing water molecules from the gypsum.

3.2. XRD and QXRD

The result of the XRD test of RB is shown in Fig. 5; Fig. 6-11 show the XRD pattern of each
experiment compared to the XRD pattern of RB.

RB consists of Ca-montmorillonite as a major clay mineral, kaolinite, and palygorskite as minor clay
minerals, and quartz, dolomite, and gypsum as minor non-clay minerals; Table 6 shows the crystal
properties of clay minerals in RB.

Table 6. Clay minerals in RB.

Mineral hkl d (A) 20
Ca-montmorillonite 001 15 5.8
005 3 29.3
100 4.5 19.8
300 15 62.1
Palygorskite 040 4.5 19.8
101 4.3 20.8
231 3.3 26.5
Kaolinite 020 4.5 19.8
111 34 26.5
-223 1.8 50.1
203 15 60.1
-3-31 1.5 62.1

The calcination process causes structural changes in the montmorillonite mineral. The peak of 001
plane (at 5.8° 26) has shifted to the right by (4-5° 28) in all experiments at 700 °C and 750 °C, and in 80030
and 85030 experiments which mean the reduction in basal spacing from 15 A to 9-10 A due to removing
water molecules layers. The maximum shifting to 14.8° 26 occurred in the 80060 experiment in which the
basal spacing has shrunk to 6 A; the shifting of 001 peak associates with reductions in the intensity,
indicating that the strains in the montmorillonite crystal are non-uniform [41], i.e., degrade the crystallinity.
For the same experiments, the peak of 100 plane (at 19.8° 208) preserves its location and intensity, which
elucidates that the structural changes in the c-axis do not mean the destruction of the montmaorillonite crystal
[19]. In experiments 80090, 800120, and 85060, the peaks of the montmorillonite and other clay minerals
disappear. That is strong evidence of transforming the crystalline phases of the clay minerals into
amorphous and/or cryptocrystalline phases. This conclusion is confirmed by QXRD, which shows the
absence of clay minerals in experiments 80090, 800120, and 85060, as shown in Fig. 12-14.

Despite the absence of the peaks of the clay minerals in the 85090 and 850120 experiments and all
experiments at 900 °C and 950 °C but this absence is associated with the appearance of new peaks. The
new peaks indicate the formation of highly crystalline inert phases such as cristobalite, spinel, and/or
magnesium aluminium silicate (MgAl2SisO12) [19]. The results obtained are compatible with previous
studies, which showed that the amorphization temperature of montmorillonite mineral lies in the range of
800-900 °C [42].
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Based on XRD and QXRD results, experiments 80090, 800120, and 85060 are the probable
experiment for adoption as an optimum calcination program.
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Figure 5. XRD pattern of raw bentonite.
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Figure 8. XRD pattern of RB and CB at 800 °C.
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Figure 9. XRD pattern of RB and CB at 850°C.
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Figure 11. XRD pattern of RB and CB at 950°C.
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3.3. Strength activity index

T T T
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The SAls of probable experiments at both 7 and 28 days are listed in Table 7. At the age of 7 days,
all SAls were less than 100%, indicating the low reactivity of CB. At 28 days, all probable experiments
developed SAIl equal to or more than 100%. The highest 28 days SAIl (108.3%) is that of the 80090
experiment. Therefore, the 80090 experiment was adopted as the optimum calcination program.

Table 7. SAl for probable experiments.

f7d SAl7g fasd SAl2sqg

Control 34.3 100% 36 100%
80090 26.6 77.6% 39 108.3%

800120 31.3 91.3% 35.8 99.4%
85060 26 75.8% 38.3 106.4%
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3.4. Properties of pozzolanic materials

CB prepared according to the optimum calcination program (80090) meets the mandatory
requirements of 1QS 1748/1992. The results of the tests are reported in Table 8.

The particles size distribution of both CB and OPC are shown in Figure 15. The equivalent diameters
of OPC and CB are listed in Table 9.

Table 8. Properties of CB.

Chemical properties

Property Result 1QS 1748/1992 limits
2 (SiO2+Al203+Fe20s3) 82.4% 70.0% min.
SOs3 1.5% 4.0% max.
Moisture content 0.4% 3.0% max.
Loss on ignition 0.4% 10.0% max
Physical properties
Property Result 1QS 1748/1992 limits
Amount retained on 45um 0% 34% max.
Strength activity index @ 28 days 108.3% 75% min.
Water requirement 99% 115% max.
Soundness 0.05% 0.8% max.
Specific gravity 2.57 -

Table 9. Equivalent diameters (in nanometers) of CB and OPC particles.

Ds D2s Dso D7s Dos
CB 340.6 588.7 860.6 1258.2 2174.6
OPC 601.8 855.8 1092.8 1395.4 1984.4
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Figure 15. Particle size distribution of CB and OPC.
3.5. Properties of cementitious binder

OPC replacement by CB causes increases in water required to achieve the standard consistency of

cementitious binder. Fig. 16 shows the linear relation between w/cm and the percentage of OPC
replacement.

According to Feng et al. [43], the ultrafine powder, which has average particles diameter smaller than
the average of cement particles diameter, influence the fluidity of the cementitious binder by two opposed
effects: filling effect, which leads to reduce fluidity due to increase water demand, and dispersing effect
which leads to increase fluidity due to release trapped water between cement flocks. The amorphous nature

of CB, the platy shape of CB particles, and the relatively low specific CB gravity are the reasons why the
filling effect dominates the dispersing effect.
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Figure 16. Effect of OPC replacement by CB on water required to achieve standard consistency.

Both initial and final setting times extend linearly with the percentage of cement substitution, as
shown in Figure 17. The reductions in C3A and CsS contents due to OPC substitution, the low reactivity of
CB components, phosphates in CB, and higher water content are the reasons for the delay in both initial
and final setting time.
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Figure 17. Effect of OPC replacement by CB on the setting time of cementitious binder.

CB incorporation causes a slight increase in combined water at 5 % replacement, while at 10 %
replacement, a significant increase in combined water was observed. Accordingly, the cementitious binder
containing CB at levels of 5 and 10 % produces more hydration products than products resulting from
OPC'’s hydration alone, as all the hydration products contain chemically combined water. The increase in
the hydration products is attributed to the pozzolanic reaction. At 15-30 % replacement, the percentage of
combined water reduces gradually as the OPC substitution increase due to the increase of unreacted CB.
The combined water percentage is higher than the percentage calculated based on replacing OPC with an
inert material, which indicates the contribution of the pozzolanic reaction to the structure of the hardening
paste at any replacement level within the range of 5-30 %, as shown in Fig. 18.
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Figure 18. Effect of OPC replacement by CB on the combined water.
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Similar observations of the effects of calcined bentonite on the properties of the cementitious binder
were reported by Darweesh and Nagieb [23].

3.6. Workability

Its lower specific gravity characterizes CB than OPC, so the volume of CB required to replace a
specific weight of OPC is greater than the volume of the substituted OPC. This increase in the volume of
cementitious binder, and its relatively higher surface area due to CB finesse, require an increase in the
mixing water to maintain the same workability. In the case of fixation the amount of mixing water, an
increase in the volume and surface area of the cementitious binder leads to a decrease in concrete
workability. Fig. 19 shows the effect of CB on the slump of concrete. It is noticeable that the slump value
decreases as the CB content increases. The effect of CB in reducing the slump has previously been
reported by Ahmad et al. [9].
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Figure 19. Effect of OPC replacement by CB on the slump of concrete.
3.7. Concrete density

Concrete density decreases slightly due to the replacement of OPC by CB. The amount of decrease
in density is proportional to the replacement percentage, as shown in Fig. 20. The density reduction is
attributed to the lower specific gravity of CB compared to the specific gravity of OPC. It is also observed

that the density increases with age due to the progression of the hydration process and thus reducing the
total porosity.
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Figure 20. Effect of OPC replacement by CB on concrete density.
3.8. Concrete absorption

The partial replacement of OPC with CB results in two opposing effects on concrete absorption, one
of which is positive and reduces absorption because of a modification of the pore structure caused by
pozzolanic reaction and the physical effect of unreacted bentonite fine particles filling the pores. The second
is negative, resulting in higher absorption resulting from the reduction of cement content and, therefore, a
reduction in hydration products. At substitution levels of 5 and 10 %, the interaction between these two
opposing effects causes a slight decline in absorption due to their comparative equivalence. In contrast, at
substitution levels 15-25 %, the positive effect prevails due to the pozzolanic reaction and the physical
effect overriding the adverse consequences of reducing cement. However, at the high replacement level,
30 %, the negative effect prevails because the lack of cement is irreplaceable. The influence of CB in
reducing concrete absorption was also reported by Ur Rehman et al. [44]. Fig. 21 elucidates the effect of
CB on concrete absorption.
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3.9. Compressive strength

The results of the compressive strength test are illustrated in Fig. 22. At seven days age, OPC
replacement by CB causes a decline in compressive strength at any replacement level and the reduction
magnitude proportion to substitution percentage. The reduction in strength is attributed to the slow hydration
of the cementitious mixture of OPC and CB compared with OPC. There are many reasons for the relatively
slow hydration due to the incorporation of CB as part of the cementitious binder. First, CB contains a fraction
of inert minerals such as quartz; second, the slow dissolution of CM in the alkaline environment [17, 21, 30,
31], and third, the reduction in CsA and CsS due to OPC substitution. At 28 days of age, the mixtures
containing 5, 10, and 15 % CB develop compressive strength more than the control mixture. At 90 days of
age, compressive strength differences tend to decrease by no more than £ 9 % from the control mixture.

Partial replacement of OPC by CB leads to numerous factors that have opposite effects on the
compressive strength of concrete. The intensity of the impact of each factor varies according to the
percentage of replacement and the age of the concrete. The factors divide into two categories: positive
factors, which increase compressive strength, and negative factors, which decrease compressive strength.
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Figure 21. Effect of OPC replacement by CB on concrete absorption.

The positive factors are the pozzolanic reaction which leads to replacing Ca(OH)2 with C-S-(A)-H in
both matrix and interfacial transition zone, the modification of pore structure by reducing the fraction of large
pores, which have an adverse effect on the concrete strength, the decrement in free water content which
leads to reduce disjointing pressure subsequently increase the compressive strength, the addition of new
nucleation sites by ultrafine particles of CB, the increment of the cementitious paste fraction due to variance
between the specific gravity of CB and OPC, and the retardation effect due to low reactivity of CB which
leads to reduce the early age deformations and more uniformity in the distribution of the hydration products.

The negative factors are the reduction in OPC content which causes the reduction in hydration
products, the decrease in the rate of strength gain due to CB's low reactivity, and the increment in an
unreacted fraction of cementitious binder due to the consumption of Ca(OH)2 by the pozzolanic reaction.

The negative factors are dominant at early ages for any replacement level, while at 28 days, the
positive factors are major at 5, 10, and 15 % replacement, and minor at 20, 25, and 30 %. At later ages,
the factors are comparable approximately. The optimum replacement level is 5 %, which causes a strength
gain of 12 and 9 % from the control mixture strength at 28 and 90 days, respectively.
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Figure 22. Effect of OPC replacement by CB on compressive strength.
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The compressive strength results are consistent with those reported in the previous literature [9, 25,
44).

3.10. Splitting tensile strength

OPC replacement by CB causes decreases in the splitting tensile strength at all replacement levels
at 28 and 90 days age, as shown in Fig. 23.

Despite the strong positive correlation between tensile and compressive strengths to the degree of
expression of tensile strength as a function of compressive strength, inverse relations were recorded in
some experiments when adding pozzolanic materials. In some cases, an increase in the compressive
strength was observed as a result of replacing a percentage of Portland cement with pozzolan, at the same
time, a decrease in the splitting strength was observed [45-49]; In other cases, a decrease in the
compressive strength was recorded with an increase in tensile strength [50, 51].

Martin [52] observed rising in splitting tensile strength associated with the decline in compressive
strength due to absorption increase in some types of rocks. The similar observation was recorded by Chen
et al. [53] in concrete specimens due to increased moisture content from 80 to 100 %; in addition, it is well
known that the flexural strength of saturated concrete is more than the flexural strength of dry concrete [54].
Therefore, free water may positively influence tensile strength due to Stefan’s adhesion force (SAF) instead
of disjointing pressure in compression. SAF proposed to explain the increase in concrete tensile strength
with increasing relative humidity [55] and strain rate [56].

According to the absorption test results, CB incorporation causes reductions in free water content,
consequently reducing SAF and thus reducing splitting tensile strength.
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Figure 23. Effect of OPC replacement by CB on splitting tensile strength.

4. Conclusions
According to the results acquired in this study, the following conclusions can be drawn:

1. Iragi high-calcium bentonite is suitable for preparing natural pozzolan by the method of calcination
(thermal activation).

2. The optimum calcination program is 800 °C for 90 min.

3. lIts slow reactivity characterizes pozzolan prepared from Iragi bentonite; that is, it has a retarder
effect on the initial and final setting time, reducing the strength gain rate.

4. CB has a reducing effect on concrete workability, and the amount of reduction is proportional to
the replacement level.

5. Significant reductions in concrete absorption were observed at 15-25 % replacement levels.

6. CB reduces the compressive strength at 7 days in proportion to CB content. At 28 days, a low
replacement level (5 %) leads to optimum strength gain of 12 %, moderate levels (10-20 %) does not cause
a significant change in strength, and high levels (20-30 %) reduces strength by about 10 %. At 90 days,
the maximum strength gain is 9 % at 5 % replacement, the maximum strength loss is 9 % at 30 %
replacement, and no significant change in strength at 10-25 % replacement levels.

7. CB reduces the splitting tensile strength at any replacement level at all ages.
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Abstract. This work considers analytical calculation of brickwork barrel vault, material structure of which
has a pronounced variability of elastic constants. In normative documents, brickwork is considered as a
complex two-component building material with elastoplastic properties. However, there are no clear
recommendations that consider the variability of the elastic properties of brickwork. This article considers
influence of anisotropic properties of a brickwork three-centered flat-arched vault on its stress condition on
the basis of the elasticity theory. The calculation of a flat-arched vault is based on the classic theory of
bending a curved curvilinearly-anisotropic beam in view of the properties of brickwork materials with
cylindrical anisotropy. We cite a mathematical solution of a differential equation of fourth order in partial
derivative with two variables for an anisotropic orthotropic body in polar coordinates for creation of
mathematical models describing changes in the vault material elasticity modulus. Based on the solution to
the curved orthotropic body anisotropy problem, we obtained correlations between elastic constants in the
main anisotropy directions.

Citation: Kaldar-ool, A-Kh.B., Opbul, E.K. Stress condition of orthotropic vault structure with cylindrical
anisotropy. Magazine of Civil Engineering. 2022. 116(8). Article no. 11605. DOI: 10.34910/MCE.116.5

1. Introduction

Study object is brickwork barrel vault of complex curvilinear outline. Brickwork is an orthotropic two-
component material with elastoplastic properties. In vaulted structures, depending on the direction, in a
three-dimensional coordinate system, brickwork has different elastic properties. In the case of two-
dimensional problem, variability manifests itself in tangential (circumferential) and radial directions.

It is well known that elastic constants include the values of the modulus of elasticity and Poisson's
ratio of the masonry. Ignoring the elastic properties variability factor in calculations, for example, at the
design stage, can lead to serious errors or accidents during operation. Moreover, in brickwork vaulted
ceilings, anisotropy is observed not only in the material itself, but also in structural layout. In view of more
frequent progressive collapses, theoretical studies based on calculation of the strength and stress state of
stone vaulted structures, taking into account the properties of anisotropy, are extremely critical.

According to Professor S.G. Lekhnitsky's theory [1], brickwork barrel vaults [2] can be viewed as an
orthotropic body with cylindrical anisotropy [3] for which laws of mechanics of anisotropic bodies are valid.

In the classical practice of constructing buildings and structures, including brickwork ceilings, load-
bearing vaults of different geometric shapes and layouts were used. Methods of their calculation were
mainly based on the laws of elasticity theory, considering the vault as a hinged-supported elastic body.
Approximate methods of limiting equilibrium, proposed by Maurice Levy, and a graphical method for
determining the pressure curve, based on experiments on the destruction of vaults, are used.

© Kaldar-ool, A-Kh.B., Opbul, E.K., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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A particularly noteworthy study [4] examines the technical condition of historical buildings, where
strength characteristics of brickwork vaulted structures is assessed on the basis of humerical modeling.
The study [5] considers flat circular double-hinged vaults, statically loaded with a uniformly distributed load
in the form of pressure. The authors managed to analytically solve the geometrically nonlinear deformability
and stability of the vaults. Behavior of Prussian brick-concrete vaults based on numerical model built in the
Abaqus software packageis shown in a scientific paper [6]. Finite element analysis of the behavior of a
stonework single-span arched bridge is presented in a scientific study [7]. Laboratory and numerical
analysis of the destruction of stone arches on models with and without reinforcement can be found in a
scientific study [8]. In the original paper [9], the behavior of a segment of an arch from a dry joint of masonry
subjected to a lateral load was investigated using the finite element method and rigid blocks based on a
micromodeling strategy, a nonlinear analysis was also presented taking into account various combinations
of displacement of the supports (vertical, horizontal and oblique). The article [10] presents the original
results of experimental studies to reduce the seismic vulnerability of stone vaults using a composite
reinforced mortar. The authors of work [11] argue that displacements, observed in many historical masonry
structures are concentrated at the joints of stonework and can be significant before collapse becomes a
global problem. Therefore the stability modeling using discrete element modeling is particularly relevant. In
order to reuse the building complex of Monte Pio port and the upper warehouses of the Palazzo Monte di
Pieta, in work [12], numerical studies of two-level stone vaults were carried out and the technical condition
was checked for the stability of building structures in accordance with the current Italian building codes. In
scientific work [13], based on analytical formulation of the problem, the angle of friction is investigated as a
geometric constraint of brickwork sample in order to find a possible range of minimum values of the
thickness of round and elliptical vaults from masonry under static loads based on the limit state analysis
theorem. Numerical studies of the stability of masonry vaults are presented in works [14, 15] including a
unified formulation of historical stone structures modeled as 2D assemblies of rigid blocks interacting on
frictional contact surfaces without stress. Experimental evaluation and development of numerical and
analytical modeling of ancient masonry vaults and vaults, reinforced with composite systems, are given in
work [16]. The study [17] examines the effect of stereotomy on the value of the minimum thickness of a
semicircular brickwork vault: a material with low tensile strength. In the scientific work [18], on the basis of
historical, experimental and numerical analysis and the results of field studies using our own software
LiABlock_3D, a spatial rigid block model of the entire structural unit was built. The work [19] proposes
combined precast and cast-in-sit construction of metro station in Shanghai in the form of a large-span
underground vault of 56 elements of ribbed arched segments to be assembled as triple-hinged arches. In
the construction of large diameter tunnels, a new mechanized technology for the construction of precast
arches has been proposed [20]. For a preliminary assessment of damage in the form of cracks, for example,
in the process of mechanized construction, numerical and laboratory experiments were carried out on an
arch made of volcanic rock, i.e. tuff; the research results are given in work [21]. Work [22] represents
experimental studies of stonework cylindrical vaults made of thin brick tiles; the vaulted structure is
considered as a permanent formwork with subsequent reinforcement based on reinforced concrete.

The purpose of the study is to create a calculation a system based on the well-known theory of
bending of a curved anisotropic beams, given in work [1].

To achieve this goal, the following problems are solved:
1. Determining the elasticity moduli of bricks and mortar.

2. Determining the elasticity modulus of brickwork and the anisotropic index depending on the main
anisotropy directions.

3. Determining the elasticity parameters of brickwork that allow to obtain elastic constants of the
vault material.

4. Analytical calculation for evaluating the stress condition of a barrel vault in the form of a curved
orthotropic beam with a cylindrical anisotropy.

2. Methods

According to regulatory document [23], the elastic modulus of soft-mud bricks EgriCk is determined
on the basis of deformation of cubes or prisms cut from bricks using the formula:

ESMK — 200+1200- Ry icy . (1)

where Ry is brick compressive strength [2, 3].
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In a residential buildings design manual [25], the elastic modulus of mortar Eénortar in a compressed
bed joint is determined using the formula:

Eénortar — tmortar ’ )

}“mortar

where torar is the joint thickness; A portar IS cOmpression compliance of a manually laid horizontal mortar

joint under short-term loads determined according to the formula:
2

-3
kmortar =1.5-10"- Rmgrtar 'tmortarv

Rmortar iS the mortar strength limit [2, 3].

Then within the framework of the task at hand, we use the phenomenological method of rheology in
order to find out the brickwork elasticity modulus on the main axes of anisotropy.

According to, we can reconstruct the real pattern of material behavior under load using more
complicated schemes combining elastic and viscous elements. If we take elastic (bricks) and viscous
(mortar) materials and connect them in parallel (at the vault head) and in series (at the vault abutments),
we obtain rheological models: Kelvin and Maxwell bodies in the following form [3].

For parallel connection of elements:
brick mortar
E, = EJNSk L glrortar, 3)

For series connection of elements:

brick mortar
= =

=0 , (@)
Egrle n E(r)nortar

where E,, E; are constant elasticity modulus of the brickwork anisotropy, respectively, in the radial and
tangential (circular) directions.

A partial fourth-order differential equation in polar coordinates for anisotropic body has the following
form[1]:
4 4 4
L (1 ug) 1 1 10,
E. or Gy B )rcor<o0c E. r* 00
3 2 2
L2 18F(1 ZHrt]:L °F 1 18°F

P el e R (5)
Gy E Jrioroe® E, r? or?

1— 2
ottt LIIOE 1 IF
E, Gyt r* 00 E, r°or
where L, G are Poisson's ratio and elastic modulus, respectively.

When solving equation (5) in plane elastic problem for a circular plate with cylindrical anisotropy, the
stress function was taken as a sum of polynomials proposed by E.K. Ashkenazi:

F=>x"fi(y), ©)

where fk (y) is an unknown function satisfying differential equation (5).

Solving equation (5) with the substitution of the corresponding derivatives of the stress function (6)
and rearrangement result in second-order algebraic equation (7), the roots of which are respectively equal
[26]:
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BZ—§(5+k2)B—gk4+%k2+1=O. )

Professor V.N. Glukhikh states in his studies [26] that cylindrically anisotropic materials differ by

elasticity parameters (B(l), B(Z)) and can be divided into 2 groups:

o for the first group, elasticity parameter is characterized by three extremes as axes turn from the
radial direction to the tangential one, i.e. from 0° to 90°:

B(l):3_k2’ (8)
e the second group with two extremes:

1+5k?
B(z) = +3 . (©)

The studying the plane stress condition of an anisotropic material often encounters the following
problem: the elastic constants are known for a certain coordinate system X, y and it is required to find the

elastic constants for a new coordinate system X', y'. For an orthotropic body, it is inconvenient to use the
main coordinate system and recalculate the elastic constants [1].

The known formulas as per [26] in view of elasticity parameter B(l) of anisotropic bodies for elasticity

modulus E,r, shear modulus leyr, Poisson's ratio Hyy's will have a simpler form, which is of prime

X'
importance for engineering calculations:

1 cos*e sin‘e By

— + + .cos2 0-sin? 6; (10)
EX/ Er Et Et
8(k* -1
! = ( )-sinze-cosze+i; (11)
Gx’y’ Eq Grt
2(k?-1
r t
where G ZZL is shear modulus; Gx’y’ and Ly respectively, the shear modulus and

Poisson's ratio in a new coordinate system.

Similarly, studies [26] recommend calculation formulas for anisotropic materials belonging to the 2nd
group B(z) :

4 . 4
L (13)
Ey = Et Et
8-(1-k?
1 _ ( )-sinze-cosze+i; (14)
eryr 3'Et Grt
2(1—k2)
2 2 Hrt
Hyy =—Ey| ———=-sin“0-cos” 6 - |, (15)
Xy I 3-F E,
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Figure 1. General view of the barrel vault.

A body with cylindrical anisotropy can be formed artificially by constructing it from homogeneous
(rectilinear-anisotropic) elements that have the same elastic properties. If we consider that vault consists
of alarge number of homogeneous anisotropic elements with the same elastic properties, then the structure
as a whole will have the property of a body with cylindrical anisotropy. Equivalent axial directions of
elements in the vault will be radial directions [1].

For an orthotropic beam with a cylindrical anisotropy in application to a barrelvault we adopt a design
diagram presented in Fig. 2.

Figure 2. Design diagram of a vault in the form of a curved orthotropic beam
with a cylindrical anisotropy: 0 — center of anisotropy coinciding with the center of curvature,
0’ — determining the position of abutment surfaces.

For determining the main stresses in the crest part a barrel vault under the impact of dead (q) and

temporary additional loads (F) according to the theory of S.G. Lekhnitsky [1], we use stress function in

the following form:

F(r)=fo(r)+ f(r)-cos(6)+ f,"(r)-sin(6), (16)
where the first addend has the following form:
fo(r)=A+B-r2+C.-r* 4 D.r¥, (17)

E
k= |[—t. 18
,Er (18)

The second addend for an orthotropic beam is determined by the following formula:
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fl(r)-cos(e):(A-r1+Bl +B-r*BiCc.r+D-r-In r)-COS€)+
(19)
+(A'.r1+B1 +B-rfPyc’r+D -r-In r)'sine,

where A, B, C, D are arbitrary complex constant determined from boundary conditions and free-end
conditions; A’, B’, C', D' are conjugate values.

Stresses G, Gy, Tyg are expressed through the stress function:

1 oF(r) 1 0%F(r)
r= t T
r or r 00
O2F(r) (20)
(e) =
o or?
0 (1 aF(r)j
Tro =21
or\r 00

Boundary conditions:

when r=ryo, =0, 1, =0;
(19)
when r=ro, =—(q+F)coset,q =0.
Then the condition is true:
ft
R
I 698r = -9
I’d h
It
[ ogror=0 . (21)
fd
Tt
J. ’Creﬁl’ = i&
I’d h

Arbitrary constants included in expression (19) are determined on the basis of boundary conditions
(21) and (22).

Normal stresses in the main directions are determined according to [1] by formulas (23), (24) using
the Mathcad software system:

k-1 k+1
O'r=g[P+Q(L] +R(i) ]+
b I r

A B -
L_M_] o (1) _(1+cﬁ1)].‘m(¢w).cosg
fb-g vk r cosy

q e N (23)
ag:E.[m.k.@ %) ]
a & AL A () (1e8) ] 20 cosp
+rt bo T (1+4) v +(1+ )¢ (—j ( + ) " eosy -C0S
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P= 2 : 2%
2-(k“-1)-(1-c™)-

S 12K (K =1)- (L= ¢ )+ 2- k- (k +1)-c* - (L-c* ) -
—(k?-1)-(L+c)- (L—c®)-m],
T-(k=1)-(1-c?)-2-k-c?-[L-c*)+ (k=1)- (L+C)- (24)

‘(1—Ck+1) 'm],

1

°7 2 (-1)- @) g

R= ! 2k
2-(k+1)-1-¢c)-g

Q(k+2)-c® - 1—c?)-2-k - (L— ¢ )= (k +1) -

(L+c)-c®-@A-c")-m]

g _singsin(p—y) _(1-c®) | acy? k-c® oy
—, M= » 9= kel 7t ) 2k
I cos 2 1 k-1 1<

Cc=

01 =l-(1—cﬁl)+ 1+ cBl)~Inc; b =1 - a single element width.

By

It is stated in study [1] that coefficient Bl included in formula (23):

E E
B1=\/1+E:-(1—2~un)+6:t (25)
3. Results and Discussion

Initial data for practical calculation:

Elastic modulus of a brick of grade Mbrick = 102 and Ry = 10.03 MPa according to [2], obtained

by the formula (1) is Eg”Ck = 12036 MPa.

Elastic modulus of the solution of grade Mmortar = 22 and Ry,oiar = 2.14 MPa, according to the
formula (2) is E(r)nortar = 2140 MPa.

Radial and tangential moduli of elasticity of brickwork according to formulas (3, 4), respectively
E, = 14176 MPa and E; = 1816 MPa.

Poisson's ratio according to K.P. Yakovlev [27] — Jrt = 0.15
For a practical calculation example, Table 1 shows the collection of loads.

Table 1. Collection of loads per 1 running meter barrel vault in section at the crest part.

Ne Name Regulatory load, Coefficient Estimated
) kN/m reliabilty f  load, kN/m
Curb self weight
1 urb self weight Ge.sw. 15.3 1.1 16.83
(=18 kN/m?) 18-h in the crest part
Variabl
2 Backfill weight Qb.w. (¥ = 18 kN/m?) anabie 1.3 -
Ground floor weight (Jg.f. t=55 m:
0.511

3 cement-sand mortar t=28.4 mm (y=18 kN/m?3) 0.24 1.3 0.976
marble chips T =15 mm (y = 16 kN/m?3)

4 live load [8.2, table.8.3, p. 3] 2 1.2 2.4

5 Experimental live load - - 10.0

Total: 30.206
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The values of the vault loads in the crest part per running meter at an angle ¢ = 0° (see Fig. 3) and
according to Table 1 are g = 30.206 kN/m.

If the supporting surfaces are assumed to be horizontal (Fig. 3), then we have ¢ = 0,y = 0, 6 = /2,
(mﬂ@—w)=0.

g=30.206 kN/m 5
<
4
- .
e
7
/
/
/ "

0

Figure 3. Calculation scheme of the vault.

Bending of curvilinearly anisotropic beam: the radius axis of slope part of vault I = 12.16 m; vault
inner radius rg = 11.73 m, outer radius 't = 12.58 m.

1. Using known formulas (10, 13), we find out the elastic constants of brick and mortar, including for
brickwork.

The values of theoretical elastic moduli of brick and mortarare presented in Tables 2-5.

Table 2. Theoretical elastic modulus of brick at B(l) =3-k? according to the formula (1),
(MPa).

0° 0° 15° 30° 45° 60° 75° 90°
k2=0.5 24072 20190 14810 12036 11330 11700 12036
. . . 1+5k? .
Table 3. Theoretical elastic modulus of brick at B(Z) = according to the formula (1),
(MPa).
0° 0° 15° 30° 45° 60° 75° 90°
k2:0.5 24072 23480 21400 18050 14810 12730 12036

Table 4. Theoretical elastic modulus of mortar at B(l) =3-k? according to formula (2), (MPa).

0° 0° 15° 30° 45° 60° 75° 90°
Kk 2=0.5 4280 3591 2634 2140 2014 2080 2140
Table 5. Theoretical elastic modulus of mortar at B(2) =1+5k2 according to formula (2),
(MPa).
0° 0° 15° 30° 45° 60° 75° 90°
Kk 2=0.5 4280 4174 3804 3210 2634 2263 2140

The values of theoretical brickwork elasticity moduli are presented in Tables 6, 7.
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Table 6. Theoretical brickwork elasticity modulus at B, =3— k? (Eo=12036 MPa).

0° 0° 15° 30° 45° 60° 75° 90°
According to formulas

(10, 13) k220.128 14176 6146 2698 1816 1638 1729 1816
. . - 1+ 5k?
Table 7. Theoretical brickwork elasticity modulus at B(Z) = T (MPa).
0° 0° 15° 30° 45° 60° 75° 90°
According to formulas
(10, 13) 14176 12092 7660 4337 2698 2006 1816
k?=0.128

2. The coefficient is determined f3;.

According to [1], for parameter B(l) we have:
E; E
—L—2-pu==By. (26)
Gl’t ' Er ()

With regard for expression (18), (26) and (8) obtained in study [26], from formula (25) we get a
parameter equal to:

B, =V1+k?+3-k? =2
At [3;= 2 stress distribution is analogous to that in an isotropic beam. Studies [26] confirmed

relationship (8) mathematically.

If elastic constants meet the condition:

Et Et

—ti1-2. = 27

E (1 2 rt)jL G 3 (27)
r rt

then [31: 2 and stress distribution will be exactly the same as in an isotropic beam.

If we transform the radical expression (23) for 3;, we obtain from solution [1] the same root from

formula (8), i.e. %_Z'Mrt ~%+i:3 or ifE: k2 we shall obtain: k2 -2 Uy -k? =3-k?, what
r r rt r

we have obtained B(l) =3-k? (8) earlier as a result of theoretical studies [1].

1+5-k?  2y1+2.k?
3 N

Or we may use this formula 3; = \/1+ k2 +

241+ 2-k?
5

Due to substitution of known ratio so felastic moduli in equation (27), we obtain the same expression
(8), which was similarly obtained by S.G. Lekhnitskiy in equation [1] for a curvi linear cylindrically anisotropic

orthotropic beam. As to the second elastic parameter B(Z), there are no corresponding studies.

If k% =1 we get the same result 3; =

It should be noted that to find the ratio 31, which is necessary for the theoretical study of the stress
condition of the brickwork of vaults in the form of cylindrically anisotropic orthotropic bodies, the authors

first used the second elastic parameter B(Z)'
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In particular, the elasticity parameter B(Z) is recommended to be used to improve the methods for

calculating the stress condition and slope part of flat-arched vault. At the same time, orthotropic materials
with cylindrical anisotropy can be conventionally divided into two groups.

For the first group of materials that satisfy condition (8), the change inelastic modulus from 0 ° to 90 °
(from the radial to the tangential direction) occurs through an intermediate extreme point when the layers
are tilted at an angle of 30 ° to force line.

For the second group, there is no intermediate bending point and elastic modulus changes from 0 °
to 90 ° smoothly.

Fig. 4 shows the obtained numerical values of the distribution of radial ¢, and tangential Gg

stresses depending on the radius r, considering calculated elastic moduli and ratio f3;.

07 0.031

0.024
0.016

0.008
0

T

X

Figure 4. Stress distribution o, and o, (MPa) in the crest part of the vault depending

on radius r at the vault head at angle ¢ = 0.

4. Conclusion

Using the example of solving the problem of bending a curved beam with cylindrical anisotropy, an
approximate method for calculating the stress state of masonry duct vaults is proposed, taking into account
the properties of anisotropy.

Findings:
Based on the phenomenological method of rheology and elastic moduli (E(E’“Ck, Eg‘ortar), obtained

through the experimental strength limits of brick and mortar ( Ryjci = 10.03 MPa, Ryoitar = 2.14 MPa), the
elastic moduli of brickwork in the radial and tangential directions are determined, equal to Er =14176 MPa

n E; = 1816 MPa, respectively.

As a result of taking into account the properties of anisotropy at an angle of 90 ° using the MathCad
software package, we obtained:

— elasticity parameters: B(l) = 2.872 with coefficient [31: 2 and B(z) = 0.547 with coefficient

By =1.392;

— modules for parameters B(l) and B(z)’ equal: for brick Eg“Ck = 12036 MPa, mortar

Eg°"™" = 2140 MPa and brickwork E, = 1816 MPa;

— maximum stress in the locking part, equal to: 6, =0.031 MPa and G; = 0.447164 MPa.
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Abstract. In geotechnical engineering, geostructures with thermo-active functions establish direct thermal
exchange between the ground and buildings. They can transfer energy from or into the ground to heat or
cool a building. However, adapting foundation piles, completely or in part, to produce energy piles results
in heat exchange with the soil, which changes the temperature of the soil and could thereby and affects the
geotechnical properties and load bearing capacity of the geostructure. Most calculations of the bearing
capacities of deep foundations conducted in France are currently based on in-situ testing results using a
pressuremeter. Using finite element method to model the pressuremetric behaviour of a compacted soil
subjected to thermo-mechanical variations is the main motivation for this work. In this study, several
pressuremeter tests were conducted on a compacted illitic soil in a laboratory tank at temperatures between
1° and 40°C. The impact of temperature variation on the limit pressure (PI), the creep pressure (Pf) and the
Ménard pressuremeter modulus (EM) were determined. The results showed a significant decrease for both
limit pressure (PI) and creep pressure (Pf) with the increase of temperature. Numerical simulations of these
tests were used to calibrate a bilinear constitutive model, taking into account temperature effects on soil
compressibility within a coupled thermo-mechanical framework. Thereafter, a case study of a heat
exchanger pile was simulated using the proposed approach.

Acknowledge: This study was part of the GECKO research program funded by ANR.
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1. Introduction

Geothermal energy is considered as an energy source, which has many advantages over than the
conventional energy sources (concerning cost, reliability and environmental). Thermally active structures
such as diaphragm walls, piles, tunnel linings, and basement walls present a promising and sustainable
way for buildings heating and cooling as cited by Fromentin et al. [1], Laloui et al. [2] and Brandl [3]. The
functioning of thermo-active geostructures are based on variations of the surrounding soil temperature
(about 12 °C) over a range from 4 to 30 °C as discussed by Peron et al. [4]. To design heat exchanger
systems, the coupled behavior between temperature variations and induced stress/strain must be taken
into consideration as recommended by McCartney et al. [5], which may affect long-term performance of
geostructures.

© Arairo, W., Masrouri, F., Abdallah, A., Rosin-Paumier, S., Sraj, O., Khatib, M., 2022. Published by Peter the Great
St. Petersburg Polytechnic University.
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The objective of this work is to expand the understanding and measuring the impact of temperature
variation on pressuremeter parameters, the pressuremetric response of soil under coupled thermal and
mechanical loads to help in establishing a more effective geotechnical design criteria.

In this study, the foundation piles were considered as deep ones, and transferred the loads to depth.
These foundations piles work through a combination of two phenomena’s: tip resistance and lateral skin
friction along the length of the pile. Several experimental investigations on the effect of temperature on soil
behaviour have shown that a variation in temperature affects soil mechanical parameters (cohesion, elastic
modulus, friction angle, etc.).

Modaressi and Laloui [6] summarised two major effects of heating on clays: the first one consider a
thermal reversible dilation in the case of over-consolidated soils, while the second discuss an irreversible
contraction in the case of a small over-consolidation ratio.

Similar results have been obtained by Burghignoli et al. [7] and later by Cekerevac and Laloui [8] for
different clayey soils containing different ratios of kaolinite, illite, smectite and chlorite. For instance, these
experimental results show that soil can undertake irreversible deformation when subjected to a temperature
increase under a constant mechanical load equivalent to or slightly less than the preconsolidation stress.

In recent years, efforts have been made to optimise the energy performance of thermo-active
geostructures. For example, in-situ tests were performed by Brandl [9], Bourne-Webb et al. [10] and Amatya
et al. [11].

Several methods have been developed for determining the stress-strain response of vertically loaded
piles. Two different approaches have been widely used, the finite difference model, and the finite element
approach with two-dimensional elements defining the soil-pile interface.

In the finite difference approach, the pile is divided into rigid block connected by springs simulating
the stiffness of the pile. Each element is subjected to an elastoplastic interaction with the soil interface. The
load-transfer curves describe the relation between the shaft friction and the pile displacements, along with
the relation between the pressure at the tip of the pile and the pile displacement. To introduce the effect of
cyclic temperature variation, several authors like Knellwolf et al. [12], Bourne-Webb et al. [13] have added
an unloading term to the load-transfer curve to characterise the reversible behaviour of the soil-pile
interaction due to thermal cyclic loading. However, the soil and soil-pile interface properties remain constant
with temperature.

In another approach, different constitutive soil models have been developed to introduce the effect
of the temperature on the yield surface by Graham et al. [14], Cekervac and Laloui [8]. The soil-pile interface
can be defined by zero thickness elements as discussed by several authors such as Goodman et al. [15],
De Gennaro and Frank [16], Said [17] or thin layer elements as cited by Desai and Faruque [18].

Currently, the use of finite element methods in engineering to assess thermo-hydro-mechanical
behaviour remains limited because the method is time consuming and constitutive models (for soil and soil-
pile interface) frequently require numerous parameters that are difficult to access. Therefore, there is a
need to develop efficient soil models that involve a few accessible parameters and are still able to reproduce
correctly the soil behaviour. The simplest methods of simulating the soil-pile behaviour remain the ones
based on the use of load-transfer curves.

Several load-transfer curves are available in the literature of Randolph and Wroth [19], Frank and
Zhao [20] also Armaleh and Desai [21]. Load-transfer curves are defined using the pressuremeter modulus,
the limit pressure, the pile diameter and the piling method. The pressuremeter is a standard in-situ test for
soils and rocks providing information on strength and stiffness parameters and were mentioned by AFNOR
[22] and ASTM D 4719 [23]. It provides a means of designing piles that meet both failure and deformation
criteria.

The design method based on pressuremeter parameters proposed by Knellwolf et al. [12] is based
on the following considerations: (1) the main component of the displacement is the axial displacement of
the pile. The radial displacements of the pile are neglected, (2) the Young’'s modulus and coefficient of
thermal expansion of the pile remain constant and independent of the temperature change, (3) the soil and
soil-pile interface properties are not affected by the temperature.

In this paper, the conformity of Knellwolf hypotheses is interpreted based on the experimental results
described later and the current state of knowledge of the thermo-mechanical coupled behavior of soils. The
first hypothesis, which considering only the axial strain of the pile induced by temperature, matches with
the results of a study by Olgun et al. [24]. Despite the fact that several experimental studies have shown
that thermal cycles induces volume changes as described by Abuel-Naga et al. [25, 26] the axial
displacement remains the major component.
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The experimental results of Shoukry et al. [27] do not match with the second hypotheses of Knellwolf
et al. [12], Amatya et al. [11], and Bourne-Webb et al. [13], as they show that the concrete elastic modulus
is affected by the temperature change.

With respect to assumption no. 3, the experimental results of the pressuremetric tests conducted
under controlled temperatures developed here and several researches were achieved by numerous authors
like Graham et al. [14], Cekerevac and Laloui [8], Abuel-Naga et al. [28-30], show that soil-engineering
properties are temperature-dependent. Therefore, it is highly probable that the temperature influences the
soil-structure interface behavior. The lateral confining effective stress on the soil-pile interface could be
misestimated leading to a miscalculation of the pile shaft resistance under thermal cyclic load of
heating/cooling. Further investigation is required to confirm this point.

In this study, the soil used, the experimental device and the mini-pressuremeter method are
described. Then, the thermal transfer associated with the heating and cooling phases before the
pressuremeter tests is numerically simulated. A finite element model based on a bilinear constitutive law is
used to simulate the mini-pressuremeter tests. In this model, the soil compressibility is temperature-
dependent in a coupled thermo-mechanical framework. Afterwards, the experimental and numerical results
are presented and discussed, focusing mainly on the thermal induced effect on the geotechnical design
parameters of energy piles. A model problem of geothermal pile is developed using the proposed model
with finite element method, in axisymmetric stationary conditions. Unlike other proposed models based on
pressuremeter parameters proposed by Knellwolf et al. [12], Amatya et al. [11], and Bourne-Webb et al.
[13], the soil-pile interaction properties depend on the temperature variation. Finally, the effect of cyclic
temperature variation on the mechanical behaviour of the pile is concluded.

2. Methods

To investigate the effect of thermal loading on the pressuremeter parameters of a compacted soil, a
small-scale tank was developed in the laboratory, and mini-pressuremeter tests were performed on the
compacted soil.

Ever since the finite element was described early by Turner et al. [32] and applied to the analysis of
elasticity problems, a huge number of methodologies for modeling the variation formulation of certain other
field problems such as seepage, heat conduction, or consolidation that are of interest in soil mechanics
have been established.

The obtained experimental results were compared with the same model using a finite element
software. The objective of this comparison is to validate the experimental results and highlight the
effectiveness of the proposed model.

2.1. Material and experimental device

Arginotech®©, an illitic soil from eastern Germany was studied. It contains 76 % illite, 10 % kaolinite,
12 % calcite and traces of quartz and feldspar. lllite shows temperature-dependent behaviour as discussed
by Tanaka et al. [33]. It is a non-swelling clay present in variable proportions in soils due to mineral illitisation
as expressed by Lynch [34].

The grain size distribution of the soil was determined using a laser granulometer device (Figure 1b).
Almost 85 % of the particles of the considered material were clay particles, and 15 % were silt particles.
The Atterberg limits were determined according to AFNOR [35] and the results are as follows: liquid limit
(LL =65 %), plastic limit (PL = 34 %), and plasticity index (Pl = 31 %). The standard Proctor curve obtained

for the illitic soil mentioned in AFNOR [22] defines an optimum water content (W/C) equal to 31.26 % and a
maximum dry density of 1.42 mg/m3 (Figure 1a). The soil is considered as class A3 according to the French
soil classification standard [36] and as a fat clay, MH, according to the Unified Soil Classification System
ASTM [37].
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Sr: The degree of saturation.
Figure 1. Characteristic of the studied illitic soil.

The thermal conductivity of the material studied was measured with the KD2Pro© thermal properties
analyser equipped with an SH1 sensor. The suction of the studied material was measured with a WP4C
water potential meter. The samples were prepared at the same dry density and the same water content as
the compacted soil in the tank. In such conditions, the thermal conductivity A reached 0.81; 0.83; and
0.88 W.m/K at 1°, 20° and 40 °C, respectively. The measured suction reached 220 and 380 kPa at 20° and
40 °C, respectively.

2.2. Sample preparation and compaction in the small-scale model

The small-scale model consisted of a stainless steel cylindrical container with a height of 800 mm
and a diameter of 600 mm. The soil was compacted using a dynamic compactor and a metallic plate to
distribute uniformly the compaction energy over the whole surface of the soil layers, each 70 mm thick.

Thermal sensors (7 sensors) were introduced within the container to monitor temperature inside the
compacted soil during the imposed temperature variations.

A Vulcatherm® thermosregulator was connected to stainless steel tubes welded to the outer contour
of the soil cylinder. A solution of ethylene glycol and water was circulated in the tubes to impose the thermal
variations (1, 20 or 40 °C). Insulating sleeves were placed on the steel tubes to reduce heat transfer with
the surrounding atmosphere (Figure 2). Finally, a box made of 40 mm thick extruded polystyrene plates,
was used to insulate the whole assembly.

Container

Insulating
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Heat transfer

Fluid Hollow core drill
— Fl Isolated Tank J

Pressure Volume . !

Controller (GDS)
Figure 2. Experimental device designed to carry out temperature
controlled mini-pressuremetric tests.
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In this study, two tanks were prepared with the illitic material, compacted at the Proctor optimum
water content of 31.3 % and a dry density of 1.29 mg/m?, corresponding to 90 % of the Proctor maximum

dry density. An initial temperature of Ti1 = Ti2 = 20 °C was applied to the soil for 75 hours before the thermal
loading. Then, tank 1 was heated to Tf1 = 40 °C for 75 h, and tank 2 was cooled to Tf2 = 1 °C for 75 h.

2.3. Mini-pressuremeter tests

The test consists of introducing a cylindrical probe with a flexible membrane, which can expand
radially into a drilled core to the desired testing depth. Pressure is applied to the walls of the borehole by
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the probe, and the soil deformation volume is measured. Three parameters are used to mention the
pressuremeter Em, pL and p.

Before each mini-pressuremeter test, a 630 mm core was drilled with a diameter equal to the mini-
pressuremeter probe. The cored material characterisitcs (i.e. the water content and the dry density) were
measured each 25 mm in height. All water contents range between 29.7 % and 32.6 %, while the dry
densities ranged from 1.23 to 1.40 mg/m? (Fig. 3). These distributions as a function of depth showed
acceptable deviations (+/-3%) in comparison with the target values and validated the suitable overall
homogeneity of the sample. The mini-pressuremeter tests were carried out with an APAGEO® mini-
pressuremeter probe. The pressuremeter test consisted of applying increasing incremental pressure rate
of 25 kPa per minute as recommended by AFNOR [22], and ASTM D4719 [23]. The equilibrium volume of
the probe was measured for each pressure increment and the volume as function of the applied pressure
were plotted with a maximum reached volume of the probe of 140.000 mma3.
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(a) Water content distribution over depth  (b) dry density distribution over depth
Figure 3. Water content and dry density distribution in both tanks.

In the tank 1, two mini-pressuremeter tests (Fig. 4) were carried out at an initial temperature of
Ti1 = 20 °C (20a, 20b) and two others at Tf1 = 40 °C (40a, 40b). In the second tank, two mini-pressuremeter
tests were performed at Ti2 = 20 °C (20e, 20f) and two others at Tf, = 1 °C (1a, 1b).
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Figure 4. Pressuremeter curves.

To control the thermal diffusion in the studied illitic soil, seven thermal sensors were introduced at
different positions in the tank: D1 = 50 mm, D2 = 150 mm, D3 = 300 mm from the lateral boundary (Fig. 5).
The temperature variation was recorded throughout the test.
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Figure 5. Simulation the heat propagated in the cylindrical tank.

During the heating phase, a temperature of 41 °C was applied; the referred 40 °C temperature was
reached after approximately 22 hours, 40 hours, and 47 hours of heating at 50 mm, 150 mm and 300 mm
from the heat source respectively. For the cooling phase, a temperature of 1 °C was applied. At steady
state, the temperature was approximately 2 °C. This temperature was reached after 39 hours, 67 hours
and 75 hours for points 50 mm, 150 mm and 300 mm from the lateral boundary respectively.

2.4. Pressuremeter parameters of the soil submitted to thermal variations

The first test at 20 °C has failed due to membrane leakage. The results of the other tests carried out
at different constant temperatures are presented in Fig. 4(a). The pressuremeter curve consists of three
parts. First, the probe volume increases to reach contact with the wall of the borehole. Than a linear
increase of the volume with increasing pressure is observed, in this part, the pressuremeter modulus Em
(deduced from the slope of the pressuremeter curve) is calculated, and finally, large displacements take
place and the soil reaches its plastic domaine. The creep pressure, Pr, the boundary between the second
and third steps of the test, is determined on the creep pressuremeter curve (standard NF P94-110-1,
AFNOR [22]). The limit pressure is the extrapolated pressure at which the injected volume reaches twice
the initial volume of the hole. The pressuremeter parameters Em, pL and ps for each test are summarized
in Table 1

The results showed a negligible effect of temperature variation on Em parameter, while the prand pL
pressures increased with cooling (decrease of temperature). The material undergoes plasticity earlier when
heated since the plastic deformations started earlier for the tests at 40 °C, than at 20 °C and 1 °C, approving
a reduction of the elastic zone.

Table 1. Experimental results of different pressuremeter tests carried out at different constant
temperatures tankl (20 -40-20 °C) and Tank 2 (20-1-20 °C).

Test Test number Tem?%';:lture Em(MPa)  ps(MPa)  PL (MPa) Em/pL
20b 20 3.54 0.198 0.357 9.916
Tankl 40a 40 3.52 0.163 0.317 11.104
40b 40 2.94 0.162 0.283 10.389
20e 20 2.28 0.14 0.316 7.215
20f 20 2.29 0.143 0.258 8.876
Tank2
la 1 2.85 0.207 0.365 7.808

1b 1 2.49 0.19 0.357 6.974
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The drop of the studied parameters could be justified by the thermal softening due to increasing
temperature. Similar results concerning the decrease of the yield limit with heating were also detected in
triaxial tests for other types of materials achieved by Lingnau et al. [38], Marques et al. [39], Uchaipichat
and Khalili [40].

2.5. Numerical simulation

Two different numerical simulations are presented in this section. The first simulation concerns
thermal transfer during the heating and cooling phases. The second simulation focuses on the mini-
pressuremeter test parameters under controlled temperatures. The numerical calculations were carried out
using the Code_Bright finite element code Olivella et al. [41]. For each simulation, the numerical strategy
is detailed first, describing the different steps of the modelling. Then the numerical setup is presented, with
the considered mesh, also initial and boundary conditions. Finally, the results are interpreted.

2.5.1. Thermal transfer approach

Thermal transfer between the lateral boundary and the soil generated a variation in the tank
temperature profile.

For soils, the conduction is considered as the primary heat transfer mode especially in clayey soils
where the hydraulic conductivity is very small. The main thermos-physical properties that control the heat

flow by conduction are D, A, CV. The relation between the three properties is given as follows:
D=—. (1)

Many studies have considered that the total heat capacity of a given soil is the resultant of the heat
capacities of the soil components to estimate CV De Vries and Afgan [42]. These thermal properties
depends on the mineral composition of soil and on its porosity n as follows:

C, =(1- n)pcscTS NP Cr, - )
The conductive heat flow iC is governed by Fourier’s law:
io =—AVT. 3)

Different formulations for the thermal conductivity A have been proposed in the literature. This
parameter has been related to soil properties such as mineralogical composition, dry density, pore fluid,
degree of saturation, water content, temperature, and geometrical arrangement of soil particles following
the recommendations of Brandon and Mitchell [43, 44].

It is reasonable to assume that the thermal conductivity of the soil remains constant, since the
experimental test conditions requiring complete isolation of the tank and the small variation of thermal
conductivity of the soil within the studied ranges of temperature.

To validate the main assumptions concerning the heat transfer including (1) consideration of
conductive heat transfer only, (2) the use of a constant thermal conductivity, and (3) consideration of the
medium as homogeneous with respect to apparent properties without taking into account the contribution
of each phase, a basic numerical study was performed.

Owing to the symmetry of the problem (i.e., load and geometry axial symmetry of the tank), the
problem can be reduced to a two-dimensional axisymmetric condition with respect to the vertical axis (oy).
The soil mass was discretised into an unstructured mesh of triangular finite elements. A null flux was
imposed on the symmetry axis. Only the temperature was fixed on the outer border; no mechanical load
was taken into account. Initially, the temperature of the soil was homogeneous and constant (Ti = 20 °C).
The thermal loads were applied continuously by imposing a constant temperature on the outer lateral
boundary. The parameters used in the simulation are summarised in Table 2. It should be noted that in the
studied case, only the apparent conductivity and apparent specific heat were considered (Table 2). Other
heat transfer processes (i.e., convection and radiation) have been neglected.

Table 2. Parameters used in the numerical simulation of heat transfer.

C, . (U/kg.K) A (W.m/K)
1796 0.924
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In this section, the main results of heat propagation simulation are presented. The calculation was
performed using the finite element code Code_Bright. Initially, the temperature was uniform (Ti = 20 °C).
Two simulations were performed. Following the experimental conditions, for the first simulation, the
imposed temperature at the lateral outside boundary was 41 °C for 75 h. For the second simulation, the
lateral outside imposed temperature was 1 °C for 75 h.

The time variation of the temperature, plotted in Figure 6, shows the heat transfer phenomenon at
different positions from the heat source: D1 = 50 mm; D2 = 150 mm; D3 = 300 mm (see Fig. 5 for more
details of the geometry and the position of heat sensors). According to Fig. 6, the numerical model, with
the parameters given in Table 2, is able to reproduce the heat propagation correctly at different distances
from the heat source. A slightly higher value for heat conductivity than the experimentally measured value
was used to superimpose the experimental and numerical results. However, the difference remains in the
range of accuracy of the KD2Pro© thermal properties analyzer used (+ 10 %), and both curves (the
numerical and the experimental one) converge to the same steady state limit.
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Figure 6. Time evolution of the temperature at different distances from the imposed heat
temperature ((a): T =40 °C (b): T =1 °C) on the outer lateral boundary starting from initial
temperature (T = 20 °C).
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2.5.2. Simulation of mini-pressuremeter tests at different imposed temperatures

The mini-pressuremeter tests performed in the compacted soil at various temperatures were
modelled using a bilinear elastoplastic model. In this section, the model parameters are presented, and the

effect of temperature on the pressuremeter parameters (EM » PLy Py ) is discussed.

Bilinear model simulating the pressuremeter results

Soils are mainly frictional granular media, with mechanical behaviour that is well described within the
framework of elasto-plasticity theory. The model used here to characterise the mechanical behaviour of the
soil is a basic bilinear model. The main equations and parameters used are presented in the following text.

The bilinear model involves four parameters: Ejy, E., V, and &jnit-

The limit between the initial (EO) and final (EC) slope is given by the definition of the limit strain

€ylimit- The stress-strain relation describing the mechanical behaviour is given by the following equations:
If €< €y limit > 0= E08

If &> &, limit = 0 = Eg&y limit + Ec (S—SV limit ) )

Fig. 7 shows the stress-strain relation with the different parameters involved to characterise the
mechanical behaviour.

o A

Eo

|
|
|
|
v >

Ey limit £

Figure 7. Bilinear model defining the stress-strain relation.
Geometry, mesh and boundary conditions for the mini-pressuremeter thermally controlled test

The geometry of the tank, with its adopted mesh was presented in Fig. 8. The calculation was
performed in two steps: the thermal loading phase, involving the application of a constant temperature
throughout the soil and; the execution of the mini-pressuremeter test at 150 mm from the boundary.

T ~

Lateral boundary

/!

.f
150mm
b

# | 800 mm

600(mm
I _Cross
section A-A
_
e L (Gid)
# Pressuremeter boreholes
(a) geometry of the tank in plan view (b) meshed axisymmetric vertical view

Figure 8. Numerical simulation view.
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The boundary conditions for the two calculation steps are given in Fig. 9. Zero horizontal
displacement conditions were applied to the outer lateral border, and a total fixity condition was imposed
on the lower limit. The first part of the mini-pressuremeter test, which corresponds to the probe inflation to
contact the wall of the hole, was not simulated because it is not necessary for determining the
pressuremeter parameters (i.e., the pressuremeter modulus and the creep and limit pressures). Only the
pseudo-elastic and plastic parts of the pressuremeter curves are considered (zones 2 and 3 in Fig. 10).

<= <=

- 4=
<= 4=
4= 4=
4= <=
<= 4=
- -
Imposed (°C) Imposed (°C)
4= Imposed <=
4= Temperatre me?:hanical e Temperatire
<= pressure 4=
4= <=
= <=
4= 4=
4= <=
4 4=
y : ¥ :
1_. x ‘ /= 1—. = ‘ [l
= 0, = G0,
Phase | Phase I

(I) Heat imposed phase (Il) pressuremeter under constant temperature test phase

Figure 9. Boundary conditions for the two calculation steps.
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Figure 10. Determination of model parameters (Eo, Ec, éviimit) according to temperature variation
with initial and final slopes and strain limit value.

According to the French design standard for deep foundations, Young’s modulus can be related to
the pressuremeter modulus by using o. The relation between E, and E,; is given by the following
equation:

(1+v)(1-2v)

E,= Eyv .
0 O(.(l—V) M (5)

Ménard [45] was estimated a for clayey soils from the E,, /pL ratio and was found that o = 0.5.

To include the effect of temperature variation on the mechanical behaviour, the model parameters were
determined, as functions of temperature, as follows:

Ey was calculated, based on the pressuremeter modulus E,, (equation 5), E; was fitted to the

corresponding experimental test results, and €;mit Was calibrated according to the experimental results.

v = 0.3 was considered constant.
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For each simulation, the values of the mechanical parameters are summarised in Table 3. These
parameters were defined according to the average value of the pressuremeter modulus for the two tests at
the same temperature. It should be noted that thermal parameters were kept unchanged and identical to
those given in Table 2.

Table 3. Mechanical parameters used for the simulation of pressuremeter tests for different
temperatures.

Tem E E E
Tanks . P M 0 Evlimit v ¢
(°C) (MPa) (MPa) (MPa)
20 3.54 5.27 0.00335
Tankl 0.3 0.3
40 3.231 4.8 0.00218
20 2.285 3.39 0.003
Tank2 0.3 0.3
1 2.666 3.96 0.0035

The parameter’s calibration shows that Ej and €;yjt are temperature dependent, while E_
remains constant (Fig. 10).

3. Results and Discussions
3.1. Pressuremeter parameters of the soil submitted to thermal variations

The main experimentally results of mini-pressuremeter test simulations under controlled temperature
are presented in this section. The volume variations versus the applied pressure are shown for the two
tanks in Fig. 11. The proposed bilinear model was calibrated by comparing experimental data to analytical
simulations. The model is able to reproduce the volumetric variations against the applied pressure at a
constant temperature correctly. Moreover, these curves show that the pseudo-elastic behaviour can be
considered slightly sensitive to temperature. The pressuremeter modulus decreases slightly when the
temperature increases. However, the effect of temperature is more significant on the two other parameters;

creep pressure pf and the limit pressure p, .

16
14
12}
~10
£
E sl _ |
> 1 ISR NS SRS N P SNR—
> & : 6L o : : -
——Num (40°C) . . N N ==Nom(1°C)
o | e e || e | g ol
: —Num20°C)|| % R Lossnssamsensdiamsens | ===Num (20°C}) |
* Exp (20°C) ; i ‘ i ‘ * Exp(2000)
‘ ‘ ; : : : 50 100 150 200 250 300 350
50 100 150 200 250 300 350 Pressure(kPa)
Pressure(kPa)
(a) Tiz = 20°C and Tf1 = 40 °C (b) Tiz =20 °C and Tf2=1 °C

Figure 11. Numerical and experimental variation of volumetric deformation against applied
pressure under variable Ti and Tf.

The creep pressure decreased significantly with the increase in temperature. In the numerical model,
this resulted in a decrease of the limit deformation €,jm;;- This means that the soil exhibited a thermal

softening. Qualitatively, this result represents a transition to a more ductile behavior. These results match
those obtained by Hueckel et al. [46], Laloui [47], who found that the yield surface decreased with increasing
temperature.
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As a first approach, a linear relation between the temperature T and the gyt is considered.

According to the experimental results, the following relation can be proposed for the material studied
(Fig. 12):

0.0038

0.0036 y =-3.41E-05x + 3.697E-03

0.0034 *

0.0032
0.003

Eylimit

0.0028
0.0026
0.0024
0.0022 *

0-002 1 1 1 1 1 1 1 1 1 1
0 20 40 60
Temperature (°C)

Figure 12. Proposed linear variation of &limit against temperature.
Slimit =—3.41e7°T +3.697¢3 6)

This relationship has been introduced into the finite element code to take into account the effect of
temperature on mechanical behavior for a better simulation of the interaction between the energy pile and
the soil. Other formulations involving cyclic thermal variation are to be investigated.

3.2. Simulation of the energy pile behaviour using simplified model

A concrete pile of 1 m diameter and 20 m length was studied. A parametric study has been performed
to ensure adiabatic boundary conditions in order to select the soil mass boundary dimension. The horizontal
radius was set to 50 m from the pile lateral surface and the height of the soil mass to 60 m. The complete
domain was simulated using a 2D axisymmetric model. Stationary analyses were executed to determine
the magnitude of soil strength in response to thermal pile loading.

Fig. 13 shows the dimensions of the simulated domain and the pile. The temperature was assumed
to be constant throughout the pile length, based on the results reported by Suryatriyastuti et al. [48]. An
analysis of this uncoupled thermo-mechanical model was carried out using finite element code
(Code_Bright). First, the mechanical load due to the weight of the building was considered; then, the thermal
load was applied. The pile was maintained in rigid contact with the surrounding soil. The surrounding soil
was modelled with bilinear conditions and the parameters were temperature-dependent.

The thermal loading is applied as stationary condition in the pile; a fixed condition is assigned on the
bottom boundary; a null head flow condition is imposed on the lateral boundary. The thermal loads were
applied continuously over a one-year period and homogeneously over the whole pile section with the values
summarised in Table 4. Table 5 summarises the thermo-mechanical properties of the materials used in this
case study.

Figure 13. Mesh and geometry of the studied heat exchanger pile.



Magazine of Civil Engineering, 116(8), 2022

Table 4. Applied temperature in the heat-exchanger pile.

Calculation step  Pile Temperature (°C)  Period (days)

16 30
32 180
2 180

The variation of the applied temperature is shown in Figure . The ground temperature was initially
generated taking into consideration its variation with depth between 12° and 17 °C. This temperature was
kept constant throughout the test, since the study is limited to stationary analysis. After that, the top of the
pile was loaded with up to 270 kPa corresponding to the mechanical load applied by the upper structure.
The system was then subjected to two different seasonal thermo-active pile temperatures (2 °C during
winter and 32 °C during summer).

Table 5. Thermo-mechanical properties of the materials.

Soil
Mechanical Parameters Thermal Parameters
Eo (MPa) 5.27 ar (°CY 25. 10
v 0.3 A (W.m/K) 1.25
Ec (MPa) 0.3 Crs (Ikg.K) 1700
Initial porosity ¢ 0.52
Des (kg/m?) 2680
Pew (kg/m3) 1000
Concrete Pile
Mechanical Parameters Thermal Parameters
E (MPa) 20.103 ar (°CY) 1.2 10%
v 0.26 A (W.m/K) 0.8
Crs (I/kg.K) 800

32
28.25 - I
245 - B
20.75 - -
17 -
13.25 - B
9.5 -

3735 1 \ I
2 -

0 39 78 117 156 195 234 273 312 351 390
Time (days)

Temperature °C

Figure 14. Thermal loading path.

The evolution of the ground temperature profile after the activation of the thermo-active pile was
shown in Fig. 15. It can be observed that the ground temperature equilibrium is notably disturbed due to
seasonal thermal variations in the pile. Furthermore, the ground temperature at a distance of approximately
one pile diameter from the pile center changes completely over the entire depth of the pile length.
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Phase I: Phase Il: Phase lll:
(Tpile =12°C) (Tpile =32°C) (Tpile = 2°C)

L... 60

Figure 15. Temperature diffusion profiles at the end of each thermal loading.
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The contour plot of temperature-induced axial displacement according to the diffusion within the
system was shown in Fig. 16.The radial thermal displacements are insignificant compared to the axial
thermal displacements due to the very small ratio between the diameter and the length of the pile. As
expected, the extreme displacement values are concentrated within the concrete pile and at the soil surface.
The negative values represent downward settlement, and the positive values represent upward heave.

Phase I: Phase Il: Phase lll:
(Tpile =12°C) (Tpile =32°C) (Tpile = 2°C)
~0.011066

L!!! 60

Figure 16. Contour of vertical displacement (in m) at the end of each thermal loading.
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-0.0086069
-0.0098364

The effect of temperature variation on axial displacement at the soil surface was clearly visible in
Fig. 17. During the first phase of loading, the settlement at the top of the pile corresponded to the response
of the soil due to the applied mechanical load. In the progressive heating phase, the pile expanded with a
relative head displacement of 2.1 mm. Then, the pile exhibited contractive behavior, and the final relative
head displacement was —11 mm. However, over the entire length of the pile, there was a point that
underwent no change in axial displacement over the entire period of thermal loading, called a null point as
named by Knellwolf et al. [12], Bourne-Webb et al. [13].

Horizontal distance from the pile center (m)

0 10 20 30 40 50
-0.006

-0.007

“0.008 —4=Temp 16°C

.
-0.009 —&Temp 32°C

=i=Temp 2°C

-0.01 Pl

0011 4

-0.012

Vertical displacement (m)

Figure 17. Vertical displacement at the soil surface at the end of each thermal loading step.
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This point can be found in line with opposite responses to the movement of the head and of the base
of the pile (Fig. 18). The latter is due to the lack of restraint at the pile head, which allows the pile to move
freely. Thus, all the free thermal strain is observed. In Fig. 18 it can be observed that the null point moves
with the imposed temperature. Therefore, the position of the null point depends not only on the pile
confinement and the amount of freedom but also on the cyclic temperature variation.

Vertical displacement (m)
-0.0093 -0.0091 -0.0089

-0.012 -0.01 -0.008 -0.006 13

0 /
13.06

2
P 13.12
6 13.18
g ——T=16"C ! 13.24

E —-|-1=32°C

< 10 T=2°C 133

b

c

K]

o

=z 12 13.36
14 13.42
16 I 13.48
18 13.54
20 13.6

Figure 18. Mechanical response of the pile induced by temperature variation.

This model was used to investigate an alternative design method for a heat exchanger pile and the
surrounding ground. The method developed depends on the pressuremeter parameters and their variation
as functions of temperature. The case study was chosen to include the most representative characteristics
of a heat exchanger pile, including seasonal temperature variations.

4. Conclusions

Experimental and numerical analysis of the effect of temperature on pressuremetric parameters have
been conducted in this study. The main contributions of this paper include the followings:

1. The development and exploitation of an experimental device to study the effect of temperature
on pressuremetric parameters;

2. The establishment of a simplified bilinear model with temperature-dependent parameters;

3. The development of a model problem of heat exchanger piles using this temperature-dependent
bilinear model.

The results obtained with the mini-pressuremeter tests showed that the limit pressure and the creep
pressure decrease with temperature while the pressuremeter modulus remains almost constant. These
results reflect a softening behaviour with increasing temperature.

Next, a bilinear elastoplastic model was proposed to simulate the effect of temperature changes on
mechanical parameters. To verify the proposed simplified model of the temperature-induced variations, a
series of finite element simulations was developed that assumed controlled temperatures. Good agreement
was reached between the experimental results and the model in which a relation between the parameters
and temperature was proposed.

The proposed design method was finally used to study the coupled response of a heat exchanger
pile. A case study was simulated using the newly developed approach. The results showed that the
temperature variation inside the pile induced additional thermal stresses in the concrete pile and at the soil-
pile contact zone. One novel aspect of the proposed thermo-mechanical model is that it takes into account
the thermal dependency of the pressuremeter parameters.
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Abstract. Reducing the rate of fire spread in buildings through the intersections of enclosing building
structures with polymer pipelines is achieved by using fire clutches equipped with liners made of
expandable materials. In case of a fire, it is ensured that the spread of flame through polymer pipelines is
hindered due to formation of a heat-insulating foamed layer. This layer does not allow the polymer low-
melting pipelines to heat up to 120°C. Comparative assessment of heat-insulating and mechanical
properties of two intumescent composites and their charred products were carried out to clarify the reasons
for their heat-insulating efficiency. Composites included the same intumescent system (ammonium
polyphosphate / pentaerythritol / dolomite / thermally expanded graphite) and different polymer binders.
The research was conducted using the following methods: complex thermal and X-ray analyses, scanning
electron microscopy, a number of standard and original techniques. It was established that heat-insulating
ability of a charred layer is determined by temperature intervals in which interactions of initial components
occur. The best mechanical, heat-insulating and morphological properties of investigated intumescent
composites and their charred layers are achieved when temperature ranges referred to formation of organo-
mineral framework and volatile thermolysis products are coinciding. For the composites studied in this
paper, this temperature range was 350-400 °C. Thanks to this knowledge, it becomes possible to develop
new fire-retardant composites with improved properties instead of selecting the components in empirical
way. As a result, the general quality of fire-retardant materials may grow and their properties will be
sufficient not only to meet the construction requirements, but to properly operate in case of fire as well,
practically justifying the predicted effect.
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1. Introduction

Fire retardant coatings (or thermoformable coatings, TFC) have proven themselves effective as
means of preventing the fire spread along building communications. They are also finding the niche as a
part of constructive elements themselves, for example, in fire clutches (Fig. 1, a-d). These composites
include such ingredients as polymer binders, pore-forming agents, dehydrating agents, combustion
retardants, mineral fillers [1-9], and carbon materials (e.g., thermally expanded graphite, TEG, that has
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Petersburg Polytechnic University.
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recently found a lot of applications [10-18]). Combined together and exposed to heating, such composites
tend to expand and provide thermal insulation to protected surface.

@) (b) (€) (d)

Figure 1. Fire sleeve — preventive fire protection of polymer pipelines crossing floors
in a multi-storey building: (a) fireproofing sleeve fixed on a protected polymer pipeline;
(b) atape-insert made of a polymer expandable composite - the main working element

of a fire clutch; (c), (d) fire clutch with liner before and after fire tests.

There are requirements for fire retardant composites used as filler in fire couplings: the integrity of
polymer pipeline exposed to heating for 15-180 minutes must be ensured; and the temperature on unheated
side of a pipeline, when thermal degradation already begins, must not exceed 120 °C. In addition, TFCs
themselves must be durable and elastic, as well as the foamed layer must not only provide thermal
insulation, but also be able to withstand the convective air currents in case of fire.

Applying fire retardant composites in order to protect the pipelines is not a new technique; in [19]
authors suggest a fire retardant material with thixotropic properties and high viscosity, which at high
temperatures becomes a foam-silicate with low conductivity and low mechanical strength; such properties
ensure both the heat insulation of a pipeline or a cable connection, and an easy removal of foamed
substance from the cavity between pipeline’s surface and clutch.

Intumescent coatings may also be applied to surfaces of polymer cables directly; however, the dry
coating must possess high values of flexural strength, which is a problem. It's being solved by using an
intumescent compound as a filler in roll materials; such material, for example, was developed in [20], and
it passed certification tests showing R15, R45 and R60 fire resistance limits when applied to steel beam. In
[21] authors propose a set of fire retardant bendable roll materials describing their advantages over
intumescent paints: adoption of the form of constructive element (waste minimization), the speed of
installation, installation at any time of the year and under different climatic conditions; such materials are
also finding good application in oil and gas complex where hydrocarbon fires may take place. So, there is
no doubt that intumescent compounds in different forms are finding a good niche in different areas of
construction.

However, development of new TFCs is mostly based on empirical ideas and hindered because of
many requirements applied to them. The lack of theoretical knowledge about the processes occurring in
these materials under heating conditions doesn'’t allow to affect their properties directly at the development
stage. The abovementioned factors mostly refer to TFCs containing TEG as a foaming agent. Thermally
expanded graphite, after decomposition of its layered structure at the initial stages of heating, forms bulk
folded heat insulating structures [22]. In general, the heat insulating effect of TEG is based on chemical
(interaction of graphite with an acid in its interlayer space resulting in formation of water vapor, CO2, SO2)
and physical mechanisms [22, 23]. However, TEG being an ingredient of fire retardant compositions
deteriorates physical and mechanical properties of initial coatings and products of their thermolysis [14, 23,
24].

The studies were carried out to optimize the formulation of a fire retardant composition based on
melamine-formaldehyde resin [25]; the main goals were to reduce the time and cost of new TFCs
development, and to obtain information about the factors that make a decisive contribution to their
fireproofing ability. At the same time, a correlation was found between the heat insulating ability and the
guantitative content of carbon-containing (pentaerythritol) and foaming (TiOz) agents in the TFC. Also, the
contribution of a polymer binder to heat insulating ability of TFC must also be taken into account and studied
properly.

Such studies focused on assessing the correlation between the nature of polymer binder and the
properties of TFCs were carried out in [4, 26, 27]; TFCs contained ammonium polyphosphate,
pentaerythritol, melamine and / or titanium dioxide. The authors of [4, 26] used water-dispersed copolymers
of vinyl acetate, acryl, styrene and vinyl toluene acrylate as polymer binders. In [27], organosilicon polymer
and acrylic copolymer were used as binders. However, there is a lack of information about the reasons for
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the different efficiency of TFCs containing various polymer binders, thus direct development of expandable
materials with required heat insulating properties is hindered.

Comparative studies of TFCs containing identical char-forming system and various polymer binders
were carried out in order to obtain information on the reasons for the different heat insulating efficiency.
The abovementioned is the main goal of the current study.

2. Materials and Methods

Two waterborne compositions (TFC1 and TFC2) were selected for the study, made on the basis of
the following polymer dispersions: a vinyl acetate-ethylene emulsion of Mowilith LDM 1865 WP and a
styrene-acrylic emulsion of Osacril OSA H with the same content (40 %) in the investigated compositions.
A mixture of ammonium polyphosphate (APP, NH4+PO3), pentaerythritol (PET, CsH1204), and dolomite (DI,
CaMg(COs)2) was used as a char-forming system (CFS) in both TFCs. Each of the compositions
additionally contained the same amount of TEG. The fractional mass ratio of the CFS components in both
compositions was: AFP: PET: DI: TEG = 1.7: 0.8: 1: 1.

The foaming capacity of TFC was estimated by the coefficient of foaming, calculated from the relative
change in the thickness of the samples during heating in the dynamic mode in the temperature range from
20 to 200-800 °C every 100 °C: K = d1/ do, where K is a coefficient of foaming; J1 is the thickness of
foamed layer mm; & is the initial thickness of the TFC sample, mm [28].

The value of heating rate was 10 °C / min. The coating was considered satisfactorily foamed if the
value of K was at least 10.

The mechanical strength (relative compression deformation) of the foamed products formed as a
result of TFCs heating was determined according to the laboratory method: the products of heat treatment

of a TFC sample at 500 °C for 10 min were subjected to tests. The relative compression deformation (g, %)

hy—h

was determined by the formula: ¢ = YT .1009%, where ho and hres are the height (mm) of the heated

foamed sample before and after applying the load (~ 8 kg / m2) [29].

X-ray phase analysis (XPA) of initial and charred composites was carried out on a DRON-2
diffractometer (Cu Ka — radiation). Crystalline phases were identified using the ICDD software [30].

The microstructure of the surface of sections of foamed char residues after testing TFC samples was
investigated using a LEO1420 scanning electron microscope (K. Zeiss, Germany).

The data of complex thermal analysis (differential scanning calorimetry — DSC, thermogravimetric
analysis — TG, differential thermogravimetric analysis - DTG) was obtained in temperature range 20—600 °C
(heating rate 10 °C / min in an oxygen / nitrogen atmosphere) using Netzsch STA 449 C setup.

Fire tests on heat insulating ability of a TFC sample (50x350 mm) embedded in two turns inside the
body of a standard fire sleeve fixed to a fragment of a polypropylene (PP) pipe were carried out according
to the laboratory method described in [31]. The method of conducting the fire tests, simulating the conditions
stated in GOST R 53306-2009, was somewhat different from the standard method: in the laboratory
furnace, the temperature regime was set with a lower final temperature inside the furnace (850 °C instead
of 1000 °C), while taking into account the smaller size of the test chamber (17x22x32 cm) respectively
scaled the amount of combustible load (the length of the PP pipe with a diameter of 40 mm with a wall
thickness of 4 mm was 250 mm). During the tests, the time was measured in minutes until the limit state
was reached: temperature of 120 °C on the unheated surface of a polymer pipe fragment and/or
deformation, destruction of a polymer pipe fragment behind the enclosing structure from the unheated side.
The tests were considered completed when one of the limit states was reached. The layout of the sample,
the arrangement of thermocouples and the graph of the temperature regime in the laboratory test setup are
shown in Fig. 2 a, b.
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Figure 2. Schematic layout of the sample and thermocouples in the laboratory setup (a), graph
of the rate of temperature rise in the chamber of the laboratory test furnace (b).
1-3 —thermocouples located in the internal cavity of the pipeline fragment;
4 —thermocouples located on the unheated surface of the pipelines fragment;
5 —fire coupling (cut-off protective device); 6 — a fragment of a polymer pipeline;
7 —plug; 8 —furnace cover; 9 — furnace; all dimensions in fig. (a) are in mm

3. Results and discussion

To obtain more complete information on heat insulating ability of TFC1 and TFC2, not only the limiting
factor was measured - the time of reaching 120 °C on the unheated side of the pipeline, but also the change
in temperature inside the cavity of the pipeline from heated (thermocouple 1) and unheated (thermocouple
3) sides, as well as in the middle of the sleeve (thermocouple 2) with a sample of the thermoformable
composition (Fig. 3, a).

It follows from the results of fire tests that the fire resistance limit of TFC2 is 1.8 times higher
compared to TFC1. At the same time, thermocouples 1 — 3 (Fig. 3, a, b) located in the fire clutch (2), inside
the polymer pipe from the heated side (1) and from the unheated side above the foamed test sample (3),
show that the rate of temperatures rising during 10- and 40-minute heating are higher for TFC1 compared
to TFC2 by 1.3; 1.8; 3.1 and 1.1; 1.4; 1.8 times respectively.
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Figure 3. Graphs of temperature change depending on time while heating
a fragment of a polymer pipeline with a fire sleeve containing: (a) TFC1; (b) TFC2.

For composition TFC1, as compared to TFC2, on all thermocouples (1-3) located inside the polymer
pipe, at the initial stage of testing (the first 10 min), higher maxima of temperature rise were recorded. This
fact indicates a lower thermal insulating ability of the solid products of TFC1 thermolysis. It should be noted
that during the first 10 minutes from the start of the tests, when in both cases a rapid short-term rise in
temperature was observed inside the polymer pipe, no change in its external state was observed. Fire tests
were stopped when one of the limiting states was reached: for TFC1 after registering the beginning of
deformation of the polymer pipe (Fig. 4, a), and for TFC2 — upon reaching a temperature of 120 °C on the
unheated side of the polymer pipe while maintaining its original integrity (Fig. 4, b).
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(b)
Figure 4. Photo fixation of the state of polymer pipe
from the unheated side at the end of fire tests of TFC1 (a) and TFC2 (b).

To determine the reasons for the different thermal insulating properties of the investigated
compositions, comparative studies of the foaming ability and physico-mechanical properties of solid
products of TFC1 and TFC2 at temperatures of 20—800 °C with an interval of 100 °C were carried out
(Table 1) [32]. When comparing mechanical characteristics of the investigated compositions with their
thermal protective efficiency, it should be noted that the rate of foaming is higher in the entire investigated
temperature range for sample TFC2 with best fire resistance. The relative compression strain (g, %) for the
thermolysis products of TFC1 (20 %) is 5.7 times bigger than that of TFC2 (3.5 %), which is an additional
factor that determines the low thermal insulating ability of TFC1.

Table 1. Physical and mechanical properties of TFCs charred products.

Temperatures range, °C

Sample Parameter 20-300 20-400 20-500 20-600 20-700 20-800
K 5.3 7.8 8.1 7.2 5.3 7.3

TFC1 p, glem3 0.139 0.062 0.067 0.047 0.057 0.034
Am, % 12.5 36.4 46.2 57.1 64.7 70.6
K 8.9 19 14.9 10.5 9.2 9.2

TFC2 p, glem?3 0.136 0.034 0.037 0.038 0.041 0.039
Am, % 9.4 44.8 52.4 64.3 70 72.9

Making a conclusion on the factors that determine effectiveness of TFCs is incorrect if only the values
of mechanical parameters of charred layers are assessed. Comparative studies on behavior of both TFCs
themselves and their components under heating conditions were carried out at the next stage.

Fig. 5 (a-c) shows the differential scanning calorimetry data for individual polymer binders, TFCs
based on them, and a charring system. Thermal transformations of individual polymer binders occur in
different temperature ranges (Fig. 5, a): temperatures of the onset of weight loss and exo-effects
accompanied by almost complete weight loss are 216 °C, 335, 440, 503 °C for Mowilith; and 231, 375,
495 °C for Osakril.
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Figure 5. DSC data for: a — binders; b — TFCs; ¢ — charring system; curve numbers correspond
to: 1 — Mowilith binder or TFC1 based on Mowilith; 2 — Osakril binder or TFC2 based on Osakril.

According to DSC data (Fig. 5, b), changes in the maxima of thermal effects are observed when
comparing data for polymer binders and TFCs. This is explicitly for TFC1, where the exo-effects of individual
Mowilith in the range of 440 and 503 °C (Fig. 5, a) were transformed into exo-peaks with maxima at 340
and 540 °C (Fig. 5, b). A slightly different effects occur in TFC2, where the shift of the main exo-effect of
the individual Osakril (375 °C) is practically not observed, while the temperature of the second exo-effect
(495 °C) shifts to higher point (510 °C).

Endo-effects in charring system are recorded in the range of 200-320 °C which can be observed in
DSC curves (Fig. 5, ¢); such effects are typical for components of intumescent compound. With a further
increase in temperature, a broad exo-effect is recorded with a maxima of 401 °C. Proceeding from the fact
that this effect is accompanied by insignificant weight loss, it is assumed to be due to structural
transformations of thermolysis products of CFS components.

To verify this assumption, an X-ray study of the charred products and their physical state in the
temperature range of 200-600 °C was conducted (Table 2). No visible changes in the state of the initial
intumescent compound are observed in the range from 200 °C to 250 °C. The onset of sintering without
changing the color of the original compound becomes noticeable at about 300 °C. The processes of melting
and formation of a foamed layer occur in the temperature range of 300-400 °C, and complete foaming of
the heated compound occurs at 400-500 °C [33].

Table 2. X-ray phase analysis (XRD) data and the physical state of charred products obtained
by heating the intumescent compound.

T, °C Physical state XRD data

200 P CaMg(CO0Os)2, NH4PO3, CsH1204
250 P CaMg(CO0O3)2, NH4PO3, CsH1204
300 S CaMg(CO0Os)z2, NH4POs, CsH1204, UP
400 F CaMg(COs)2, CaCOs, UP

500 F CaMg(CO0s3)2, CaCOs, UP

600 F CaMg(COs)2, CaCOs, UP

Note 1 — Indication of physical state: P — powder; S — sintering; F — foaming.
Note 2 — UP — unidentified phase.

According to X-ray phase analysis, the change in intensity of reflections of individual components of
the CFS on the X-ray diffraction patterns appears at about ~ 300 °C. At this temperature, in addition to the
initial components (APP, PET, DL), an unidentified phase was detected by X-ray diffraction, the appearance
of which can be explained by APP thermolysis resulting in formation of a mixture of polyphosphoric acids
that initiate PET esterification reactions [34], as well as formation of products of interaction with carbonate
component. At the same time, in temperature range from 300 °C to 400 °C, according to XRD, the main
crystalline phases are CaMg(COs)2 and CaCOs with a decrease in intensity of their reflections followed by
an increase in heating temperature. Presumably, as the temperature rises, the carbonate Ca-Mg-containing
salt dissociates into its constituent CaCOs and MgCOs with their simultaneous interaction with condensed
phosphoric acids formed during APP thermolysis [35]. At 400 °C, the peaks referred to crystalline phases
of PET and APP disappear from X-ray diffraction patterns of CFS, which indicates the intensification of
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interaction between products of thermal decomposition of CFS components. Thus, as a result of X-ray
examination of solid products of TFC thermolysis, it was found that the exothermic effect on DSC curve in
range of 300—400 °C (Fig. 5, c) is due to formation of an unidentified organo-mineral product.

An important aspect affecting the qualitative and quantitative characteristics of thermoformable
composites is the formation of gaseous products while TFCs heating; those products take part in formation
of heat insulating porous structures [35, 36]. In accordance with this, it is of interest to consider the data of
DTG study of TFCs and their components. According to DTG data for film-forming agents (Mowilith, Osakril)
and polymer compositions based on them (TFC1, TFC2), it can be seen (Fig. 6 a, b) that weight loss occurs
at a maximum rate in the temperature range of 300—400 °C. At the same time, for Osakril and TFC2, the
maximum temperatures are 30—40 °C higher than those for Mowilith and TFC1. Intensive thermolysis of
the charring system is recorded in the temperature range 220-350 °C with a maximum at 244 °C (Fig. 6, c).

Comparison of thermal transformations of individual binders, TFCs and CFSs with the fire resistance
limit of the composites suggests the existence of a dependence of heat insulating efficiency of TFCs both
on the nature of polymer binder and on the coincidence of temperature ranges of thermal transformations
of all components of charring composites.
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Figure 6. DTG study data for: a — binders; b — TFCs; ¢ — gas-char-forming system;
curve numbers correspond to: 1 — Mowilith binder or TFC1 based on Mowilith;
2 — Osakril binder or TFC2 based on Osakril.

To understand the reasons for the different heat-insulating performances of TFC1 and TFC2
containing the same charring compositions and different polymer binders, it is of interest to compare the
temperature ranges of thermal transformations of CFS, Mowilith and Osakril. Thus, individual binders differ
significantly in temperature maxima of the rate of weight loss caused by the formation of gaseous products
(Fig. 6, a): for Mowilith — 335 °C, for Osakril — 375 °C. The same trend persists for compositions based on
these binders (Fig. 4, b): TFC1 — 325 °C, TFC2 — 355 °C. DTG curves show a peak in the rate of weight
loss with a maxima of 244 °C, due to gasification of CFS (Fig. 6, c). X-ray studies show that an intense
interaction between products of CFSs decomposition occur in the temperature range of 300—400 °C leading
to formation of amorphous organo-mineral products. Due to this, we assumed that high heat-insulating
efficiency of TFC2 may be explained by coincidence of temperature intervals in which the formation of
organo-mineral framework and its foaming occurs. Coincidence of the temperature ranges (350-400 °C)
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referred to intense formation of gaseous products and, at the same time, formation of an organo-mineral
framework was established for TFCs based on Osakril binder; this composite has the highest heat-
insulating ability.

This assumption is confirmed by the data of thermogravimetric analysis: the total mass loss at 500 °C
for TFC1 is 68 %, and for TFC2 — 50 %.

An additional fact in favor of the formation of a frame structure are values of physical and mechanical
properties of charred products: the foaming coefficient of TFC1 and TFC2 in temperature range of
20-400 °C is 19.0 and 7.8 (Table 1). In addition, charred layers formed as a result of fire tests were
investigated by scanning electron microscopy (SEM). It was found that in case of TFC2 a more uniform
porous charred structure was formed in comparison to TFC1 (Fig. 7, a, b). The morphological structure of
charred layer is known to affect its mechanical strength and heat insulating properties [3, 36].

- 3
"y
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Figure 7. Microstructure of charred layers according to scanning electron microscopy:
a—TFC1; b -TFC2.

The assessment of data on thermal and phase transformations of TFCs and their components was
conducted. It shows the importance of knowing the temperature ranges in which transformation of
components occur. This knowledge allows to consciously choose the components of TFC on development
stage, thus creating new composites with better properties. Such composites may find wider niche in
modern construction because of their better compliance to building requirements.

4. Conclusions

1. A study of two intumescent composites based on two different polymer binders (vinyl-acetate
ethylene (Mowilith) and styrene-acrylic (Osakril) emulsions) and the same char-forming system (APP: PET:
DL: TEG =1.7: 0.8: 1: 1) was conducted in order to clarify their possible application as a part of fire clutches.
Such properties of intumescent composites and charred layers as foaming ability, mechanical strength,
structural morphology and heat-insulating ability were investigated. Test methods included thermal analysis
(DSC, TG, DTG), X-ray phase analysis and scanning electron microscopy.

2. It was established that heat-insulating ability of a charred layer is determined by temperature
intervals in which interactions of TFC components occur. The best mechanical, heat-insulating and
morphological properties of investigated intumescent composition with higher heat-insulating ability and its
charred layer are achieved when temperature ranges referred to formation of organo-mineral framework
and volatile thermolysis products are coinciding. Such temperature range for this composition that was
established in the current work is 350—400 °C.

3. Results of this research are opening the way to more conscious approaches to developing of fire
retardant composites based on intumescent systems. As many components of such composites are chosen
empirically, the properties of final materials may not be sufficient; and if polymer binder and intumescent
system are selected according to their thermolysis ranges, a more effective composite may be developed.
Such statement may result in a wider use of fire retardant composites in civil engineering.
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Abstract. The article touches upon the problem of working area air pollution by pathogenic microorganisms.
The problem’s solution requires increased efficiency of filtration materials. Using thermally expanded
graphite and Cribrol® polymer composite material, we analyzed air purification quality of multifunctional
rooms in comparison with traditional activated carbon. The filtration materials properties were studied using
a set of analytical methods. The air was pumped through tested materials in a volume of 500-2000 liters
with the use of PU-1B sampling device depositing microorganisms on the nutrient medium. We showed
that activated graphite and Cribrol® are effective in cleaning the air from bacteria (cell sizes do not exceed
1 micron), as well as larger microorganisms (from 3 microns or more). Activated graphite completely
trapped microorganisms in all test variants. The filtration capacity of the new materials turned out to be
higher than that of traditional activated carbon, which indicates the prospects for their further research and
practical application.
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1. Introduction

The spread of microorganisms through microbial-dust aerosols can have a noticeable effect on the
human environment. The particular attention in this regard is paid to the occurrence of the pathogenic or
conditionally pathogenic microorganisms (macroscopic fungi — micromycetes and bacteria) in the indoor
environment. This problem has been attracting the attention of specialists all over the world for the past
decades [1-8]. Being in the premises with a high content of spores in the air for a long time, a person may
experience deterioration of well-being, allergic reactions, etc. The contact with human respiratory organs is
explained by the small size of the spores of many mold fungi, which allows them to reach even the alveoli
of the lungs. Typically, the size of the fungal spores ranges from 2 to 10 microns, while the size of the
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bacterial cells transported by air is less than 1 micron. Most often, the accumulation of the fungi in the air
of premises for various purposes is associated with the open growth and sporulation of colonies of
micromycetes on building materials in areas of increased moisture [9]. The studies of air microbiota in
Russia took place in residential and working buildings, museums, libraries, the subway, at polar stations [7,
10-13]. According to WHO recommendations [14], the content of indoor spores should not exceed 500
spores per 1 cubic meter. In many cases, these values are significantly higher, which requires special
measures to reduce the number of the micromycetes in the indoor air. The first thing that is required in this
regard is the regular monitoring of the indoor air environment. Such control is needed not only in residential
and working premises, but also in engineering structures, such as the subway, where there are favorable
conditions for accumulation and spread of microorganisms. For sampling and analysis of air samples
sampling devices of various configurations are used. The typical samplers (aspirators) suck air containing
various particles onto the collecting surface (nutrient medium or filters). The collection efficiency of such
devices depends on a combination of factors, including the intake air speed, the shape and diameter of the
suction nozzle, the distance between the nozzle and the collection surface, the diameter of the surface
pores and the collection time, as well as the inertial properties of the microorganisms associated with their
size and density. The filter samplers pump air through filters with different pore sizes. These samplers are
most commonly used for collecting aerosols. In Russia, the certified device for sampling the air environment
is the sampling device PU-1B (Manufacturer — "Khimko", Moscow). This device has been vastly tested,
including in conditions of high latitudes (Arctic and Antarctic), where it has shown its sufficiently high
efficiency.

The second important aspect is air purification. The improvement of indoor air quality is most often
achieved through the use of air purifiers. The use of filters in such installations is the most commonly used
approach to solving this problem. The filtration efficiency depends on the material used for this purpose.
These studies are currently focused on finding effective, environmentally friendly and technologically
accessible filters.

The purpose of the work is to evaluate the effectiveness of the new filtration materials for
multipurpose cleaning of the air environment from microorganisms living indoors.

2. Methods

Analysis of the effectiveness of the known filtration materials. The main requirement for the
sorbents for air and water purification is their high sorption capacity. The most important characteristic of
the sorbents is porosity, which characterizes the degree of the surface development, as well as specific
surface area (SD, m?/g). The greater the specific surface value of the sorption material, the greater the
number of active pores, presented in the volume of its structure, as a result of which the sorption capacity
of the material increases proportionally [15-18].

All the methods (technologies) of increasing the surface area of materials are directed primarily to
the development of the existing micropores and the formation of new ones by removing individual
microstructural elements.

The various types of activated carbon have become the most widely used in the world practice as
materials for indoor air sorption purification. The best samples of activated carbon are obtained by the
activation method. The essence of the activation process consists in the opening of the pores in the carbon
material in a closed state. This is achieved thermally: the material is pre-impregnated with a solution of zinc
chloride, potassium carbonate and either heated to 400-600 °C without air access, or with superheated
steam at a temperature of 700—900 °C under strictly controlled conditions. And, if conventional activated
carbons have a specific surface area of 20—70 m?/g, then modified ones already have 200—-850 m?/g.

The indirect and non-obvious analogues of carbon materials (UM) are sorbents based on dispersed
natural flake graphite. This type of materials has a low specific surface area (up to 5 m2/g), but is well
regenerated, technologically advanced, inert to all media and numerous aggressive compounds [19].

In principle, it is possible to significantly increase the specific surface area of the UM by intercalating
graphite-like blocks, followed by their stratification. Thermally expanded graphite (TEG) is obtained
specifically by this method: by introducing acid anions into dispersed natural graphite, followed by heating.
The natural UM processed in this way have a specific surface area already up to 80-200 m?/g (according
to some literature sources up to 600-m?/g). Thus, TEG is a very promising adsorbent for purification of
polluted water and gas media.

Thermally expanded graphite (TEG) is widely used for the manufacture of graphite seals, and
technology for its production has been known since the 1960s. Some scientists and a number of enterprises
[20] were trying to use the TEG properties for water purification, but for a number of reasons their attempts
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were unsuccessful. The resulting "technical" TEG cannot be used in filters, due to low quality and a large
amount of impurities, as well as unstable results in the quality of purification.

To obtain their own carbon material (Fig. 1) based on thermally expanded graphite, as well as to
identify its applicability as a sorption material for air and water purification, the authors conducted
appropriate laboratory tests with varying synthesis parameters and parallel analysis of the properties and
quality of the obtained products. The obtained material properties were controlled by the differential
scanning calorimetry and X-ray phase analysis methods. Bulk density was measured according to the
VNIIEM technique standard (OST 16-0689.031-74).

Figure 1. Carbonic sorbent based on TEG.

The developed technology for producing TEG [21], based on the short-term heat treatment of a
graphite composition in the presence of the developed inhibitor, makes it possible to obtain a carbonic
sorbent (activated graphite) based on TEG with high sorption characteristics (specific surface area
Sud = 2000 m?/g) many times higher than all known filter materials (Fig. 2). Thus, the specific surface area
of absorbent carbon is Sud = 450-750 m?/g. The chemical purity and environmental safety of the product
allow it to be used for water treatment needs.

Activated charcoal Activated Carbon Coconut Activated TEG Pores

pores Stone Pores Carbon Pores
. Standard Filter Materials
] )
Y 2000 m?¥/g

400-850 m*/g

Figure 2. Comparison of the TEG specific surface area with Absorbent carbon.

When the thermally expanded graphite is compacted in the filter, a strong, porous structure is
created, similar in its properties to a membrane. By adjusting the compaction degree, it is possible to
achieve different porosity values of the filter load and set the required material throughput for certain
polluting components, depending on the required purification degree.

The Cribrol® polymer composite is also a competitive material for the cleaning of gas-air mixtures.
Its structure is formed according to the ratio of through and non-through pores of different diameters,
uniformly distributed throughout the volume of the filtering partition, set in the polymerization process
(Fig. 3) [22]. The technological process makes it possible to obtain the porous percolating material with a
given pore system: micropores, mesopores and macropores. This ensures versatility in the production of
materials with different performance characteristics for solving various tasks.



Magazine of Civil Engineering, 116(8), 2022

The number
Pore size: Pore size: Pore size: of micropores
10-15 microns 6—10 microns 1-6 microns in the walls of
macropores

Figure 3. Pore combination in Cribrol® materials.

For these meterials, there is no concept of surface area, since they are bulk, porous materials. One
filter cartridge Cribrol® combines three technological functions — sorption, coalescence and inertial
separation, which proceed sequentially in a stream of liquids and gases passing through a porous patrtition

(Fig. 4).

The cartridge entraps, both droplet and
dispersed liquid phases of water. passing
the draned gases.

_: ‘ - I
: 2 The cartridge forms within itself the entraped
Coalesce dispersed water droplets into large droplets at the
3 » X - - 2

same time {reely passing the drained gases.

eparator

Figure 4. The principle of Cribrol® cartridges operation.

These unique properties of Cribrol® materials determine their effective use for solving various
technological problems associated with the separation of dispersed phases of liquids contained in gaseous
media, which, in particular, can transport infectious agents — bacteria, fungi and viruses [23].

Two rooms, differing in their purpose and conditions, were selected as objects for evaluating the
effectiveness of the new sorption materials:

1) an office space, where people stay daily during working hours (without external signs of biological
damage to materials and sufficient ventilation);

2) a library space, where books and archival documents are stored for a long time with weak
ventilation.

The microbiological sampling of the air environment in the office and in the library spaces was carried
out using a PU-1B aspirator (a Russian-certified sampling device for taking air samples), through which air
was pumped in a volume of 500-2000 liters, depositing microorganisms in Petri dishes on the nutrient
medium. When air was pumping, filtration materials were placed in its path. The control was conducted with
the air samples without the use of filtration materials. When taking a sample, the device was positioned at
a level of about 1 m from the surface. Each sample was taken three times for Czapek medium (to determine
the number of fungi) and FMH (fermented meat hydrolysate) — to determine the total microbial number of
organotrophic bacteria).

As tested substances, new filtration materials were used: Cribrol®, thermally expanded graphite (EG)
and activated carbon (AC).

For the testing, the material was placed in the over-frame space of the sampling device PU-1B in
such a way that the material covered the hopper above the nozzles of the device and air could be pumped
through it (Fig. 5).
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Figure 5. The experimental installation for the testing of new filtration compositions:
a) control (sampling device with an unfilled hopper), b) thermally expanded graphite (filled
hopper), ¢) Cribrol®, d) activated carbon

After pumping air in rooms for various purposes through the tested materials, Petri dishes were
removed from the PU-1B device, maintaining sterility, and incubated in laboratory conditions at a
temperature of +25 °C. After 10 days, the number of grown colonies was calculated (Fig. 6) and colony-
forming units (CFU) were recalculated per 1 m? of the air (in accordance with the PU-1B device operating

manual).
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Figure 6. An example of counting colonies of bacteria and microscopic fungi after the sampling
in different figure versions of the experiment: a) cleaning from bacteria, b) cleaning from fungi
1 — Control (120 CFU); 2 — Thermally expanded graphite (0 CFU); 3 — Cribrol® (2 CFU);

4 — Activated carbon (50 CFU); 5 — Control (17 CFU); 6 — Thermally expanded graphite (0 CFU);
7 — Cribrol® (1 CFU); 8 — Activated carbon (2 CFU).

3. Results and Discussion

The results of the experiments (Table 1) showed high efficiency of the used materials for the air
purification in rooms for various purposes. The highest efficiency was demonstrated by the EG composition,
which completely detained microorganisms (fungi and bacteria) in all test variants. The Cribrol® composition
in various modifications also showed significant effectiveness (a decrease in the number of cells by an
order of magnitude and higher in comparison with the control). The AC composition showed high efficiency
against fungi (micromycetes), while the effect of air purification from bacteria was lower. It must be noted,
that the number of bacteria in the air of the office and library was several times higher than of micromycetes
in control samples.

Table 1. Determination of the number of bacteria and fungi in rooms for various purposes
with different test variants of sorption materials

) The filter ; ; The number CFU per 1
Sa,\T; ple m:tggglr material r':lété:ﬁrrﬁ vom:ne of the grown  cubic mpeter of
) mass colonies air
The office space

1 Activated carbon Czapek 500 2 4
2 Activated carbon FMH 500 50 110
3 Cribrol® Czapek 500 1 2
4 Cribrol® FMH 500 2 4
5 EG Czapek 500 0 0
6 EG FMH 500 0 0
7 Control Czapek 500 17 34
8 Control FMH 500 120 290
9 Cribrol 10,570 Czapek 500 0 0
10 Cribrol 9,910 FMH 500 3 6
11 Cribrol 9,010 Czapek 1000 1 1
12 Cribrol 10,670 FMH 1000 0 0
13 Cribrol 9,210 Czapek 2000 0 0
14 Cribrol 9,310 FMH 2000 10 5
15 Cribrol®+H20 16,300 Czapek 1000 2 2
16 Cribrol®+H20 22,870 FMH 1000 0 0
17 Control Czapek 1000 31 35
18 Control FMH 1000 54 58
19 Control Czapek 2000 26 14
20 Control FMH 2000 128 79
21 EG 2,280 Czapek 1000 0 0
22 EG 2,650 FMH 1000 0 0
23 EG 2,570 Czapek 2000 0 0
24 EG 2,290 FMH 2000 0 0
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Sample The fiIFer -rr\:]:tcg:itzlr Nutrient Alr ;)rfhtehg l::]rpot\)/‘\?r: cu(k:)E:Umpeet;rl of
No. material mass medium volume colonies air
The library space
25 Control FMH 1000 42 45
26 Control FMH 2000 52 28
27 Control Czapek 1000 6 6
28 Control Czapek 2000 10 5
29 EG 3,030 FMH 1000 0 0
30 EG 2,810 FMH 2000 0 0
31 EG 2,400 Czapek 1000 0 0
32 EG 2,390 Czapek 2000 0 0
33 EG 37,640 FMH 1000 100 100
34 EG 37,870 Czapek 1000 2 2

Thus, all the compounds included in the tests demonstrated different effectiveness in cleaning the
air from microorganisms. The tested materials purified the air from small bacterial cells (not exceeding
1 micron in size), as well as larger micromycete spores (from 3 microns or more). Whereas in all control
variants, dozens of colonies of micromycetes (from the genera Cladosporium, Penicillium, Aspergillus) and
organotrophic bacteria colonies germinated on nutrient media. Some of the identified microorganisms were
typical for the indoor environment of buildings with different microclimates [24-27]. They are also commonly
found on various building materials and can spread through the air [28, 29]. In variants with sorption
materials, either single colonies were noted, or they were absent altogether. If, as a comparison of the air
purification quality indicators of the working space, we could draw an analogy between the efficiency of
activated carbon and activated graphite, then the result directly depends on the value of the specific surface
area: the higher it is, the more microorganisms can be sorbed from the air. There is no doubt that EG has
an advantage here.

Since the studied Cribrol® material has a mechanism fundamentally different from the sorption
processes occurring in activated graphite and carbon, a direct comparison with its analogues is not entirely
correct. However, the obtained efficiency in air purification makes it possible to consider it, as well as EG,
as materials analogous to traditional activated carbons. It is also worth considering that according to the
manufacturer's statements, the greatest efficiency of this material is observed during the separation of
aerosols, since Cribrol® works better in the "wetted" state.

In addition, despite the fact that during the tests the difference in cleaning efficiency was observed
after 2000 liters of filtered air, the question of the compared materials resource remains open.

These experiments, as well as the Cribrol® material effectiveness studies in the "wetted" state, are
planned to become a part of the subsequent studies.

4. Conclusion

1. Activated carbon (AC) widely used in world practice has low efficiency as a sorption material for
air purification from microorganisms.

2. The best effect is shown by filtration materials Cribrol® and thermally expanded graphite (EG).
They clean the air in rooms for various purposes from small bacterial cells, as well as large micromycetes.

3. The air purification efficiency obtained during the tests allows considering Cribrol®, as well as EG,
as analogues to traditional activated carbons.
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Abstract. The present paper continues a series of the authors’ studies on improving conventional
concentrically braced frames (CBFs). In previous works, the authors equipped a CBF with a restrained local
fuse to improve its behavior, thus introducing local fuse—auxiliary element concentric braces (LF-AECBS).
The mechanism of LF-AECBs with a restricted fuse in the length increased the ductility and energy
dissipation capacity of the bracing system by limiting the overall buckling locally to the compressive zone.
However, further numerical studies suggested that due to early buckling, now local, the restrained local
fuse could not be exploited until the failure. Therefore, this study introduces an improved local fuse—auxiliary
element concentric brace (ILF-AECB) to fix the issue. Numerical studies are also done to determine the
optimal shape of ILF-AECBs in order to obtain maximum energy dissipation capacity and ductility under
cyclic loading. In this article, the results of experimental and numerical studies show that ILF-AECBs with
a new formulation delaying the fuse buckling completely succeed in using the full capacity of the local fuse
for energy dissipation and ductility. Moreover, the analytical study shows that the frame equipped with ILF-
AECB offered much better performance in terms of energy dissipation and reduction of the input demand
to the structural elements compared to the similar CBFs.

Citation: Kachooee, A. An improved lateral restrained local fuse used in concentric braces. Magazine of
Civil Engineering. 2022. 116(8). Article no. 11609. DOI: 10.34910/MCE.116.9

1. Introduction

An off-center bracing system was introduced by Moghaddam and Estekanchi [1]. This structural
system was invented for improving concentrically braced frame (CBF) behavior [2]. As shown in Fig. 1, it
basically consists of the non-straight tension strut AOC with an eccentricity designated as e. The midpoint
is connected to the corner by the third member. Once the load is applied, all these three members are
stretched, therefore, act in tension. In the recent decade, some research has been conducted on this
structural system [3—6]. In [6], some numerical studies have been performed using the ANSYS software on
a frame with off-center bracing system with optimum eccentricity and circular element created, called the
OBS_C_0O model. The obtained results revealed that it would be useful to use a circular dissipater for
increasing the ductility of off-center bracing system.

© Kachooee A., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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i, i,
Figure 1. Off-center bracing system.

A cast modular ductile bracing system (CMDB) was introduced as an alternative for the special CBF
structures [7, 8]. As shown in Fig. 2, these structural systems are made of a cast component in the middle
and ends of the braces. A cruciform cross-section is utilized for CMDB because this section increases
energy dissipation capacity and low cycle fatigue life; in turn, they cause reduced brace failure probability.
A system similar to the above one was proposed by Seker et al. to replace the conventional concentric
braces [9]. The system uses a three-part steel brace and the idea behind it is to develop an elastic buckling
extension of a multi-part column, which includes post-buckling deformations. Their results indicate
consistent and symmetric hysteresis responses of this new concentric brace under cyclic loading. These
studies have also proven far more energy dissipation capacity than the conventional concentric bracing
system.

end casting center casting

A,

S

W,WM cross-section
H

Figure 2. Schematic of the CMDB system.

The use of two-level or multi-level control systems is another method for improving the seismic
behavior of structures, which has recently been under the focus of researchers. The main idea in these
structural systems [10-14] is to combine different control systems with various stiffness and strength values,
which results in desirable energy absorption in the structure for various earthquake intensities. Zahrai and
Vosooq [11] introduced a dual system in which a combination of a vertical link beam and knee elements
was used to maintain energy absorption. To improve the seismic performance in this structural system
(Fig. 3a), the vertical link beam is used as an energy absorption element in the small loads area and knee
elements are used for energy absorption under intense earthquakes. In another study, researchers
introduced full steel double-stage yield buckling-restrained braces (DYB) (Fig. 3b) [13, 14]. The core plate
of DYB consists of two small and big plates joined together serially. The deformation capacity of the small
core is restricted by a stopper mechanism. At first, the deformation of DYB is focused on the small core
and, when the stopper mechanism stops the deformation of this core, the displacement of DYB is
transferred to the big core, hence DYBs have two stages of yielding. An experimental study conducted by
Sun et al. showed that the DYB possesses higher energy dissipation capacity and seismic resistance than
the traditional concentric bracing [13].

Vertical link

\_Large core plate

Bolts

‘:’:- \_Small core plate
S "Rib

i 1}

Knee elements

(a) Zahrai and Vosooq model

- U #

Short slotted hole

(b) DYB model

Figure 3. Some kinds of two-level control systems.
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Another invented structural system for improving seismic performance of structures with concentric
bracings is the application of the buckling restrained brace (BRB) [15-19]. As shown in Fig. 4, this structural
system uses bracings, including a casing and core, which removes the main shortcoming of the
concentrically braced structural systems, i.e. buckling in compression [15, 16, 18]. Naghavi et al. [20]
compared the response of BRB frames with the traditional concentrically braced ones. They found that the
BRB system remarkably increased the ductility capacity and energy dissipation compared to the traditional
concentrically braced frame. Qiu et al. [21] provided a method to correct the defect of the BRB system, that
is, inability in reducing the residual drift story of the concentrically braced frames after an earthquake. In
this study, the use of smart materials was suggested to remove the entire drift of residual story or make it
negligible.

Sheath

Steel core

Restraining tube

Yielding steel bar
Incohesive material

Figure 4. Buckling restrained brace (BRB) component.

Another method that has been developed as a substitute for conventional concentric braces is all-
steel tube-in-tube buckling controlled brace, called (TinT-BCB) (Fig. 5) [22—24]. Seker and Shen [23]
reported that the hysteresis response of this brace was consistent and symmetrical under cyclic loading.
Factors affecting the response of these braces include the friction between tubes, the distance between
the internal and external tubes, and the thickness ratio of the inner and outer tubes. In this brace, optimal
performance generally results from a system with smallest possible gap, low friction, and a heavier outer
tube.

Edge segment ‘ I “dgesegment [@ e o] [@ e o

Bolted connector plates Section [ -1
Possible section choices

Figure 5. Seker et al. model [23].

Kachooee et al. [25] sought to reduce the input demand to the bracing joints by recommending a
cross-section reduction fuse. According to Fig. 6, the fuse was placed within a particular length at the end
of the brace. The results of this numerical study showed that the fuse not only reduced the input demand
to the brace joints, but also the energy dissipation capacity of the bracing system. The reason was that
reducing the cross-sectional area of the brace decreased the buckling capacity of the system, preventing
the brace under cyclic loading from creating complete hysteresis loops and leading to a reduction in the
energy dissipation capacity of the bracing system. In another study, Kafi and Kachooee tried to correct this
defect using auxiliary elements placed around the fuse, resulting in the innovation of local fuse — auxiliary
element concentric braces (LF-AECBS) (Fig. 7) [26].

Figure 6. Kachooee et al. model.
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Figure 7. The LF-AECB model.

The results of this numerical study showed better performance of the new system in terms of energy
dissipation and ductility capacity than that provided in [25]. However, the earlier buckling prevented the fuse
capacity from being used thoroughly.

A new method is offered in this study to solve the problem of the fuse provided by Kafi and Kachooee
[26] and improve the behavior of the concentric braces using numerical and experimental studies. In fact,
the proposed formulation of LF-AECB bracing allows the coaxial bracing to exploit the fuse capacity until
the failure. This increases the ductility and energy absorption of the proposed model. In this method, a local
fuse is used along the brace with a newer formulation than that of Ref. [26]. The design of this local fuse is
in such a way that the brace buckles locally and in the fuse length. In order to prevent fuse local buckling,
auxiliary elements are used in the fuse region. This causes a symmetrical and stable behavior of the brace
under cyclic loading, which results in optimal ductility and a considerable amount of energy dissipation
capacity. A complete introduction of the mentioned brace, called improved LF-AECB (ILF-AECB), is
provided in the following. Numerical studies were also done to determine its optimal shape in order to obtain
maximum energy dissipation capacity and ductility in an ILF-AECB under cyclic loading. In the end, the
responses of ductility, loadbearing capacity, and energy dissipation capacity of the concentrically braced
frame equipped with the system suggested in this study are compared with a traditional similar
concentrically braced frame using a numerical study conducted in ABAQUS 6.12 [27].

2. Methods
2.1.ILF-AECB bracing components

2.1.1. Formulation for calculating fuse area and length

The general pattern of the fuse (Fig. 8 and 9) for two different section-shapes of the brace indicates
that the local fuse is generated by reducing the cross-section of the brace. Also, a transition zone has been
considered to prevent stress concentration. Fig. 8 has shown two methods for creating the fuse in the box
sections. In Fig. 8a, the sides of the fuse have been cut in the outer part to create the fuse. Also, in Fig. 8b,
the method of creating the fuse has been presented through the internal cutting of box sides. It is worth
mentioning that in Fig. 9, the method of creating the fuse for the braces with | section has shown, which
have been reinforced with the vertical plates parallel to the web section. In this brace, the reinforcement
plates have been removed in that area to create the fuse, and the cross-section of the brace has been
decreased through this method.

Fuse length

(a) creating the fuse through trimming external faces of the brace section
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Fuse length

(b) creating the fuse through trimming internal faces of the brace section

Figure 8. Local fuse in the box-shape ILF-AECBSs.

Fuse lengih

Figure 9. Local fuse in the I-shape ILF-AECBS.
In order to calculate the cross-sectional area of the fuse, the demand load exerted to the brace
(Pdemand) should first be obtained from the analyses. After calculating Pyemang: Ed. (1) must be
satisfied based on the Iranian steel structure code [28]:

I:)demand < 0-9Py,brace' (1)

where Py brace IS the yield load-bearing capacity of the brace and a coefficient of 0.9 is the strength

reduction factor according to the Iranian steel structure code [28]. Py,brace can be calculated using Eq. (2):

Py,brace = PAprace - I:y' @)

where Ay, and Fy are the cross-sectional area and the yield stress of the brace materials,

respectively. The cross-sectional area of the brace can be obtained using Egs. (1) and (2):

P
Porace 2—3_931,‘;’;‘1- ®)

After calculating the cross-sectional area of the brace, the slenderness coefficient of it should be
checked to select the brace profile. The following expression should be controlled to make sure that the
buckling of the brace does not take place before its yielding:

_ k'Ibrace <80

race = (40wmnbka! 3aknaaka He

rmin,brace
onpepgeneHa.)

where Apraces K, lpraces and minprace are the slenderness factor, effective length coefficient, and the

length of the brace and radius of gyration around the weak axis of the brace section, respectively. This
must be examined to make sure that the buckling of the brace occurs after its yielding. In other words, this
equation makes the designer choose a profile that satisfies it. The coefficient 80 is selected in accordance
with ST37 steel materials according to DIN 17100, and if the material is changed, the desired value should
be calculated according to the new material. The cross-sectional area of the fuse can be obtained after the

verification of Eq. (4). For this purpose, the ultimate loadbearing capacity of the fuse, Pu, fuse (Ed. (5)) can
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be obtained from multiplying the steel material yield stress Fy by Cpr (the coefficient of material

hardening) and Ry (the coefficient for the specifications of the brace profile) coefficients based on the

Iranian steel structures code [28], which must be less than or equal to the minimum vyield capacity of the
brace, Py,brace:

P

u, fuse = Afuse :

Ry -Cpr- l:y < (Py,brace:Abrace'Fy)’ ®)

where Agse is the cross-sectional area of the fuse and Ry and CIor can be obtained from Table 1 and

y “pr

Eq. (6) based on the Iranian steel structures code [28]:

Table 1. Ry coefficients for different shape sections of braces.

Section Shapes Ry
Rolled tabular and box shape sections 1.25
Others rolled shape sections 1.2
Brace sections made of plates and belts 1.15
Fy+F,
11<Cp =Y _"<12 ()
2F,

In Eq. (6), F, isfinal stress of the brace materials. According to Eq. (5), the cross-sectional area of
the fuse can be calculated by Eq. (7):

A SM. 7)
fuse C..R
pr ity

After calculating the cross-sectional area of the fuse, it must be verified whether or not the profile
chosen for the fuse can tolerate the demand load. In other words, the fuse section is the critical unit of the
brace that should tolerate the demand load exerted to the brace. Therefore, Eqg. (8) should be modified as:

I:)demand < Afuse ’ I:y' (8)

If Eq. (8) is satisfied, the selected profile is proper for both the fuse and the brace; otherwise, a new
and bigger profile should be chosen and the calculations should be restarted. Based on the formulation
obtained from Eq. (7) for calculating the cross-sectional area of the fuse, a numerical study is conducted
using ABAQUS 6.12. The aim of this study is to examine the presented formulation and performance of the
suggested method designed based on the mentioned formulation. In this study, a local fuse is calculated
by Eqg. (7) and placed in a distance of 25 cm from the end of a double-UNP120 brace. The length of the
brace and fuse are respectively 414 cm and 5 cm. In order to prevent the local buckling of the fuse, the
boxes have been installed as the auxiliary element and around the fuse with a 1-millimeter distance
according to Fig. 10. Also, a stopper has been used in order to the concurrent horizontal movement of the
internal and external auxiliary elements. This stopper has been tied to the external auxiliary element. The
more detailed explanations about applying the auxiliary elements in ILF-AECB braces have been proposed
in the 2.1.2 section of the paper. The mechanical specifications of the steel materials and the geometric
specifications of the model are provided in Table 2. Also, the fixed end supports have been used in the
study. In addition, the numerical model designed in ABAQUS 6.12 is illustrated in Fig. 10.

Table 2. Material mechanical properties and geometric properties of the studied model.

Ultimate Yield Ultimate  Area brace  Area fuse
stress strain strain section section

2400 kg/cm? 3700 kg/cm?  0.0012 0.20 34 cm? 22.60 cm?

Yield stress
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(a) general view of the model (b) fuse position

(c) auxiliary element details (d) connection of inner box and stopper
Figure 10. The numerical model in this study.

As shown in Fig. 11, the overall buckling takes place before the fuse reaches its ultimate loadbearing
capacity. In other words, the hardening of steel material has caused the brace to reach its yield load before
the fuse reaches the ultimate loadbearing capacity. According to Eq. (9), global buckling takes place in the
model during the compressive cycle corresponding to the tensile cycle of the brace yielding due to a
significant reduction in the stiffness compared to its elastic stiffness after yielding the materials.

p

(a) global buckling of the brace before the fuse reaches its final load bearing capacity(Kg/cm?)

x

(b) hysteresis curve of the numerical model in this study
Figure 11. Results of the numerical study.
o = n’-E
Cr —
7\‘2

In the above equation, o¢, is the critical stress, E is the elastic modulus, and A is the
slenderness factor of the element under compression.

9)
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According to the results obtained in this numerical study and using experimental results in real
situations provided in a previous study by Bazzaz et al. [3-6], the steel yields a load less than the theoretical
yield load. Therefore, a reduction coefficient of 0.8 is used in calculating yield capacity of the brace to make
sure that the fuse reaches its ultimate loadbearing capacity and fails before the overall buckling of the
brace. The studies provided in the following sections have confirmed that this value is suitable for the
reduction coefficient. In addition, according to the experimental studies provided in this article, the ultimate

stress of the steel materials, F,, can be used directly instead of using Ry 'Cpr . Fy equation in the
calculations of ultimate loadbearing capacity of the brace, which is provided by the Iranian steel structures
code [28]. According to Table 3, the two experimental studies carried out here on braces with a box profile

made of plate and the braces with the I-beam profile have shown slight differences between the equation
provided in the Iranian steel structures code [28] and the ultimate stress of the steel materials.

Table 3. Final stress values in comparison with those of Cpr - Ry - Fy in the models.

Model name Cor - Ry - Fy (MPa) Fi (MPa)
Box shape brace 1.15-1.15-294=388.8 385
| shape brace 1.2-1.2-322=463.6 462.1

According to the above descriptions, Egs. 5 and 7 are finally defined as the following, respectively:

IDu,fuse < 0-8<Py,brace = Abrace ’ Fy); (10)
0.8.Ayace F
0. Fyrace Ty
Afyse < E (11)
u
The area cross section of thebrace
P must be selected bigger,
!
— A =80
Yes ]
(]
¥ ' 1
084400 Fy = Py s = Apusy Cor Ry Fy | | 0.8praee Fy = Py fune = Apuse-Fy
I !
Apune = “ﬁ‘;;;' e
{ |

|

.‘7 Pemand = AfuseFy

Figure 12. Flowchart of the brace and the fuse area calculation.

It should be noted that the capacity of the designed brace is equal to the fuse capacity based on
Eqg. (11), and the loadbearing capacity of the total cross-sectional area of the brace does not affect its
loadbearing capacity. Moreover, the fuse length for ILF-AECBs is calculated in such a way that the fuse
slenderness should be larger than the slenderness of the brace so that the overall buckling does not take
place in the brace during the performance of the ILF-AECB against the exerted load. Due to this matter,
Eqg. (12) must be satisfied for ILF-AECBs:

K-lpy

ace

Ifuse 2 'rmin,fuse1 (12)
rmin,brace

where i prace 1S the radius of gyration of the weakest piece of the fuse. Also, k is the compressive

effective length coefficient of the element, which is chosen according to the end conditions of the brace.
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2.1.2. Auxiliary elements in the ILF-AECB bracing

The second component in ILF-AECBs is the auxiliary element. Depend on the braces shape, auxiliary
element can have several parts. For braces with a box-shape profile section, the auxiliary elements
generally include the external and internal parts of the fuse with 1 mm distance from the fuse walls so that
they cannot affect the fuse loadbearing capacity. The rationale behind the existence of the auxiliary element
in the ILF-AECB is to prevent local buckling of the brace in the fuse area. As it is evident from Fig. 13,
auxiliary element is made up of an inner rectangular tube and four outer channels for bracings with a box
section.

|
! |Brace section in fuse
f— anea

Diffusion welding |

. || tnternal auxiliary
Extemal auxiliary element
element

(a) general view of the brace equipped

with ILE-AECB fuse (b) section of the brace in fuse region

Figure 13. A box-shaped brace equipped with the ILF-AECB fuse.

The length of these internal and external elements should be at least 150 mm more than the fuse
length plus the transition zones. The thickness of these elements must also be selected in such a way to
be able to neutralize the lateral displacement of the fuse. To fix the position of the four external channels,
one end of them must also be welded to the brace and to the inner tube throughout both sides of the
channels in the fuse region using the diffusion welding (Fig. 13b), which also fixes the position of the inner
tube.

In the I-shaped cross-section ILF-AECBSs (Fig. 14), the auxiliary elements are composed of two steel
elements placed within the web of the beam and reinforcing plates connected thereto. These elements are
designed and placed in a manner to have a 1-mm gap between the web and reinforcing plates. As in the
previous model, the length of the auxiliary elements must be at least 150 mm larger than all fuse ends, so
that it has the necessary performance to prevent the fuse from local buckling. As shown in Fig. 14a, a
stopper is used in the middle of the fuse length to fix the position of the auxiliary elements. According to
this figure, stiffeners with a minimum thickness of 8 mm and a minimum width of 50 mm with a height equal
to that of the reinforcing plate are also used to increase the strength of the reinforcing plates and prevent
their local buckling in the fuse zone. These stiffeners must be placed on reinforcing plates approximately
50 mm apart from the edge of the plate and each other.

Stffener

(a) general view of a brace equipped

with ILE-AECB fuse (b) section of a brace in fuse region
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(c) auxiliary element position (d) the view of stopper
Figure 14. An I-shaped brace equipped with the ILF-AECB fuse.

It is noteworthy that in all the studies carried out for this paper, the used auxiliary elements
surrounding fuse were so rigid and solid, thus the behavior of the studied braces was completely dependent
on fuse behavior and no unusual behavior was seen in models due to auxiliary element weakness.
However, it should be mentioned that inappropriate selection of surrounding auxiliary elements of the fuse
in terms of rigidity and strength can surely affect the performance and proper behavior of ILF-AECBs. Thus,
it seems necessary to carry out an accurate study on the determination of rigidity and strength parameters
for surrounding auxiliary elements of the fuse in the future.

3. Result and Discussion
3.1. Experimental study

3.1.1. Test setup, material properties, and loading pattern

In this study, an experimental research was conducted to investigate the behavior of the ILF-AECB
bracing system. The studied brace models and their test setup are shown in Fig. 15. The brace sections
are box-shaped and I-shaped in the first (Fig. 15a) and the second (Fig. 15b) models, respectively. The
fully detailed of these shape sections has been presented in Fig. 16. According to Fig. 15, both ends of the
models are welded to the end plates as fixed. The end plates are also connected to a rigid frame on one
side using high resistance 10.9 bolts and a 100-ton load cell on the other side. A 200-ton jack was used to
apply load to the models. According to Fig. 15, two strain gauges were also inserted in the middle distance
between the end load plate and the center brace for both the models. Six and five LVDTs were also used
in different parts of the models according to Fig. 15 (a and b).

(a) ILF-AECB brace with box-shaped section
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(b) ILF-AECB brace with I-shaped section and reinforcement plates

Load cell  End plate B End plate
_ :
— [mi *
Jack — == Experimental model
T [ O ] [m
End support [~ I ‘ End support

L/2
Roller support
(c) Schematic diagram of the experimental specimens
Figure 15. Experimental setup.

The brace profile and the details of the fuse used for both the models are presented in Fig. 16. The
length of all specimens is equal to 200 cm. The cross-sectional area and length of the fuse in the box-shape
brace are considered equal to 792 mm?2 and 200 mm, respectively, based on Egs. (2) and (3). These
parameters in the I-shaped brace are 1320 mm?2 and 200 mm, respectively. For box-shape model
(Fig. 13b), a 100.100.6 mm box is the inner auxiliary element and four standard 60 mm channels are the
external auxiliary elements. A length of 600 mm was selected for all auxiliary elements in both models.

3mm
74mm
3
E mm
£
g
102 mm
118 mm
22 mm |
(@) crsisasr;zgct;urzzeozrmﬁ)box- (b) fuse detail in the box-shaped brace (mm)
e 120 64 mm
£ 6.3 mm
~
£ ~ £
£ E s
2 E g
L] ~ -
1mm
©) cross-sg::;oen(%fr;r;e I-shaped (d) fuse detail in the I-shaped brace (mm)

Figure 16. Details of the brace section and fuse in specimen models.

The steel materials(that were be ST37) used in the specimen models have specific mechanical
characteristics (Table 4) that are obtained using the standard tensile test shown in Fig. 17. In this paper,
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the ATC-24 loading pattern [29] is used to obtain hysteresis responses of the experimental (section 3.1)
and numerical (section 3.2) models, as shown in Fig. 18.

Table 4. Material properties.

Model Y'em["\r/]lg;]t ress Y's?igmg Ultimate stress  Ultimate strain
Box-shape model 294 0.0025 385 MPa 0.1571
I-shape IPE12 308 0.0019 475 MPa 0.19
model Plate 265 0.0017 416 MPa 0.31
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(a) Load pattern for the box-shaped model

D (it}

Cyecle (Number)

(b) Load pattern for the I-shaped model
Figure 18. The ATC24 load pattern.

3.1.2. Interpretation of experimental results

Fig. 19 represents the hysteresis curves obtained from the specimen models. As shown in this figure,
the ILF-AECB has been able to provide a consistent and symmetric behavior under cyclic loading in these
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models. The tubby- and spindle-shaped curves obtained for the studied specimen models indicate that the
mechanism defined in the ILF-AECB bracing system has been able to function correctly and prevent brace
buckling. As shown in Fig. 19, the specimen models show no losses of the tensile and compressive
strengths under cyclic loading. Besides, the corresponding load bearing capacity has also increased in the
models with increasing the amount of displacement applied to the brace. The behavior of the box-shaped
specimen model under cyclic loading is illustrated in Fig. 20. As shown in Fig. 20a, the internal and external
auxiliary elements have succeeded in preventing the fuse from local buckling, so that the brace can
continue to operate without the loss of strength in compressive load. According to Fig. 20b, the brace stops
functioning and rupture occurs in the end zone of the fuse in the tensile loading cycle. The behavior of the
I-shaped cross-section ILF-AECB bracing system is presented in Fig. 21. In this model, the auxiliary
elements have also been able to prevent the fuse from the local buckling and eventually the brace is torn
in the middle of the fuse in the tensile loading cycle (Fig. 21b). However, it is important to mention that the
friction between the fuse components and auxiliary elements definitely resulted in the earlier failure of the
fuse. This subject has decreased the fuse capacity in bearing of more deformation and energy absorption.
The study of this topic, in detail, is necessary in the future.

(a) Box-shaped ILF-AECB brace (b) I-shaped ILF-AECB brace

Figure 19. Hysteresis curve of specimen models.

(a) prevention of fuse local buckling by auxiliary
elements

(b) tearing of brace at the end of the fuse

Figure 20. Failure of the box-shaped model.

The envelope curves of specimen models are presented in Fig. 22. According to these curves, the
box-shaped model in the tensile region has undergone an initial yielding in the fuse region at a displacement
of 0.3 mm and a corresponding load of 32.6 kN. In addition, the maximum load bearing capacity of the
model (251.2 kN) occurred at a corresponding displacement of 10.2 mm; after this displacement, the model
was raptured and broken in the fuse end zone. The brace offers a good performance in both the
compressive and the tensile zones. In this zone, the braces have undergone an initial yielding at a
displacement of 0.33 mm and a corresponding compressive load of 99.6 kN. Then, the brace was able to
reach a maximum compressive load of 250.1 kN, which corresponds to a displacement of 9.54 mm. In the
other model (Fig. 22b) the I-shaped cross-section ILF-AECB was able to provide a good performance in
tensile and compressive loads. In the tensile region of this model, it has undergone an initial yield at a load
of 97.5 kN and a displacement of 0.865 mm, and has experienced a maximum tensile strength of 493 kN
at a corresponding displacement of 9.2 mm. In the compression zone, the mentioned specimen model
withstands the compressive load without any buckling. In this region, an I-sectional specimen model has
undergone an initial yield in a load of 209 KN and a corresponding displacement of 0.845 mm. Then, it was
able to reach a maximum load bearing capacity of 487 kN at 7.2 mm displacement. The model has
experienced a 438 kN load at a displacement of 10.2 mm in the compression zone during the last loading
cycle. Finally, the model is torn in the center of the fuse after the last loading cycle and during the tensile
loading cycle (Fig. 21b).
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(a) prevention of the fuse local buckling

by auxiliary elements (b) tearing of the brace in the middle of the fuse

Figure 21. Failure of the I-shaped model.
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(a) Box-shaped ILF-AECB (b) I-shaped ILF-AECB

Figure 22. Envelope curves of specimen models.

With respect to the abovementioned issues and according to Eq. (13), the tensile ductility, u¢, and

the compressive ductility, xc, are 34 and 29 for the box-shaped specimen model, and 10.6 and 12 for the
I-shaped specimen model, respectively. This amount of ductility, especially in the compression zone, is far
greater than that of conventional concentric bracing systems, which indicates a more ductile behavior of
the ILF-AECBSs than that of conventional concentric braces.

p=-_"t. (13)

In Eq. (13), p, 8y,
displacement of the element, respectively.

and J,, are the ductility, the yield displacement, and the ultimate

The amounts of energy dissipated by the box-shaped and I-shaped specimen models were equal to
19728 kN.mm and 22283 kN.mm, respectively. Fig. 23 depicts the relative energy curves, ER, of the
mentioned models. Each point in this curve represents the amount of energy dissipated by the brace in
each loading cycle to the mean of the maximum compressive and tensile displacements corresponding to
that cycle.

o a 6 9 12 15 " 2

(a) Box-shaped ILF-AECB
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(b) I-shaped ILF-AECB

Figure 23. ER curves of specimen models.

Generally, when the amount of a brace energy dissipation increases with increasing the imposed
displacement thereto, then it can be concluded that the brace has a desirable energy dissipation capacity,
which is clearly shown in Fig. 23. With respect to this figure, it can be concluded that the ILF-AECBs are
able to increase their relative energy dissipation capacity up to their ultimate performance due to the fact
that buckling is not going to occur therein. In the case of common concentric bracing systems, however,
the amount of ER decreases significantly after the overall buckling [26].

3.2. Numerical study

3.1.3. Verification of numerical study

First of all, the results of numerical studies need to be validated using the results of experimental
studies. For this purpose, the Fuse-expr-box and Fuse-expr-l numerical models were generated
corresponding to their specimen models in Abaqus 6.12 (2012) software using SOLID elements in three-
dimensional form and then subjected to uniform loading (Fig. 13 and 14). The mechanical properties of the
numerical models are provided in Table 4. These materials were defined in ABAQUS by a bi-linear curve
with a moderate hardening slope in the plastic region (nearly 0.001 of elastic slope). This curve is symmetric
in tension and compression. In addition, the element contacts of the numerical models were defined by the
Interaction Module and surface-to-surface contact. The tangential behavior of the contact areas in the
numerical models was frictionless. To create buckling conditions for the entire numerical models, an initial
displacement 0.01 times as large as the bracing length was applied to the middle of the bracing. The mesh
size of 1 cm was applied. To more critical areas and the joints of two parts, a mesh size of 0.5 cm was
applied. Also, C3D8I elements were applied to the meshing of all parts. The envelope curves of the
specimen models and the capacity curves of numerical models are compared in Fig. 24. As shown in this
figure, the numerical models have been able to provide a good estimate of the capacity of the specimen
models.

—Expaimmil modd — -Numerical model

Disp (mm)

a) The box-shaped ILF-AECB
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b) The I-shaped ILF-AECB

Figure 24. A comparison between envelope curves of specimen models
and their corresponding numerical models.

3.1.4. The effect of the local fuse shape

This section examines the effect of the fuse shape on the box-shaped ILF-AECB hysteresis
response. For this purpose, four models were made in the Abaqus 6.12 software (Fig. 25,). The Fuse-expr-
box model corresponds to the specimen model, where the fuse is created by equally reducing the cross-
sectional area on four sides of the brace section. In this model, the fuse is also created by trimming the
outer region of the brace sides. In the Fuse-expr-2face model, the fuse is only created on two sides of the
brace by trimming the outer zone of them. In the Fuse-cutside and Fuse-cutside-2face models, the fuses
are also created by cutting the inner zone of the bracing sides, with the difference that the fuse is distributed
equally on four sides of the brace in the former, but it is only created on two sides of the brace in the latter.

a) Fuse-expr-box model b) Fuse-expr-2face model

¢) Fuse-cutside model d) Fuse-cutside-2face model

Figure 25. Numerical models for examining the influence of the fuse shape.

Fig. 26 compares the hysteresis responses of numerical models. As shown in this figure, the Fuse-
cutside and Fuse-expr-box models, with fuses evenly distributed over their sides, have the most stable and
tubby hysteresis curves. The Fuse-cutside model also offers better performance within the two models.
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Figure 26. A comparison between hysteresis curves of box-shaped numerical models.

The overall behavior of numerical models is the same under cyclic loading, but minor differences in
load bearing and energy absorption capacities have caused a distinction between them. The Fuse-expr-
box model has the greatest maximum tensile load bearing capacity (260 kN). The maximum load bearing
capacities are 258 and 252 kN in the Fuse-cutside model and in the other two models, respectively. The
greatest maximum bearing capacity value among the studied numerical models is only about 3 % higher
than the smallest values of these parameters. The Fuse-cutside model has maximum compressive load
bearing capacity (262.5 kN), with values of 243, 232, and 238 kN in the Fuse-expr-box, Fuse-expr-2face,
and Fuse-cutside-2face models, respectively. The maximum load bearing capacity of the Fuse-cutside
model was 8 %, 13 %, and 10 % higher than the Fuse-expr-box, Fuse-expr-2face, and Fuse-cutside-2face,
respectively. Also, the energy dissipated by the Fuse-cutside model (21411 KNmm) is higher than those of
19728, 17474, and 18492 kNmm for Fuse-expr-box, Fuse-expr-2face, and Fuse-cutside-2face models,
respectively. In other words, the Fuse-cutside model has been able to dissipate about 8.5 %, 22.5 %, and
16 % more energy than Fuse-expr-box, Fuse-expr-2face, and Fuse-cutside-2face models, respectively,
under the cyclic loading. According to the content presented in this section, it can be concluded that the
ILF-AECB provides its best performance against cyclic loading, when the localized fuse is evenly distributed
between the bracing faces and is created by trimming its internal zone of those faces.

In the case of I-shaped cross-section ILF-AECB, the most optimal and economical form of the brace
cross section is the same as what presented for the Fuse-expr-1 model. As seen in the box cross-section
ILF-AECB, the maximum difference in the energy dissipation capacity was 22.5 % between the compared
models. However, if it is required to form a new shape of the fuse in I-shaped cross-section braces, it will
require a local cut in | section part of the brace and the reinforcing plates connected thereto. This fact will
greatly increase the cost of constructing I-shaped cross-section ILF-AECBs, making them uneconomical.
However, in the ILF-AECBs with | cross-section, which is similar to the Fuse-expr-1 model, the fuse can
easily be implemented at no cost in the construction site. Therefore, it can be concluded that even an
improvement of 22.5 % in the energy dissipation capacity, which is the maximum improvement of this
parameter, is not considered a significant improvement in comparison to the increase in the implementation
cost of the I-shaped cross-section ILF-AECB in fuse shapes, except for the fuse shape in the Fuse-expr-I
model. For this reason, the study on the various fuse shapes in I-shaped section braces is ignored herein.

3.3. Comparative analysis study

In this section of the study, the behavior of ILF-AECB frames is compared with that of the
conventional concentrically braced frame. For this purpose, a 5-story building with a chevron braced lateral
resistant system was first designed with the assumption of symmetry and regularity in the plan and height
based on the Iranian steel structures code [28] using the ETABS 9.7.4 software [30]. The plan of the building
is illustrated in Fig. 27. The height of all stories and the width of all spans are 3 m 4 m, respectively.
According to these dimensions, the frame diagonal, which is equal to the length of the brace, is 3.61 m.
The building frame was designed with the assumption that the frame to the ground, the beam to the column,
and the brace to the frame are all connected in a pinned manner. Furthermore, the building location was
assumed to be in Tehran city and the type of the soil was assumed to be D in the analysis. The dead and
live loads of the stories were respectively assumed to be 540 and 200 kg/m?, while those of the roof were
assumed to be 570 and 150 kg/m?, respectively. In addition, the load of the walls was distributed uniformly
and was considered to be 195 kg/m?Z.
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After the completion of the analysis, the maximum force in the braces of each story was extracted
from the ETABS software. Then, the brace was designed based on the formulation of the ILF-AECB. The
profiles of the fuse and the brace, as well as the fuse length were obtained based on Eqgs. 11 and 12,
respectively. In order to classify the profiles of the building, the design forces for the braces of the first and
second floors were considered the same as the maximum force (41 ton) of the first floor. For other floors,
the maximum force of the brace was the same as that (25 ton) in the third floor. Interestingly, the smallest
choice profile of the brace should be Box120*120*8 in designing the braces to satisfy Eq. (4), with
assumptions of yield stress and ultimate stress being equal to 2400 and 3700 kg/cm?, respectively (the
slenderness of the brace is less than 80).
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Figure 27. The plan of the studied analytical model.

The cross-sectional area of this profile is 35.84 cm? and that of the fuse is 20.8 cm? for the mentioned
profile based on Eq. (11). Hence, the designed fuse in this profile has a yield load of 51 ton. In other words,
the smallest selected profile of the brace, which is obtained based on the slenderness equation,
automatically satisfies both demand loads. Due to the points mentioned above, therefore, the bracing profile
in all spans and floors was considered to be Box120*120*8. Also, the fuse length is 25 cm for the profile
mentioned above based on Eq. (12). After obtaining the profile for the brace, the beams and columns for
the building mentioned above with the chevron bracing resistant system were designed using ETABS. The
final structural elements obtained from the design are provided in Table 5.

Table 5. Structural elements of the studied models.

Story Brace Beam Column Fuse Area (cm?) Fuse Length

(cm)
1 BOX120*120*8 IPE160 BOX160*160*12.5 20.80 25
2 BOX120*120*8 IPE160 BOX160*160*10 20.80 25
3 BOX120*120*8 IPE160 BOX120*120*10 20.80 25
4 BOX120*120*8 IPE160 BOX120*120*10 20.80 25
5 BOX120*120*8 IPE160 BOX120*120*10 20.80 25

After the above steps and designing the building, a frame of the building was extracted (all braced
frames of the building were the same) to compare the behavior of the ILF-AECB frame with that of the
conventional concentrically braced frame. Then, this frame was modeled in ABAQUS with two different
modes as a 2D model. In the first mode, the frame was modeled as a concentrically braced frame, named
CBF, in ABAQUS software (Fig. 28). In the second mode, a model was created named the ILF-AECB,
where the beams and columns are the same as the previous model (CBF), but the brace is modeled as
ILF-AECB. In this model, the brace is divided into three parts. At the two ends, the profile of Box120*120*8,
which was obtained from the design and used for the CBF model, is used for this case. In the middle, which
is 30 cm away from the end of the brace with a length equal to the fuse length (25 cm), an element is
embedded with the same cross-sectional area of the fuse (20.8 cm?). For modeling the auxiliary elements
to prevent the fuse from local buckling, this section of the brace was restricted locally with defining a specific
boundary condition, which avoids the displacement of the fuse in the direction perpendicular to the length
of the brace. Fig. 29 shows the ILF-AECB model. A 2D beam element with shear flexible linear meshing
was used in all the modeling processes.
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Figure 28. The CBF model.
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Figure 29. The ILF-AECB model.

After the completion of modeling, a nonlinear static analysis was done for each model to compare
the response of the ILF-AECB with that of the CBF. An inverted triangle displacement loading plan with a
displacement pitch of 2 mm was used in both analyses. After analyzing the models, the curves of their
capacities were obtained as shown in Fig. 30, showing that the base shear of the ILF-AECB model is less
than that of the CBF model for all displacement pitches. The maximum difference of the base shear between
both models is 15 % in the elastic area, which varies from 15 % to 20 % in the non-elastic area with
increasing the displacement. This shows that the use of ILF-AECBSs in the structure reduces the base shear,
which is the base of designing the main structural elements in comparison to the conventional concentrically
braced frame, resulting in the use of lighter structural elements in the structure and thus reducing the
construction costs of the structure. Moreover, the lower base shear in the ILF-AECB than that of the CBF
model demonstrates that the fuse elements in the former have desirably lessened the input energy to the
structure, which is also proved previously in the numerical and experimental studies.

—CBF —LF-AECE

Force (ton)

Disp (cm)
Figure 30. Comparing the capacity curves of analytical models.

In order to compare the lost energy by the ILF-AECB frame with that of the concentrically braced
frame, two one-story single-span frames of the first story of the above mentioned frames were chosen
(Fig. 31) and underwent a displacement nonlinear static cyclic loading. After modeling the frames, a
displacement loading pattern with a displacement step of 2 mm was applied to the columns of the frames
in a cyclic form (Fig. 31). Then, the hysteresis curves of the frames were obtained as in Fig. 32.
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Figure 31. One-story one-opening studied frames.
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Figure 32. Hysteresis curves of studied frames.

As shown in Fig. 32, the conventional concentrically braced frame had a significant initial elastic
stiffness as expected, and it could withstand a base shear of 91 ton elastically without any energy
absorption. After this load and due to the buckling of the braces, the frame lost its loadbearing capacity,
and its load decreased from 91 ton to about 29 ton (almost 69 % reduction). The energy absorption of this
frame was around 121.5 ton-m. However, the scenario is different in the ILF-AECB frame, which entered
the non-linear area from a base shear of 50 ton and began to absorb the energy due to the existence of
the locally restricted fuses in this frame. Afterward, the frame could tolerate loads up to 68.5 ton of the base
shear in larger loading cycles due to the hardening of the steel materials of the fuse without any sudden
drop in the loadbearing capacity. The dissipated energy in this frame was about 243.5 ton-m. According to
the above points, itis finally concluded that the ILF-AECB could provide more stable behavior, more energy
absorption (about two times), and lower maximum base shear (about 15%) than the CBF frame. This would
be expected from the ILF-AECB frame before performing the nonlinear static analysis. The final deformation
of the frame is illustrated in Fig. 33.
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Figure 33. Final deformations(cm) in the studied frames.

4. Conclusion

In this study, a new ILF-AECB has been introduced as an alternative to conventional concentric
bracings using numerical and experimental studies. The rationale behind the creation of the ILF-AECB is
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to improve the behavior of this element in the compressive zone by preventing the concentric brace from
buckling. For this reason, a local fuse was created in the brace to prevent the overall buckling in the brace
and the bracing buckling was limited locally to this zone. Then, the local buckling was prevented through
the use of auxiliary elements in the fuse region, which resulted in a stable and symmetric cyclic response,
and thus, tubby and spindle shaped hysteresis curves were created for this element under cyclic loading.
Therefore, the following results are presented in this study:

e The ILF-AECB provides a stable and symmetric response to cyclic loading because it uses a
restricted lateral fuse mounted on the ILF-AECB, which prevents it from buckling and causes the
brace to have a desirable performance in a compressive zone as the tensile zone.

e Due to the absence of brace buckling, the ILF-AECB has a very high ductility in the compressive
zone, as the tensile zone, while conventional concentric braces have an undesirable ductility due
to the brace buckling in the compressive zone, and in many cases, the bracing behavior is
considered only in the tensile region.

e The ER curve is ascending for the ILF-AECB, meaning that the energy dissipated in each cycle of
displacement loading increases significantly with displacement increment in the brace. In
conventional concentric braces, however, the amount of ER reduces significantly after brace
buckling and, as a result, full brace capacity will not be used for energy dissipation.

e The shape of the local fuse applied to the brace is an effective factor in the box-shaped ILF-AECB
system cyclic response. According to the results of this article, it can be concluded that the optimal
fuse shape for getting the best performance of the box-shaped ILF-AECB system will be achieved
when the fuse is evenly distributed between the brace sides and is obtained by trimming the internal
regions of these faces, as in the Fuse-cutside model. In the case of I-shaped cross-section ILF-
AECBs, the energy absorption improvement is not very significant as to become superior to
economical aspect of its construction because the optimal economical form of the fuse type is the
same as that used in the Fuse-expr-l model and in the other modes of the fuse shape. Therefore,
the other fuse shapes were ignored in these bracings.

e In this article, a comparison of the analytical studies between the single-span one-story frame of
the LF-AECB and the conventional single-span one-story concentrically braced frame showed more
stable performance, lower base shear (about 15 %), and more energy dissipation (about two times)
for the LF-AECB frame.
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Abstract. An air-conditioned room with automatic regulation of its microclimate systems using complex
control algorithms is one of the most complex objects for calculating non-stationary thermal regime, so this
mode is still insufficiently studied. At the same time, such facilities are typical for providing internal weather
parameters in civil buildings. In this paper, we consider a simplified mathematical formulation and solution
to the problem of changing the temperature of internal air in a room equipped with a back-ground supply
ventilation system and automated local cooling systems under variable thermal effects. The main equations
connecting the most important components of the heat flow in the room are analyzed, given we neglect the
heat accumulation of the array of fences in the first approximation. The dependence on time for the devia-
tion of the room air temperature from the setpoint and the expression for the moment of time at which the
maximum temperature deviation is observed, when the heat flow changes abruptly and the equipment of
local cooling systems is regulated according to the integral law are presented. Calculations were made to
confirm the obtained analytical solution using a finite-difference approximation of the differential equations
of heat balance and heat transfer, as well as by comparing the solution obtained by the author earlier,
taking into account the spread of the temperature wave in fences, on the example of one of the currently
existing residential buildings in the climatic conditions of Moscow. It is noted that the estimated value of the
largest temperature deviation from the setpoint (dynamic control error) and the time for this deviation in the
considered problem statement do not depend on the transmission coefficient of the regulator. The obtained
relations are proposed to be used for an approximate assessment of the non-stationary thermal regime of
an air-conditioned room served by local cooling systems controlled by the integral law, as well as for deter-
mining the required parameters of the regulator, including using multivariate calculations with changes in
the parameters of the problem.

Citation: Samarin, O.D. Thermal mode of a room with integrated regulation of microclimate systems. Mag-
azine of Civil Engineering. 2022. 116(8). Article no. 11610. DOI: 10.34910/MCE.116.10

1. Introduction

In the present paper, as an object of a study it is considered the behavior under the conditions of
variable thermal effects of the internal air temperature in premises equipped with automated local cooling
systems and background supply ventilation system.

The set of internal meteorological parameters in premises must be maintained within the limits de-
termined first of all by the conditions of human comfort or the maintenance of technological process, which,
in turn, are mainly associated with life safety requirements. In fact, the hygrothermal regime is stabilized
mainly with the help of automatic regulation and control of engineering systems for microclimate mainte-
nance allowing for building's own thermal capacity. At the same time, since the thermal effects on premises
and their heat losses are almost always variable, this task turns out to be significantly non-steady.

© Samarin, O.D., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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The issues of calculating the temperature change in air-conditioned premises in the course of ap-
pearance of thermal disturbances have been studied for quite a long time. So, some simplified analytical
solutions to this problem are even given in reference and educational literature. Of course, they mainly
relate only to the thermal regime of insulated enclosures when cooling a building under the conditions of
emergency shutdown of heat supply systems or on periodic changes in heat fluxes without taking into
account the overall heat balance of premises. However, it can be noted that in recent years more complex
papers have been published, in particular, [1, 2], but their results in many cases turn out to be complicated
enough, at which point it is difficult to use them for engineering calculations. At the same time, numerical
methods are more used for study non-steady regimes and their modeling. Therefore, publications [3, 4], for
example, may be interesting in this respect, and especially approaches of this type are currently character-
istic of foreign papers, among which there are quite typical studies [5—7]. However, a number of options for
these solutions relate to objects of a specific type, operating in limited areas and under special conditions,
for example, underground pipelines [8], or for ventilated facades combined with natural ventilation systems
[9]. The work [10] is devoted to the non-stationary gas regime of a room with the release of harmful sub-
stances contained in building materials in it and the management of this regime, but the theoretical basis
of the processes considered there and the results obtained can in many ways be extended to the thermal
regime. Moreover, the authors of some studies in this area, on the contrary, solve the inverse problem —on
determination of thermophysical characteristics of a material by studying temperature fluctuations [11-13]
or using thermography methods [14]. Papers [15-19] are devoted to the modeling of processes in premises
as a whole. Thus, in [15] it is presented a very detailed multiparameter numerical model of a simulation
type, but it applies only to the cold season in the presence of heating. The publications [16—19] are also
quite holistic, for example, in [16, 17] they talk about the use of the principles of fuzzy logic in organization
of microclimate control, and [18, 19] are mostly based on the methods of automatic control theory, but their
results are still quite difficult for use in engineering practice. Finally, there are studies concerning the general
principles of the management of engineering systems of a building and the energy saving under these
conditions, for example, [20—-22], but due to their general nature, they also do not have specific dependen-
cies of interest to us.

On the basis of differential equation of the balance of convective heat for premises as a whole, the
author in article [23] managed to find an analytical solution to the problem of the temperature drop in the
event of emergency shutdown of heat supply. However, more complicated cases require additional consid-
eration when such an equation is nevertheless amenable to integration. First of all, we are talking about
regimes when the premises are serviced by standard systems for maintenance of internal microclimate,
equipped with the appropriate equipment for their automatic regulation, which makes it possible to provide
the required set of internal meteorological parameters under variable thermal effects. Therewith, in many
cases, control algorithms with an integral component are preferable, when the control action is proportional
to the sum of the accumulated deviation from the moment the thermal disturbance appears, and, therefore,
the control process will be carried out until this deviation is completely eliminated. Thus, in contrast to
simpler proportional controllers, this circuit is devoid of their main disadvantage, namely, a non-zero static
control error.

However, it should be noted that in the engineering practice of recent years, the more typical situation
is when the temperature of the air in premises and the temperature of surfaces of their enclosing structures
is actually maintained at the required level, mainly due to local cooling systems, for example, of the “chiller-
fancoil” type or split systems. They use complete recirculation of the air cooled and, therefore, do not take
part in the overall air balance of premises. Another fairly common option is the installation of radiant panel
cooling systems, the most common of which in recent times are chilled ceilings. In all these cases, the
provision of the sanitary-hygiene requirements is accounted for a part of mechanical supply air system,
namely, the maintenance of the necessary cleanliness of the internal air, and if at the same time it is pro-
vided the cooling of the inflow, then this process serves mainly to reduce, as far as possible, the heat load
on the local cooling systems so that hot air does not enter the premises.

In publication [24], the author obtained a very general analytical solution to the problem of change of
the temperature in the premises under these conditions using the integral law of climate system regulation.
The corresponding dependence is written in the form of a fairly rapidly convergent series in powers of the
independent variable, which is the square root of the time period elapsed since the appearance of the
thermal disturbance. However, it is advisable to consider the possibility of some simplification of this solu-
tion on retention of its physical validity, which will expand the possibilities of its analysis and comparison
with existing analogues, with the simultaneous identification of limits when such a simplification is permis-
sible, and, thereby, with an evaluation of the degree of influence of various parameters of the problem on
the behavior of internal temperature.

Therefore, the relevance of the proposed work consists in the need to search for simpler analytical
dependences of the time variation of the internal air temperature in premises cooled by local automated
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systems, taking into account the amount of heat input, the thermal stability of premises and the character-
istics of the controller, as well as the relationship of these characteristics with the maximum temperature
deviation from a given value. These dependencies should be written in the form of final formulas acceptable
for engineering use, but, at the same time, physically based, having satisfactory accuracy and allowing for
evaluative multivariate calculations to analyze the behavior of the temperature in premises and synthesize
the corresponding automatic control system. The application of the results achieved in this case will be
possible for a very wide range of objects of a similar type.

The objective of the paper is to develop simplified analytical methods for calculating the non-steady
thermal regime of premises served by local automated cooling systems in the presence of a background
unregulated inflow. The tasks of the study are the following:

— setting up of a basic system of differential equations describing the heat balance and heat exchange
in air-conditioned premises, taking into account the presence of automated systems for microcli-
mate maintenance;

— obtention of an analytical solution of this system in the form of final formulas upon a jump-like
thermal effect and regulation of cooling systems according to the integral law;

— construction of analytical dependencies for the maximum deviation of the air temperature in prem-
ises from the setpoint and for the moment in time when this deviation is observed, and their confir-
mation by comparison with the data of program generation;

— identification of limits when the introduced simplifications are acceptable, and evaluation of the
degree of influence of the problem parameters on the thermal conditions of premises based on
comparing the results with the general analytical solution obtained by the author in paper [24].

2. Methods

Let's write the equation of the balance of convective heat for the air in premises within the framework
of its one-zone model in the following form:

dt;
Qin + Gsca (ts _tin )/3600 - Qc - A(tin.O _tin ) :Vrcapa d_l:’ (1)

where Q;, is the delivery of sensible heat to the air of premises from sources, W; Q. is the amount of
regulated heat flow, W, from local cooling systems, which is designed to compensate for heat gain; V, is
the volume of premises, m?; 7T is the time interval, s, from the moment of the variable thermal effect; Gs is

the mass flow rate, kg/h, which is usually considered equal to the value of the exhaust flow rate Gex due
to the almost instantaneous stationarity of the air balance of premises in comparison with the thermal;
C, = 1005 J/(kg-K) is the air specific heat; p, = 1.2 kg/m?is its density; t;, is the temperature of internal
air in the premises, °C; iy is the inflow temperature, °C; t;, 5 represents the controlled level tj,, or the so-

called setpoint; A is the total index of convective heat transfer on surfaces in the premises, W/K. It is
calculated as o, > A, where o, is the average coefficient of convective heat transfer, which in the first

approximation can be taken in the amount of 3.7 W/(m2-K), and Y, A is the sum of the areas of surfaces
of the enclosing structures facing the room, m2. It is assumed that the initial temperature of these surfaces
is averagely equal to tj, 5. Thus, the equation (1), in comparison with the one presented in [24] in the last

term of the left side, takes into account only the flow of convective heat due to heat transfer on the surfaces
of enclosures, and does not consider the temperature change of the structure material itself. But on the
right side there is a complex representing the amount of heat that goes for change in the temperature of
the volume of air contained in premises. Further, it will be shown that in this case, neglecting it in the
considered formulation of the problem can lead to incorrect results. At the same time, as in [24], it is as-

sumed here that tg = const, since regulation is still carried out due to local cooling systems.

If the level t;, is automatically maintained by a controller in which a continuous integral law is realized

by means of the necessary change in Q, value, it is easiest to write the additional coupling equation in the
following form:
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dQ,
dz

Here K, is the equivalent transfer coefficient of an automated system, W/(K's), via the channel

=K, (tin.o —tin ) (2)

“tij, — derivative of Q.”. Using the concept of excess temperature 0;, =t;, —t;, 9, and term-by-term

differentiating (1) with respect to T for the possibility to plug there the expression (2), we write (1) in the
canonical form:

d%;, , de;
5+ A—1+ BO;, =0. ®3)
dt dt
Parameters A, s, and B, s, can be determined here by the following formulas:
_GiCa/3600+A o K
ViCaPa ViCaPa

It is easy to see that the differential equation (3) refers to linear homogeneous equations of the 2
order with constant coefficients, as a result of which the simplest operational solution method can be applied
to it. The characteristic equation for (3) will have the following form:

A

(4)

p?+Ap+B=0, (5)

where p is the Heaviside operator. In fact, in this case, the premises are treated as a second-order linear

inertial link. From (5) we get:
PLo :(—Ai \ A? —48)/2, (6)

and finally write down the general solution in the following form:
Oin = Cyexp( py7)+Cyexp(py), (7)

where C; and C, are constants that can be obtained from the initial conditions. Obviously, that at T = 0

and 0;, = 0, whence C; = —C,. From (1) it can be found that in this case there is a relation
dt;,

V,Capa —— =—Qi,, whence we have:

dt
Qin
Oin = - exp( prt)—exp(pyt) |- 8)
) Vrcapa\/A2—4B[ ]

It should be noted that, by virtue of relations (4) the equation (3) does not admit asymptotics at
V, — 0, and in the case of eliminating the corresponding term from the right side of (1), it is easy to show

that then the variables become separable, and the resulting solution will have an absolutely exponential
form. This does not correspond to the physical meaning of the problem under consideration, since when
using the integral control law, the controlled value, as it is known, passes through a maximum and then
tends to zero — either monotonically or in an oscillatory manner, depending on the parameters of the object

and the controller (oscillations will obviously be observed at A2 < 4B). That is why, in this case, taking
into account the V, is mandatory, even given that this complicates the solution to a certain extent, although

due to the constancy of the coefficients in (3), this is not critical at all.

3. Results and Discussion

For the sake of clarity, it is advisable to give an example of calculating the tj, value according to

expression (8) in the premises with parameters A = 0.0059 s-* (which corresponds to V, = 42m3,
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> A =49 m?, Gg =430 kg/h) and K =0.25 W/(K's), whence B =4.9-10-° s-2. In the course of calcula-

tions, the initial t;,, ; value was taken equal to +20 °C, and the value of heat gain jump Q;, =500 W. The

corresponding graph is shown in Fig. 1 as a solid curve. For comparison, the dotted line shows the results
of numerical modeling upon the same initial data using the computer software developed by the author,
which is based on the direct solution of the system of differential equations of non-steady heat transfer in
enclosures and heat transfer on their surfaces [23]. The dash-dot line shows the dependence of the internal
temperature on time, obtained using an analytical solution that takes into account the heat capacity of the
near-surface layer of the enclosing structures facing the premises [24].

0 200 400 600 800 1000 1200 1400 1600 1800 2000

1,5

Figure 1. Dependence of @in on time for the premises under study (solid line — according to for-
mula (8), dotted line —numerical calculation, dash-dotted line — analytical solution [24]).

It can be pointed out that the numerical calculation data show a fairly satisfactory coincidence with
an expression (8), especially for large T values, in any case, from the point of view of the value of the

maximum deviation t;,, and the time when it occurs. Moreover, this coincidence turns out to be even closer
than with the results of analytical calculations, with which the maximum proximity manifests itself, on the
contrary, in the initial period, at the stage of temperature deviation increase. Apparently, this is related to
the fact that the analytical solution [24] still gives a better asymptotic behavior at T — 0, while at higher T
prevails the fact that, up to a certain limit, when the penetration of the temperature wave into the thickness
of the material of enclosures already becomes significant, the simplified equation (3) describes quite well
the real process of regulation of the temperature in premises. In any case, the solution (8), on the one hand,
shows its physical validity and suitability for rough estimates, taking into account its relative simplicity and
the possibility of carrying out necessary operations to find the maximum and solving other problems of
analysis, and on the other hand, it also confirms the sufficient reliability of more exact analytical solution
[24].

The expression for the moment in time 7,55, S, at which it is observed the maximum temperature
deviation from the setpoint, can be obtained from the condition dﬁin/dr =0, whence, bearing in mind that

in real conditions for stable automatic control systems, the ratio of the parameters AZ/B is much greater

than 1 (in particular, for the example under consideration, it is equal to 7.16), and neglecting the small
terms, we can write down the approximate formula:

|n(A2/ B)
Tax = ©)
In our case, the T,,, value turns out to be equal to 332 s, while the graph in Fig. 1 gives a value of

about 380 s, i.e., the error is about 13 percent, but taking into account the simplicity of dependence (9) and
its deliberately estimated character, this can be deemed quite satisfactory. However, both the numerical



Magazine of Civil Engineering, 116(8), 2022

calculation and the analytical solution [24] lead to higher T,,,, (about twice). This is physically more justi-

fied, since these options already take into account the influence of heat inertia of the array of enclosing
structures, which leads to a shift in the moment of a maximum temperature deviation to a later term. Nev-

ertheless, within the framework of the problem under consideration, the expression for T, is auxiliary,

necessary for estimation of the maximum level 0j,, i.e. 0, that interests us the most. Plugging (9) to
(8) and, neglecting once again small terms, we obtain:

Qin
0 = . (10)
max G /3600+A
s a

It is easily seen that this expression has a very simple physical meaning, namely, it turns out that
within the model used, and the maximum temperature deviation from the setpoint is determined by the
heat-assimilating ability of the air in the background ventilation system and the resulting heat flux due to

heat transfer on the surfaces of enclosures. In our example, the 0,5, value according to formula (10) will

be equal to 1.66 °C, which is 25-30 percent higher than directly according to the dependence graph (8)
and according to the calculation data for the rest of the options in accordance with Fig. 1, so the relation
(10) gives the result with a certain margin due to neglect of the influence of the thermal inertia of enclosures.
It should also be said that for the general nature of the dependence (8) depicted in Fig. 1, one can find a
significant similarity with the relations that lead, for example, to the authors [15] and [16] under similar initial
conditions, and the observed temperature deviations from the initial values generally correspond to the
level that is noted in [25] under close regimes. In addition, Fig. 2 shows a comparison of the calculation
results according to expression (8), shown earlier in Fig. 1, with the data of full-scale measurements of the
non-stationary thermal regime of a room serviced by an automated air heating system under similar control
conditions given in [26] (dotted line), after normalization by the magnitude of the maximum temperature
deviation. It can be seen that, up to the moment of maximum and even somewhat further, experimental
measurements give a similar nature of dependence, which further confirms the theoretical provisions of the
proposed work. The dash-dotted line represents the change in the relative concentration of harmful impu-

rities in the room air C, according to [10] also under similar control conditions after bringing to the appro-

priate deviation scale and time. Although the equations describing the gas regime differ somewhat from
those considered here, the simplifications adopted in the derivation (8), namely the neglect of heat accu-
mulation of the structural material, bring (8) closer to the result that can be obtained for changing the con-
centration, which is confirmed by Fig. 2.

1.6
em, K, C!’

1.4

1,2

0.8
0.6
0.4

0.2

o T, S
(0] 100 200 300 400 500 600 700 800

Figure 2. Dependence of 8in on time for the premises under study (solid line —
according to formula (8), dotted line — full-scale measurements [26], the dash-dotted line

is the same according to [10] for the relative concentration of the harmful substance Cy).
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4. Conclusion

1. Itis shown that the simplified analytical solution obtained in the paper, which describes the change
in t;,, value in premises served by a background uncontrolled inflow and automated local cooling systems,

subject to their control according to the integral law, for an abrupt change in heat input, it satisfactorily
describes the real process of heating or cooling, at least at not too small T values.

2. It is noted that the discovered dependence for t;, is expressed explicitly through exponential

functions of T and allows to easily analyze the problem and the subsequent synthesis of the automatic
control system by varying the numerical coefficients in the solution.

3. It was confirmed that, as in other versions of the problem statement, the maximum deviation of
tj, from the setpoint (dynamic control error) is proportional to the value of thermal disturbance, however,

in the considered embodiment, the estimated level of this deviation and the moment in time, for which it is
observed, are not directly related to the value of the controller gain.

4. It is proved that, all other things being equal, the simplified solution gives the maximum coinci-
dence with the data of numerical calculations for the moments in time, starting with the maximum deviation

ti, . since the analytical solution [24] still gives better asymptotics at T — 0.

5. Itis shown that the results obtained additionally confirm the reliability and practical applicability of
the previously found analytical solution [24], which takes into account the thermal stability of the enclosures
of premises in the course of propagation of a temperature wave in the material of the enclosing structures.

6. Itis noted that the obtained simplified solution is quite successfully confirmed by the nature of the
dependencies discovered by a humber of authors by experimental measurements under appropriate con-
ditions, including for changing the concentration of harmful impurities, which in physical sense should be
described by equations similar to (8).

7. ltis proposed to apply the relations obtained in the paper for an approximate analytical assess-
ment of the non-steady thermal regime of air-conditioned premises served by local cooling systems
equipped with an automation system with an integral control mode, to check the conditions for human
comfort and safety of his life, as well as to determine the required parameters of the regulator, in particular
using multivariate calculations with change in task parameters.
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Abstract. Sustainable development of technologies for the industrial waste utilization for building construc-
tion areas are given considerable worldwide attention due to their advantages in reduction of greenhouse
gases compared to Portland cement as well as conservation of raw materials resources used in cement
production. Therefore, geopolymer materials are introduced, not only for the environmental issue, but also
because they can reduce carbon dioxide emission caused by Ordinary Portland Cement (OPC) by 80% to
90% in building construction. In this paper, we aim to produce an eco-friendly one-part geopolymer cement
with low carbon dioxide emission as an alternative for traditional cements, as well as to conserve the natural
resources. The current work focuses on the utilization of industrial wastes rather than natural raw materials
with the just-add-water technique for pre-prepared one-part geopolymer cement, which can be applied in
various building industries. In the current paper, different types of activators with various ratios and varying
firing temperatures from 500 up to 1000°C are studied. The analysis showed that firing of nix at 800°C
using 10 and 20% potassium carbonate results in better mechanical strength reaching 550 and 650 Kg/cm?
after 28 days of hardening.
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1. Introduction

The ecological consequences of human activities have come to worldwide attention and are causing
environmental concerns all over the globe. In the early and mid-1980s, the concept of sustainable devel-
opment began spreading [1], while scientists have been striving to make sustainable industrial processes
more popular. Industrial ecology is the most efficient way to achieve sustainability [2] by using, in particular,
industry-generated by-products. The construction industry contributes to about one-third of the energy-
related global CO2 emissions, which makes it a significant sector often targeted as part of the mitigation
strategies to reduce carbon footprint [3]. Since Portland cement is the most common binder used for build-
ing materials, its production share amounts to 5-8% of global anthropogenic emissions [4].

With the demand for local cement on the rise, its estimated production may continue to increase in
the upcoming years [5]. Clinker production leads to an increase in carbon dioxide emissions through calci-
nation process and fuel combustion. Many studies were conducted to decrease clinker consumption by
blending in pozzolanic and cementitious materials, by using an alternative agricultural waste fuel as well.
Reduction of CO2, particularly in this industry, remains a challenge; therefore, many approaches have been
proposed to reduce the cement consumption. The use of alternating binders of aluminosilicate minerals
can be considered another possible way to reduce the environmental impact of cement [6], which becomes

© Khater, H.M., El Nagar, A.M., Ezzat, M., 2022. Published by Peter the Great St. Petershurg Polytechnic University.
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reactive on activation of suitable materials using alkaline solutions. Through poly-condensation, they turn
into a hardened 3D molecule network called geopolymer.

Geopolymer, also referred to as an alkali-activated material, is used as a binder system similar to
Portland cement that hardens at room temperature [7]. In addition to that, they have lower carbon footprint
compared with Portland cement, exhibit good mechanical properties such as high early strength, excellent
resistance to acid, and exceptional resistance to immersion [8]. Curing at an elevated temperature also
helps to accelerate the early strength development of geopolymers [9]. However, the traditional synthesis
known as the two-part geopolymer, which is typically cured at an elevated temperature system, is difficult
to implement in field scale applications [10, 11]. Meanwhile, one-part geopolymer-based binder system
uses dry solid aluminosilicate precursors and solid alkali, which form a binder just by adding water, similar
to the OPC binder system. In terms of the environmental impacts, an average reduction of 24% for one-
part geopolymers and 60% for two-part geopolymers in comparison to OPC were reported in [12].

Researches for developing one-part binders based on the chemistry of alkali aluminosilicate have
been largely focused on the mechanical properties produced upon hydration. Other properties related to
hydration products of those cements, such as chemical and dimensional stability, moisture and weathering
resistance, as well as other hydration properties of these cements have not been investigated.

Additional studies are required to understand more and improve the chemical composition of pro-
duced cements, as well as the effectiveness and efficiency of converting raw material blends into hydraulic
cements. The produced binder needs to be systematically characterized to qualify for the developed hy-
draulic cements standards used in concrete production. For the creation of new hydraulic cements, ASTM
C1157 [13] and ATSM C559 [14] were the primary performance-based standards employed in this devel-
opment work. ASTM C1157 criteria are mostly based on ASTM C150 [15] (Standard Specification) perfor-
mance limitations.

Muthukrishnan et al. [16] looked into the development of early age strength due to alkali reactions in
order to formulate a suitable 3D printable one-part geopolymer concrete. On the rheological properties of
concrete, the effect of activator content, additives such as magnesium aluminosilicate, and retarder (su-
crose) dose were explored. The results showed that the formulated one-part geopolymer with magnesium
aluminosilicate, activator, and sucrose content of 0.75 wt%, 10 wt%, and 1.5 wt% of the binder, respectively,
performed well.

The main purpose of this research is the production of one-part geopolymer cement that can be
produced by just-add-water sequence and applied in building industries by incorporation in mortar and
concrete instead of Portland cement with a comparison of its effect on the behavior of the produced mate-
rials. The produced materials were expected to be of higher qualification that encourages their use in infra-
structure buildings and coastal buildings exposed to severe aggressive medium. The sequence of produc-
ing one-part alkali activated cement using various factors was characterized using FTIR, XRD, and SEM;
in addition, compressive strength was measured.

2. Material and Methods
2.1. Materials

The material used in this investigation was Egyptian local clay collected from El-Sheik Fadl-Minia,
Egypt. The geological setting of the sampling area was studied by Abd El-Wahed [17]. It is composed of
clay beds measuring about 25.9 m, as shown in Fig. 1. The clay sections mainly contain dark-colored,
gypsiferous clay, highly laminated and fissile in parts. On the other hand, there are two ferrigenous red
bands in the upper part, glauconitic shale, and glauconitic sand capped by a nummulitic limestone ledge.
In addition, Abd ElI-Wahed reported that based on the change in color and/or lithology, the clay section is
differentiated into 11 beds different in their thickness, the smallest being 0.10 m and the largest — 9 m.

Albite, feldspar, blast furnace slag and cement dust were used as materials enriched in alkalis in
addition to sodium and potassium carbonate for production of one-part cement. The chemical compositions
of all raw materials are given in Table 1, whereas their mineralogical characterization is presented in Fig. 2.
The Egyptian local clay material is formed from montomorlnite, kaolinite, gypsum and quartz. However,
albite and feldspar used are composed of muscovite, microcline and albite, just like the main components.
Blast furnace slag is mostly amorphous, while cement kiln dust is composed mainly of portlandite, anorthite,
sylvite and larnite.
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Rock || i inti
A ithology Description
81 Unit

Yellow, fossiloferous (Carolia, Nummulites,
Bivalves) Limestone.
Calcerous, ferrigenous Red bed.
Grey green, glauconitic, ngsliferous Shale.
ﬁ Fossiloferous, calcerous, ferrigenous, gypsiferous Red bed.

-Grey green, argillaceous, gypsiferous sand.
Grey, fissile, gypsiferous Shale.

————— Grey, fissile (paper like), gypsiferous Shale.

~ Grey green, glauconitic Shale.

— Grey, fissile, gypsiferous Shale.

Qarara Formation

— Brownish yellow, galuconitic, sandy Shale.

Middle Eocene ( Lutetian)

Yellowish grey, fissile Shale with iron band
surrounded by glauconitic sand; base unexposed.
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Figure 1. Stratigraphic section of El-Sheikh Fadl sampling area.

Table 1.Chemical composition of starting materials (Mass, %).

Oxide con-

tent (%) SiO2 AlkO3zFe203 CaO MgO SOs K20 Na20 TiO2 MnOP20s CI- L.O.I BaO SrO Total Notes

BFS 36.67 10.31 0.50 38.821.70 2.17 1.03 0.48 0.57 4.040.040.050 0.12 3.280.1899.96  --

Local Clay 46.80 18.90 8.23 4.02 3.35 1.39 0.70 055 1.16 -- 0.27 0.66 13.80 -- -- 99.82 --
Albite 69.54 14.46 0.13 0.33 0.04 0.03 1154 3.14 001 - 003 -- 066 -- -- 99.76
Feldspar 65.10 17.80 0.42 0.34 0.10 0.03 13.60 2.01 -- -- 0.01 0.03 0.49 -- 0.0299.92 --

Free
CkD 491 212 2.40 49.300.61 18.50 5.73 0.32 0.18 0.010.08 8.58 6.50 -- -- 99.73 Lime=
15.50
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Figure 2. X-Ray diffraction pattern of the starting raw materials. [M: Montomorolnite, I: lllite,

G: Gypsum, Q: Quartz, K: Kaolin, Mi: Microcline, Mu:Muscovite, A: Albite, C: Calcite, P:Portland-
ite, An: Anorthite, L: Larnite, Sy: Sylvite, H: Hematite].
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2.2. Geopolymer preparation and curing

One-part geopolymer is prepared by firing the aluminosilicate precursor along with an activator or
alkali-rich materials (K2CO3, Na2COg3, albite, feldspar and CKD) as shown in Table 2 at the requested tem-
perature followed by rapid quenching in order to produce amorphous constituents that can be used for
binder production by just-add-water sequence. The fired materials were then sieved in to obtain a fine
powder with an average grain size of 90 um in order to simulate the ordinary cement grain size. The sam-
ples were then mixed with tap water, molded and left undisturbed under ambient temperature for 24 hrs in
a cube-shaped steel mold, then subjected to curing temperature of 40°C with 100% relative humidity (R.H.)
to be able to activate reaction with moderate temperature and simulate the upmost temperature worldwide.
At testing time, specimens were removed from their curing conditions, dried well at 80°C for 24 hrs, then
tested for their compressive strength. Finally, the resulted crushed specimens were immersed in a stopping
solution of methyl alcohol/acetone [18, 19] in order to prevent further hydration, and then preserved in a
well tight container until the time of examination.

Table 2. Composition of the geoplymer mixes (Mass, %).

_ Total sio Total
. BFS, Clay, NaCO, KCO, CKD, Albite, Feld- Mol "7 Mol
bAlE o o % o6 % %  spar% O 2 2
0 0 0 (1) , 70 . .
7 7 P binder AI203 AI203 SlO2
g0 0 100 20 - - - - 016 111 248 026
gl 20 80 20 - - - - 016 122 261 028
92 40 60 20 - - - - 016 136 276 029
93 60 40 20 - - - - 016 153 296 030
g4 80 20 20 - - - - 016 176 322 032
Al 40 60 - 20 - - - 026 109 276 023
A2 40 60 - - 20 - - 026 021 277 005
A3 40 60 - - - 20 - 026 029 309 006
A4 40 60 - - - - 20 026 029 293 006
il 40 60 - 20 - - - 026 109 276 023
o . . . .
Al- 40 60 - 20 - - - 026 109 276 023
o . . . .
il 40 60 - 20 - - - 026 109 276 023
o . . . .
Al- 40 60 - 20 - - - 026 109 276 023
o . . . .
il 40 60 - 20 - - - 026 109 276 023
1000 : : : :
AL-T-5 40 60 - 5 - - - 026 036 276 008
Aig' 40 60 - 10 - - - 026 060 276 013
Aé'ST' 40 60 - 25 - - - 026 136 276 028
Aég' 40 60 - 30 - - - 026 158 276 034

2.3. Methods of investigation

Chemical investigation for starting materials was performed using XRF-Axios (PW4400) WD-XRF
Sequential Spectrometer, while mineralogical characterization was performed by using Philips PW 3050/60
Diffractometer with a Cu-Ka source. Mechanical testing was carried out using five tones German Brif digital
compression testing machine with a loading rate of 100 Kg/min. FT-IR was used for elucidation of the
amorphous constituents of geopolymer composites using Jasco-6100 with the aid of KBr binder in the range
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from 400 to 4000 cm~' [20,21]. Microstructure imaging was done using Scanning Electron Microscopy —
SEM Inspect S (FEI Company, Netherland) equipped with an energy dispersive X-ray analyzer (EDX).

3. Results and Discussion

XRD pattern of fired one-part geopolymer cement at 800°C for 2 hrs, having various ratio of blast
furnace slag as a partial replacement of local clay mineral and activated by 20% sodium carbonate is
presented in Fig. 3. The pattern illustrates an increased intensity of nephline phase [22, 23] as an alkali-
rich crystalline phase [(K, Na) AISiOa4].

Moreover, the incorporation of alkali during the thermal pre-activation process resulted in the for-
mation of a new Na-rich phase (a partially disordered per-alkaline aluminosilicate, [Na20]x [NaAIOz]y
[NaAISiO4], represented by phase P in Fig. 2, PDF# 01-076-2385 when x > 0, y = 0; represented by phase
Pa, PDF# 00-049-0004, both described below as Na-aluminosilicate for brevity). The last two phases in-
creased up to 40% slag replacement reflecting the disorder of the produced one-part constituent. On in-
creasing slag content to 60%, new phases are formed (sodalites and gehlenite) reflecting increase in crys-
talline phases with increasing slag ratio [21]. Gehlenite is most likely derived from the chemical interaction
between thermally decomposed silicate and alumina derived from the other compounds present in the
unreacted clay/slag mix, such as microcline, which are no longer observed in the thermally treated mix.

Larnite was also detected for 60% slag content, reflecting the alteration of the alumina/silica ratio
due to participation in the formation of amorphous aluminosilicate constituents. Further increasing of slag
ratio up to 80% resulted in the increase of larnite, gehlenite and sodalite phases in addition to the formation
of sharp and intense peak of hematite; all the previous phases resulted in diminishing the efficiency of the
formed binder.

FTIR spectra of one-part geopolymer cement having various slag ratios and activated by 20% sodium
carbonate and fired at 800°C for 2 hrs are shown in Fig. 4. The pattern shows a gradual increase in the
main asymmetric band of T-O-Si at about 975 cm-! with minor shifting to lower wave number, where T=Si
or Al with increasing slag ratio up to 40%. This is accompanied by diminishing of the shoulder at about 1085
cm-1for un-solubilized silica.
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Figure 3. XRD pattern of one-part geopolymer cement having various slag ratios, fired at 800°C
for 2 hrs. [Q: Quartz, N: Nephline, L: Larnite, P: Peralkaline, P(a): Peralkalinealfa, S: Sodalite,
Gh: Gehlnite, F: Hematite].
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Figure 4. FTIR spectra of one part geopolymer cement having various slag ratios, fired at 800°C
for 2 hrs.[1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH),
3: Stretching vibration of CO2,4: Asymmetric stretching vibration (Si—O-Si),
5: Asymmetric stretching vibration (T-O-Si), 6: Symmetric stretching vibration (Si—-O-Al),
7, 8: Symmetric stretching vibration (Si—-O-Si), 9,10: Bending vibration (Si—-O-Si and O-Si—-0)].

The increase of the main asymmetric band on the expense of the un-solubilized silica reflects the
increased formation of amorphous N-A-S in accordance with XRD pattern Fig. 3, which depicts the growth
of per-alkaline and per-alkaline alfa with slag ratio increasing to 40%. The broad vibration mode appearing
between 630 and 690 cm! is associated with the existence of a range of deformed 4-membered silicate
ring structures indicating a disordered state within these solid powders [24, 25]. However, the bands ap-
pearing between 750-550 cm-! are related to vibration of silicate ring structures, and a reduction in the
wave number within this region associated with a reduced number of bridging oxygen in the corresponding
ring structure [25].

On further increasing of slag ratio to 60% and 80%, decrease in intensity of asymmetric band is
observed with the splitting of symmetric band at 688 cm-! into two bands at about 613 and 688 cm-! for
symmetric stretching of Si-O-Si, as well as its bending vibration. The decreased symmetric stretching vi-
bration of Si-O-Si at about 760 cm- reflects the increased deformation of the formed binder.

XRD pattern of fired one-part geopolymer cement prepared at 800°C for 2 hrs of 40:60% slag to local
Egyptian clay activated by 20% of various activators is presented in Fig. 5. From the pattern, it can be
noticed that using of potassium carbonate as an activator results in the formation of an amorphous structure
with an increased intensity of Sylvie (KCI), as well as an increased intensity of nephline phase [22, 23] as
an alkali-rich crystalline phase [(K, Na) AlSiO4]. Moreover, there is an intense akermanite peak at 26 of
31.13°, with the formation of Na-rich phase (a partially disordered per-alkaline aluminosilicate, [Na20]x
[NaAlOz]y [NaAISiO4], represented by phase P in Fig. 2, PDF# 01-076-2385 when x > 0, y = 0; represented
by phase Pa, PDF# 00-049-0004, both described below as Na-aluminosilicate for brevity).

Using alkali-rich cement kiln dust results in the formation of crystalline Lucite feldspars, akermanite,
as well as larnite phase, which is dicalcium silicate phases susceptible for formation of CSH upon hydration.
The increased crystalline phases decrease or diminish disordered aluminosilicate phases. Using sodium
carbonate results in the formation of intense peaks of disordered Na-rich phases (per-alkaline and per-
alkaline alfa, as well as nephline) as the main phases that favor to be of high reactivity as potassium car-
bonate. Using feldspar and albite on the other hand, leads to an intense increase in the crystalline phases
(albite, muscovite, microcline and mullite), with the formation of small peaks of disordered Na-rich phases.
It is clear that the use of the last two activators results in an increase in crystallinity of the formed powder,
and thus may negatively affect their hydration performance.
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Figure5. XRD pattern of one part geopolymer cement having various types of activators, fired at

800° C for 2 hrs. [Q:Quartz, Mu: Mullite, M: Microcline, Ms: Muscovite, C: Calcite, Gh: Gehlenite, N:

Nepheline, Sy: Sylvite, Lu: Lucite, L: Larnite, Ak: Akermanite, Al: Albite, P: Peralkaline, P(a): Per-
alkalinealfa].

FTIR spectra of one-part geopolymer powder having 40:60% slag to local clay activated with various
activators and fired at 800°C for 2 hrs are shown in Fig.(6). The pattern illustrates the increased intensity
of the main asymmetric band of T-O-Si at about 975 cm! upon using potassium carbonate activator fol-
lowed by sodium carbonate one, whereas using cement kiln dust, feldspar and albite results in an increase
in intensity of the shoulder at about 1085 cm- for un-solubilized silica, in the same sequence, which reflects
the increase in crystalline phases matching XRD elucidations. The broad vibration mode appearing be-
tween 630 and 690 cm is associated with the existence of a range of deformed 4-membered silicate ring
structures indicating a disordered state within these solid powders activated by K and Na-carbonate, which
have intense peaks at this region [24, 25]. The decreased symmetric stretching vibration of Si-O-Al at about
760 cm-! reflects an increase in deformation of the formed binder.

20 % Alb _—

el N
.

20°9%FS g / P - o _._.' . .

%N~ P —EE —

20% CI\.D N J/'

| b2

0% KC-.

Transmittance, %
|
|

SEH 3400 2900 2400 1ery 1400 SO0 K

Wave no., cm!

Figure 6. FTIR spectra of one part geopolymer cement having various types of activators, fired at
800°C for 2 hrs. [1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH), 3: Stretching
vibration of CO,4: Asymmetric stretching vibration (Si—O-Si), 5: Asymmetric stretching vibration
(T-0-Si), 6,7: Symmetric stretching vibration (Si—O-Al), 8: Symmetric stretching vibration
(Si—0O-Si), 9: Bending vibration (Si—-O-Si and O-Si—0)].



Magazine of Civil Engineering, 116(8), 2022

However, elaboration of the transformations was encountered on using various temperatures from
500 to 1000°C for potassium carbonate activated samples; and these variations is noticed using XRD anal-
ysis presented in Fig. 7. From the previous pattern, a clear and intense change from amorphous structure
which is represented by nephline phase [22, 23] as an alkali-rich crystalline phase [(K, Na) AlSiO4] and Na-
rich phase (a partially disordered per-alkaline aluminosilicate phase P and phase Pa with increasing tem-
perature up to 800°C. In addition, there is a gradual transformation from calcium aluminate phases to larnite
phases as temperature increased from 500 to 700°C, which both diminishes with the formation of the dis-
ordered phases as well as potassium rich sylvite phases at 800°C. Further temperature increase to 1000°C
results in the formation of intense peaks for crystalline phases (albite, muscovite, microcline, mullite, geh-
linite and hematite), with the formation of small peaks of disordered Na-rich phases. Where, the increase
of temperature up 1000°C results in sintering and an increase in crystallinity of the formed powder and so
may negatively affect the hydration performance of formed geopolymer.

The FTIR spectra of one-part geopolymer cement activated by potassium carbonate at temperatures
ranging from 500 to 100°C for 2 hrs are shown in Fig.(8). The pattern illustrates an increase in intensity of
the main asymmetric band of T-O-Si at about 975 cm-* with temperature increase up to 800°C and with a
clear decrease in intensity of the shoulder at about 1085 cm-for un-solubilized silica, in the same sequence,
which reflects increase of amorphous structure at the expense of crystalline one coinciding with XRD elu-
cidations. However, further increase in temperature results in sharp decrease in asymmetric band with a
shift to left, which implies an increase in crystallinity. A sharp decrease in the carbonate bands as well as
O-H bands with temperature up to complete vanishing at 1000°C is noticed.

The broad vibration mode appearing between 630 and 690 cm-! is associated with the existence of
a range of deformed 4-membered silicate ring structures indicating a disordered state of these solid pow-
ders activated by K and Na-carbonate which have intense peaks at this region increasing up to 800°C, with
a decrease in intensity of the symmetric stretching vibration of Si-O-Si at about 760 cm-1, which reflects the
increased deformation of the formed binder.

24 % KC, 1409
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Figure 7. XRD pattern of one part geopolymer cement having various types of activators, fired at
800°C for 2 hrs. [Q: Quartz, Mu: Mullite, M: Microcline, N: Nepheline, Sy: Sylvite,, Lu: Lucite,
L: Larnite, Ak: Akermanite, Gh: Gehlenite, CA: Tricalcium aluminate].
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Figure 8. FTIR spectra of one part geopolymer cement having various types of activators, fired at
800°C for 2 hrs. [1: Stretching vibration of O-H bond, 2: Bending vibrations of (HOH), 3: Stretching
vibration of CO,4: Asymmetric stretching vibration (Si—O-Si), 5: Asymmetric stretching vibration
(T-O-Si), 6: Out of plane bending vibration of CO3, 7,8,9: Symmetric stretching vibration
(Si—0O-Si), 10: Bending vibration (Si—-O-Si and O-Si-0)].

On the other hand, using various ratios of potassium carbonate activator from 5 to 30% (Fig. 9)
results in a gradual increase in intensity of the main asymmetric band of T-O-Si at about 975 cm! up to
20% followed by a decrease with further increase in potassium carbonate activator. The shoulder of un-
solubilized silica at about 1085 cm decreased up to 20%, then was exposed to a gradual increase in
intensity up to 30%. The vibration mode appearing between 630 and 690 cm-! for deformed 4-membered
silicate ring structures and disordered state, increased sharply up to 30% within these solid powders acti-
vated, with nearly diminishing of the symmetric stretching vibration of Si-O-Al at about 760 cm-2, which in
turn reflects an increase in deformation of the formed binder.

The results of compressive strength of 28 days of the four groups of hardened one-part geopolymer
cement are shown in Fig. 10. In the previous Figure, the strength for one-part mixes activated by 20%
Na2COs having various slag ratios gradually increase with slag ratio up to 40%, giving about 84 Kg/cm?,
while further increase of slag percent results in a decrease in strength, giving about 72 and 66 Kg/cm? for
60 and 80% of slag. The strength behavior of this pattern was confirmed by XRD and FTIR, which reflected
the increased amorphous content with slag up to 40%. On the other hand, using various activators in the
ratio of 20% (Fig. 10B) results in an extra increase in the compressive strength, 650 g/cm?, for mixes acti-
vated by potassium carbonate, while the rest of the used activators acquired strength values of less than
100 Kg/cm?. As confirmed by XRD and FTIR pattern, there was a sharp increase in disordered phases with
a decrease in the crystalline phases on using the potassium carbonate activator, while the crystalline
phases were predominant for other mixes incorporating different types of activators leading to strength
decline.

However, on using various temperatures for preparation of one-part cement with 20% potassium
carbonate and forming of hardened paste (Fig.10C), the strength pattern confirmed that 800°C was the
optimal temperature for formation of high strength pastes giving about 650 Kg/cm2. On varying the ratio of
potassium carbonate activator in the mix from 5 to 30%, there was a gradual strength increase up to 650
Kg/cm2 on using 20% of activator ratio as depicted from (Fig. 10D), while it was clear that on further increase
of activator, strength declined down to 375 and 273 Kg/cm? for 25 and 30% of activator, respectively.
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Figure 9. FTIR spectra of one-part geopolymer cement having various ratios of potassium car-
bonate activator, fired at 800°C for 2 hrs. [1: Stretching vibration of O-H bond, 2: Bending vibra-
tions of (HOH), 3: Stretching vibration of CO;, 4: Asymmetric stretching vibration (Si—-O-Si), 5:
Asymmetric stretching vibration (T-O-Si), 6: Symmetric stretching vibration (Si—O-Al), 7: Sym-
metric stretching vibration (Si—-O-Si), 8: Bending vibration (Si—-O-Si and O-Si—-0)].
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Figure 10. Compressive strength of 28 days of one-part geopolymer cement incorporating;
A) various slag ratios, B) various types of activators, C) various firing temperatures for the opti-
mum activators, D) various ratios of optimum activators.

Scanning electron micrographs of 28 days hardened one-part geopolymer pastes prepared by using
20% of different activators fired at 800°C are presented in Fig. 11. It can be observed from the microgpraph
(A), that the mix activated by NC, leads to formation of small geopolymer plates with small micropores
spreading within the structure. However, the use of KC (B) activator results in the formation of massive
geopolymer plates spreading within the matrix. The increased geopolymer structure by using potassium
carbonate activator could be attributed to the increased amorphous constituents leading to the formation
and growth of the amorphous geopolymer N-A-S-H gel as well as binding gels (C—(A)—-S—H resulting in a
dense and compact structure [26, 27]. The previous observation is confirmed by the increased compressive
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strength of KC sample and by the increased intensity of the asymmetric Si-O-Al in FTIR as well as disor-
dered peralakline phases in XRD. As the use of alkali-rich feldspars (C) results in the formation of hetero-
geneous structures with little interaction between the formed geopolymer and an increase in porosity within
the matrix as well as a spread of carbonates on the matrix, this reflects the low degree of polymerization
as a results of low reactivity of the used binder.

Figure 11. SEM of 28 days of hardened one-part geopolymer cement paste prepared by using
different activators; A) 20% NC, B) 20% KC, C) 20% FD.

Scanning electron micrographs of 28 days hardened one-part geopolymer pastes prepared by using
20% K2COs activator and fired at different temperatures are presented in Fig. 12. The micrographs show
the growth of the geopolymer structure with increasing of firing temperature up to 800°C with the formation
of massive geopolymer plates (N-A-S-H); while at a lower temperature, small plates are formed in addition
to CSH within the matrix. Further increase in temperature to 900°C leads to sintering of the used binder
and formation of weakly interacting crystalline structure resulting in formation of low reactivity and affecting
the mechanical performance negatively as confirmed by XRD and FTIR.

On the other hand, using various ratios of potassium carbonate activator as presented in Fig. 13
results in the growth of three-dimensional geopolymer network with an increase in activator ratio up to 20%.
A higher ratio of activator forms a matrix rich in wide pores, which results in termination of the formed
geopolymer chains leading to formation of short chains rather than three dimensional networks [21]. More-
over, the micrograph Fig. 12C illustrates the increase in porosity leading to low cohesion between the re-
acting particles. Although, the increase in contents of Si and Al in the aqueous phase results in increase in
formation of oligomeric precursors by increasing of dissolution rates, extremely high NaOH concentrations
inhibit this reaction. As it is seen in Fig. 12, the oligomeric silicate species such as SisOs(OH)e>~ and
SiaOg(OH)4+* lose their stability in favor of mononuclear silicate species like SiO(OH)s™ and SiO2(OH)2?" at
extremely high alkaline conditions [28]. This means the equilibrium reaction shifted towards monomeric
species due to exposure to extremely high alkaline conditions with minimization of the oligomeric silicate
species concentration in the aqueous phase and thus led to lower polycondensation rate, which is then
measured with the compressive strength of the geopolymeric materials.
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Figure 12.SEM of 28 days of hardened one-part geopolymer cement paste prepared using 20% po-
tassium carbonate, fired at various temperatures; A) 700°C, B) 800°C, C) 900°C.

Figure (13): SEM of 28 days of hardened one part geopolymer cement paste formed by various po-
tassium carbonate activator ratios, A) 10 %, B) 20 %, C) 25%.

The elucidations depicted from SEM micrographs can be also confirmed by molar oxide ratios (Table
2). The molar oxide ratios were varied depending on the matrix composition, where the binder formed by
activation using potassium carbonate gave SiO2/AI203 = 2.48, total alkalis/Al203 = 1.11, total
alkalis/SiO2 = 0.26. Since the other mixes have high alkalis/Al203 more than 1.1 up to 1.76, this increase
leads to the consumption of the geopolymer resulting in the formation of short geopolymer chains as
confirmed by previously discussed mechanical properties. At the same time, matrix activated by cement
kiln dust as well as albite has low alkalis/Al203 lower than 0.30. This also coincides with previous data and
as stated by [29] for Si/Al = 1.65, the specimens showed a homogenous microstructure as shown in the
previous SEM figures, where there is an increased compaction as revealed from interaction between
geopolymer constituents, leading to an extra enhancement in matrix performance, which is positively
reflected on their mechanical properties as in K2CO3 mix; on the other hand, the use of other activators
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leads to formation of crystalline matrix with low mechanical strength. It was suggested that the optimum
range of oxide molar ratios [30—32] 0.2<M20/Si02<0.48, 3.3<Si02/AI203<4.5, M20/AI203, is 0.8 t0 1.6
resulting in three-dimensional networks with a more branched structure, thus forming a homogeneous and
compact structure.

4. Conclusions
The main concluded remarks are listed below:

1. Partial replacement of Egyptian local clay by water-cooled slag up to 40% by using sodium car-
bonate activator and firing at 800°C for 2hrs results in formation of an amorphous powder.

2. Using potassium carbonate activator in the mix results in the formation of predominant disordered
aluminosilicate phases.

3. Varying the activation temperature for 20% potassium carbonate samples results in an increased
disordered structure up to 800°C, while varying the ratio of K2COsfrom 5 to 30% results also in the formation
of amorphous phases up to 20%.

4. FTIR and XRD confirm the above-mentioned elucidations.

5. The highest compressive strength of hardened samples for binder activated by 20% K2.COs at
800°C was about 650 Kg/cm? after 28 days, and was about 375 Kg/cm?and 273 Kg/cm?for binder activated
by 25% and 30% potassium activator respectively. The performance of the hardened samples is confirmed
by SEM micrographs represent a homogenous microstructure for the sample activated by 20% K2CO:s.

6. The overall results can suggest a low cost simple tool for preparation of one-part geopolymer
binder, which can be easily prepared without deleterious effects from activators upon mixing.
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Abstract. The object of research is expanded clay concrete reinforced with polymer fiber made of
polypropylene. Dispersed reinforcement with polymer fibers is one of the priority directions for modifying
lightweight concrete, in particular, expanded clay concrete. The article presents the influence of the binary
variability of the key factor (edge size of 100 and 150 mm of cube-shaped specimens) on the values of the
compressive cube strength of expanded clay fiber-reinforced concrete. Methods. The article presents the
experimental studies of the influence of the reinforcing polypropylene fibers content (1.5 % by cement
weight) and edge size of cubes (100 mm or 150 mm) on the compressive cube strength of expanded clay
fiber-reinforced concrete. Results. Even distribution of fiber throughout the volume provides the effect of
crack stopping, regardless of the fiber and concrete type. However, this effect does not appear at small
volumes of concrete (in cubes with dimensions of 100x100x100 mm). The empirical data allowed us to
state that tests on 100 mm edge cube specimens may produce incorrect values of compressive cube
strength. Therefore, it is recommended to test cubes with an edge of 150 mm or more. Conclusions. The
results of testing cubes with an edge of 150 mm and 100 mm of lightweight fiber-reinforced concrete
demonstrate fundamentally different effects, and testing cubes with an edge size of 100 mm does not
guarantee obtaining correct results.
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1. Introduction

The object of the study is expanded clay concrete reinforced with polymer fiber made from
polypropylene CzHs.

Expanded clay concrete is a promising building material for the manufacture of load-bearing
structures since this type of concrete allows reducing thermal conductivity, material consumption, and
significantly increasing fire resistance of these structures [1, 2]. Many studies of researchers are devoted
to lightweight concrete (including expanded clay concrete) modified with polypropylene fiber (PPf). There
is no consensus on the optimal percentage of dispersed reinforcement of lightweight concrete with
polypropylene fiber; however, based on the results of studies of various researchers [3-5], it was
established that the content of polymer fiber in concrete should not be more than 2 % by concrete volume.
The synthetic fiber content in concrete should be in the range of 0.5-1.5 %, as stated in [4]. For instance,
according to [5], the percentage value of fiber reinforcement of 2 % is the upper limit. If this reinforcement
percentage is higher, it is problematic to achieve the concrete mixture homogeneity. If this value is

© Maskalkova, Yu.G., Rzhevutskaya, V.A., 2022. Published by Peter the Great St. Petersburg Polytechnic University.
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exceeded, the strength of fiber-reinforced concrete is always lower than the strength of unreinforced
concrete, and it can lead to an attenuation of the structure due to oversaturation with polymer fiber [6] and
cause of defects [7, 8].

The results are often contradictory despite humerous studies. According to an analysis of the PPf
effect on the strength characteristics of lightweight concrete, the obtained results can be conditionally
divided into four groups:

1. strength does not change;
2. strength changes unevenly;

3. strength decreases;

4. strength increases.

The results of the analytical review are shown in Table 1.

Table 1. Analytical review devoted to the effect of dispersed reinforcement with polymer fiber

on the strength of lightweight concrete.

Strength Authors Ye.ar qf The main features of the study Research results
change publication
Kroviakov, S.O., . The compressive strength of
Mishutin, A.V., MOd'f'ed EXP?”dEd clay concrete specimens practically did not
; with the addition of polypropylene T
Pishev, O.V., 2018 . . 3 change; an increase of
M fiber in an amount of 0-1.2 kg/m -
Kryzhanovskij, was investioated flexural tensile strength was
V.0. [9] 9 ’ noted.
Kastornvkh. LI Self-compacting lightweight The compressive strength of
Detoche)quo’ | A 2017 concrete (5-10 mm grain size of self-compacting expanded
Arinina. E S’ [10] expanded clay aggregate, 12 mm clay fiber-reinforced concrete
1. Strength T PPf length) was investigated. practically did not change.
does not Expanded clay concrete (3-8 mm The strength changes were
change - par y b insignificant (strength values
Fantilli, A.P., grain size of coarse aggregate) with of 2151 MPa. 23 36 MPa
Chiaia, B., Gorino, 2016 the addition of PP-fiber in amounts and 2'2 91 MP’a Wi.th a fibe’r
A. [11] of 0 %, 1.4 %, and 2.0 % (by content.s of 0.%. 1.4 % and
cement weight) was investigated. 0 =5 70,
2.0 %, respectively).
Modified shipbuilding expanded The insignificant effect of
Bogutskii, V.L. [7] 2013 clay con_c_rete was mvestlgated_wnh polyme_r fiber on the
the addition of polypropylene fiber compressive strength was
in an amount of 0-1.2 kg/m3. noted.
Self-compactlng Ilgh'twelght The fiber content of 0.1 % by
Karamloo, M., concrete with polyolefin macro concrete volume had a
Afzali-Naniz, O., fibers in an amount of 0.1 %-0.5 % .
2020 positive effect on the
Doostmohamad, by concrete volume (0.48 %— strenath: in other cases. the
A.[12] 2.43 % by cement weight) was gt hd d’
studied. strength decreased.
Self-compacting lightweight
Altalabani. D concrete (2-10 mm grain size of The uneven change of the
Bzeni. D K H" 2020 coarse aggregate) with strength characteristics of
Linsei S ['13']’ micropolypropylene fiber 12 mm self-compacting lightweight
T length and a dose of 0.91 kg/m?3 concrete was noted.
was investigated.

2. Strength The fiber content of 0.07 %
changes Coal gangue ceramsite concrete by concrete volume had a
unevenly Qiu, J., with the addition of polypropylene positive effect on the

Xing, M., 2020 fiber in the amount of 0.07-0.13 % compressive strength of
Zhang, C., by concrete volume (0.17-0.34 % concrete; in other cases, the
Guan, X. [14] by cement weight) was strength decreased with the
investigated. increase of the reinforcement
percentage.
Scoria lightweight aggregate
Ghasemzadeh concrete with polypropylene fiber
Mousavinejad, addition in the amount of 0.2 % by stre1|1-h?hqui?fY%?ﬁZnggge?;ent
S.H., 2019 concrete volume (0.1 % by cement contgnt was noted accordin
Shemshad Sara, weight) was investigated. Cement to the results 9
Y.G. [15] content of 500 kg/m? and 425 kg/m? )

were considered.
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Strength Authors Year qf The main features of the study Research results
change publication
Yahaghi, J., O”vei?rim slhelrlz C?gﬁ;e;ﬁ);?'m%r?d The decrease of concrete
3. Strength Muda, Z.C., polypropy strength with the increase of
2016 amount of 0.1-0.3 % by concrete . .
decreases Beddu, S.B. [16] the fiber amount was noted in
volume (0.38-1.15 % by cement
) . all cases.
weight) was studied.
Loh, LT, Lightweight concrete modified with
Yew, M.K., .
polypropylene, basalt, and a The strength increase of
Yew, M.C., . ) . . - . -
mixture of these types of fiber in the lightweight fiber-reinforced
Beh, J.H., 2021 )
amounts of 0.1 %, 0.3 %, and concrete was found in all
Lee, F.W., o
Lim, S.K.. 0.1+ 0.3_ % by con_crete yolume, cases.
Kwong, K.Z. [17] respectively, was investigated.
Divyah, N Lightweight concrete modified with Dlsp_ersed r_elnforc_ement
Thenmozhi, R., ) made it possible to increase
2021 basalt fiber 18 mm length was ;
Neelamegam, M., studied the compressive strength of
Prakash, R. [18] ’ lightweight concrete.
Dispersed reinforcement
Kuryatnikov, Lightweight concrete modified with made it possdyle to increase
lu.lu., : the compressive strength of
2019 basalt fiber 1 cm length was ) )
Kochetkov, R.S. studied lightweight concrete from
[6] ’ 45.7 to 62.6 MPa (by more
than 30 %).
Li, J.J., High performance Ilghtwelght The increase of the strength
- aggregate concrete reinforced by -
Niu, J.J., . - of high performance
4. Strength polypropylene fiber in an amount of . - ;
. Wan, C.J., 2017 lightweight aggregate fiber-
increases . 0.53-1.37 % by concrete volume .
Liu, X., (0.26-0.67 % by cement weight) reinforced concrete was
Jin, Z. [19] ' O F 70 DY C 9 established in all cases.
was investigated.
The strength increase of high
Li, J.J., High performance lightweight performance lightweight
Niu, J.G., aggregate concrete with the aggregate concrete was
Wan, C.J., 2016 addition of polypropylene fiber in established in all cases,
Jin, B., the amount of 0.53-1.37 % by except for reinforcement ratio
Yin, Y.L. [20] volume of concrete was studied. of 1.37 % by concrete
volume.
Self-compacting lightweight The strength increase of self-
Corinaldesi, V., 2015 aggregate concrete with micro compacting fiber-reinforced
Moriconi, G. [21] polypropylene fiber (dose of 5 lightweight concrete by 10%
kg/m?3) was investigated. was established.
The concrete strength of
Yew, M.K., High-strength oil palm shell high-strength oil palm shell
Mahmud, H.B., 2015 lightweight concrete with lightweight concrete
Ang, B.C., polypropylene fiber in an amount of increased (from 40.9 to
Yew, M.C. [22] 0.25-0.5 % by concrete volume. 46.6 MPa) with an increase

of the reinforcement ratio.

The improvement of the strength characteristics of expanded clay fiber-reinforced concrete is justified
in [6, 23] by the formation of a cement-mineral structure. The uneven change in the strength characteristics
of self-compacting expanded clay concrete modified with polypropylene fiber is explained in [13] by the
uneven distribution of fiber in the concrete mixture.

The fiber length should preferably be commensurate with the grain size of the coarse aggregate, so
expanded clay aggregate is in the center of the cell formed by the fibers [8]. The use of polypropylene fiber
of different length has a more pronounced positive effect on the strength characteristics of concrete than
the addition of polypropylene fiber of the same length; it was concluded in [24].

According to the studies presented in this article, such an ambiguous assessment of the change in
strength characteristic resulting from of the addition of polymer fiber to the concrete mixture may be
associated with the size of the specimens.

Previously, when conducting our own investigations, we also took the indicated dimensions as
standard; however, the cube specimens of both standard sizes (with the edge of 100 mm and with the edge
of 150 mm) were made in an amount of at least 9 for each size in each Series. When processing the data,
we noticed that for each experimental Series the coefficient of variation turned out to be more than the
allowable value of 13.5 %. Then there was an assumption that for lightweight fiber-reinforced concrete the
traditional approach should be corrected [25].
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In order to test this assumption, we carried out the analysis of the experimental data of various
researchers published in open access peer-reviewed sources [3-5, 12, 14-16, 19, 20, 22, 26-28] (Table

2, Fig. 1).

Table 2. Compressive cube strength of fiber-reinforced concrete.

Authors, country

Mean value
of
compressive

i 0,
Fiber content, % strength with

Concrete type,

Remark

fiber type an edge of
cube, mm
by cejment by concrete 100 150
weight volume
Normal weight concrete
0 0 - 33.7
) 2.96 0.5 - 40.9
Ramujee, K [3], Concrete, 592 10 B 4412
India polypropylene fiber ) ) )
8.88 1.5 - 45.25
11.84 2.0 - 40.5
0 0 - 20.8
Nkem Ede, A., Concrete 0.5 0.25 - 22.87
Oluwabambi Ige, polypropylene’ fiber 1 0.5 — 21.76
A. [4], Nigeria 15 0.75 - 20.29
2 1 - 20.05
0 - 25.5 Fiber was added:
Pothisiri, T., 1.3 0.2 - 26.6  to the finished mix
Soklin, C. [5], Concrete, with coarse
Thailand polypropylene fiber 13 0.2 - 25.1 aggregate
1.3 0.2 -~ 255 with fine
aggregate
0 0 50.1 -
Sun, Z., Xu, Q. Concrete, - 0.45 52.1 -
[26], China, olypropylene fiber
U.S.A. polypropy! - 0.9 53.6 -
- 1.35 46.8 -
Mazaheripour, H., 0 0 25.3 -
Ghanbarpour, S., Self-compacting 0.18 0.1 24.6 _
Mirmoradi, S.H., concrete,
Hosseinpour, I. polypropylene fiber 0.36 0.2 26.3 -
[27], Iran 0.54 0.3 24.6 -
Lightweight aggregate concrete
0 0 50.8 -
Qiu, J., Xing, M., Coal gangue 0.17 0.07 558 _
Zhang, C., Guan, ceramsite concrete, ’ : '
X. [14], China polypropylene fiber 0.25 0.1 48.5 -
0.34 0.13 43.8 -
Ghasemzadeh ightweiah 0 0 22.0 - Cement 500 kg/m?®
Mousavinejad Lightweight concrete .
! (scoria as coarse 0.1 0.2 29.0 - Cement 450 kg/m
S.H., Shemshad
aggregate), 0 0 26.5 - Cement 425 kg/m3
Sara, Y.G. [15], olypropylene fiber
Iran polypropy 0.1 0.2 25.8 - Cement 425 kg/m3
Yahaghi, J., Oil palm shell 0 0 47.38 -
Muda, Z.C., 'C%ig;;ee s 0.38 0.1 46.29 -
BEdﬁAuééE{a[m]’ polypropylene fiber 0.77 0.2 4416 -
Y 1.15 0.3 4386 -
Self-compacting 0 0 40.77 -
Karamloo, M., lightweight concrete 0.48 0.1 42.03 _
Afzali-Naniz, O., (expanded clay as
Doostmohamadi, coarse aggregate), 1.45 03 40.53 -
A.[12], Iran polyolefin macro 243 0.5 38.9 _

fibers



Magazine of Civil Engineering, 116(8), 2022

Fiber content, %
Concrete type,

Mean value
of
compressive
strength with

50

20

Compressive Cube Strength, MPa

Lightweight aggregate concrete
(the salid line shows the results for cubes with an edge of 100 mm)

10
0 0.25 0.5 0.75 1

Polymer fiber content by volume, %

1.25

Authors, countr . Remark
y fiber type an edge of
cube, mm
by cgment by concrete 100 150
weight volume
Yew, M.K. . - 0 - 40.9
' : Qil palm shell
x]ahrgug, ';I(SW lightweight concrete, - 0.25 - 42.4
?\}I C. [52] ! monofilamen_t- - 0.375 - 449
M.aléysia, polypropylene fiber - 0.5 - 46.6
0 0 - 39.7
Lightweight concrete 0.26 0.53 - 40.7
Li, J.J., Niu, J.J., (Iytag as coarse 0.36 0.74 _ 41.6
Wan, C.J., Liu, X., aggregate), high
Jin, Z. [20], China performance 0.46 0.95 - 43
polypropylene fiber 0.57 1.16 - 42.2
0.67 1.37 - 40.8
. . Lightweight concrete 0 0 a 376
Li, J.J., Niu, J.G,, (iytag as coarse 0.26 0.53 — 38.3
Wan, C.J., Jin, B. .
Yir'1 v L‘ [19‘] ! aggregate), high 0.36 0.74 - 39.5
‘China IPeffOFTa”C:jb 0.57 1.16 - 387
polypropylene Tiber 0.67 1.37 - 372
a 60
--o--Ramujee, K [3], India
g 50 //’\
=
P 1 N I AN Sy Nkem Ede, A, Oluwabambi
%1 ) JEpeete o e . Ige, A. [4], Nigeria
g 40 i
& -
® e --Pothisiri, T_, Soklin, C. [5],
-g Thailand
O 30
2
3 —e—Sun, Z., Xu, Q. [26], China,
%_ 20 USA
o
© Normal weight concrete —e—Mazaheripour, H
10 (the solid line shows the results for cubes with an edge 100 mm) Ghanbarpour, S, Mirmoradi,
0 025 05 075 1 125 15 175 2 H.Hosseinpour 1. [27],
Polymer fiber content by volume, %
b. 80

»--Yew, MK, Mahmud, HB_,
Ang, B.C, Yew, M.C. [22],
Malaysia

Li, J.J., Niu, J.J., Wan, C.J.,
Liu, X, Jin, Z_ [20], China

--e--Li, J.J., Niu, J.G., Wan, C.J.,
Jin, B, Yin, Y_L [19], China

—e—AQiu, J., Xing, M., Zhang, C.,
Guan, X [14], China

Ghasemzadeh Mousavinejad,
SH., Shemshad Sara, Y.G.
[15], Iran

—es— Ghasemzadeh Mousavinejad,
S H_, Shemshad Sara, Y. G.
[15], Iran

—s—Yahaghi, J., Muda, Z.C.,
Beddu, S.B. [16], Malaysia

1.5 —e—Karamloo, M., Afzali-Naniz, O.,

Doostmohamadi, A [12], Iran

Figure 1. Results of determining the compressive cube strength
of lightweight fiber-reinforced concrete (the solid line shows the results for cubes with an edge
of 100 mm): (a) curves for normal weight concrete; (b) curves for lightweight aggregate concrete.
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Despite the fact that cubes with different sizes were not tested in any considered studies [3-5, 12,
14-16, 19, 20, 22, 26-28] (Table 2, Fig. 1), and the types and classes of concrete differed, the following
regularity can be noticed. When testing specimens (cubes) were made of dense aggregate concrete,
regardless of specimen size (Fig. 1, (a)), similar (comparable) dependencies of compressive cube strength
depending on the fiber content were obtained. When testing specimens (cubes) were made of lightweight
concrete (Fig. 1, (b)), no such dependency was found. Thus, the role of the specimen size on the results of
the compressive strength test for lightweight fiber-reinforced concrete is more significant than for lightweight
concrete without dispersed fibers or dense aggregate concrete compositions.

In addition, in [29] for lightweight fiber-reinforced concrete with fiberglass, the discrepancy between
the obtained values of strength was stated when testing specimens of different sizes in the shape of cubes
and cylinders. According to [30], when testing cylinders with different heights and diameters (made of
lightweight concrete without dispersed reinforcement), dimensions had no significant effect on the obtained
strength values.

The determination coefficient was rather low (R2 = 0.61) in [31] when testing lightweight concrete
cubes while the size and shape of the specimens did not affect the results for normal weight concrete.

An analytical review of the studies (Table 2, Fig. 1) also shows that researchers typically produce
cubes of only one size for testing (usually 200 mm or 150 mm). It is well known that the size of the
specimens depends on the particle size of the aggregate and must be at least seven diameters. This
condition is based on the regularities of the mechanics of destruction of heterogeneous building materials.
In this regard, the cube edge dimensions of 100 mm and 150 mm are accepted as standard. However,
fiber-reinforced concrete is a composite material in which the fiber is not a structural element, but is a
reinforcing fiber. The review of studies on lightweight fiber-reinforced concrete [12, 14-16, 19, 20, 22]
indirectly confirms that the size can affect the obtained values of compressive cube strength.

At the same time, in studies devoted to the effect of specimen sizes on the obtained strength values
[29-32], cylinder sizes (height and diameter) mainly vary, since the design value is determined based on
the characteristic compressive strength of concrete. However, control and assessment of concrete strength
in laboratory conditions are traditionally carried out on specimens in the shape of cubes; therefore, it is
important to evaluate the accuracy of the obtained results when determining not only cylinder strength but
also cube strength of concrete.

The investigation of this issue is also relevant because many researchers studying the features of
the work of building structures (beams, slabs, columns, etc.) made of fiber-reinforced concrete, often
produce specimens of only one type (usually cubes or cylinders) and size.

Thus, for setting the purpose of the study, the key factor is the variability in the size of the specimens
of lightweight concrete with fiber. At the same time, the influence of other factors (concrete density and fiber
content) on the object of the study should be excluded, which is achieved by using a constant concrete
composition.

In accordance with the above, the purpose of the study is to determine the role of the size of the
specimen in the shape of the cube (100 and 150 mm) of lightweight fiber-reinforced concrete (based on
expanded clay aggregate) on the results of testing strength for short-term uniaxial loading.

The subject of the study is the experimental justification of the use of cubes with an edge size of at
least 150 mm to obtain the correct values of the compressive cube strength of expanded clay fiber-
reinforced concrete with the addition of micro-reinforcing constructional fiber.

In accordance with the purpose, the task of the study is to establish the effect of the specimen size
(cube with an edge of 100 mm and 150 mm) on the mean value of compressive cube strength of expanded
clay fiber-reinforced concrete with PPf content of 1.5 % by cement weight (0.36 % by concrete volume).
When setting research tasks, the factor of fiber concentration is taken into account. The concrete
composition is constant. The variation of the specimen size is binary: 100 and 150 mm.

According to earlier studies, for expanded clay fiber-reinforced concrete with PPf, the percentage of
fiber reinforcement of 0.36 % by concrete volume is the most effective among the studied percentages (the
PPf contents of 0.12 %, 0.24 % and 0.36 % by volume were studied) [33]. In this regard, to establish the
binary variability of the experimental cube dimensions (the edge size of 100 and 150 mm) and the strength
of expanded clay fiber-reinforced concrete, the reinforcement percentage peps = 1.5 % by cement weight
(0.36 % by concrete volume) was chosen.
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2. Methods

Specimens for investigation of mean values of compressive cube strength of expanded clay concrete
and expanded clay fiber-reinforced concrete with PPf were made in the shape of cubes in metal molds with
an edge size of 150 mm and 100 mm (according to GOST 10180: Concretes. Methods for strength
determination using reference specimens).

The following proportion of the expanded clay concrete mixture for the manufacture of specimens
(cubes) was:

C:S:G=1:1.84:0.79, W/C=0.52.

The following materials were used for preparation of the concrete mix.

1. The coarse aggregate — expanded clay gravel produced by OJSC Plant of expanded clay gravel
in Novolukoml (Belarus) with particle size of 4-10 mm (Table 3).

Table 3. Characteristics of expanded clay gravel.

. o Mean value of . Water absorption
Particle Bulk Specific Compressive .
- . . expanded : Porosity by mass
size density density . cylinder strength
clay grain (by volume)
16.7 %
4-10mm 390 kg/m®  2.35 g/cm?® 0.8 g/cm?3 1.03 MPa 83.23 %
(13.4 %)

2. The fine aggregate — medium-sized river sand (according to particle size distribution, the content
of particles with a size of more than 0.25 mm by weight is over 50 %) (Table 4). The river sand deposit is
Pavlovskoye in the Mogilev region (the floodplain of the Dnieper River, Belarus). The river sand was

homogeneous in terms of maximum fine aggregate heterogeneity (Umax= 3.55 < 4).

Table 4. Characteristics of river sand.

Bulk density Specific density Average density Fineness modulus Porosity
1670 kg/m?® 2.46 g/cm?® 1670 kg/m3 2.13 32.32 %

3. The Binder — Portland cement (CEM | 42.5N) produced by OJSC Belarusian Cement Plant
(Belarus) (Table 5). The chemical and mineralogical composition of the cement clinker is presented in Table
6.

Table 5. Characteristics of Portland cement.

. . . Average Water requirement of Compressive Spread of
Bulk density Specific density density normal consistency strené;th at 28 cement
ays paste
1140 kg/m3 3.05 g/cm?® 1140 kg/m?3 25-28 % 48.08 MPa 105 mm
Table 6. The chemical and mineralogical composition of the cement clinker.
The chemical composition of SiO2, % 21.71
the cement clinker Al2O3, % 5.27
Fe203, % 3.74
CaO, % 66.20
MgO, % 1.30
the ratio by mass (Ca0)/(SiO2) 3
The mineralogical composition CsS, % 60.55
of the cement clinker C2S, % 16.59
CsA, % 7.63
C4AF, % 11.38

4. The reinforcing polypropylene fiber — constructional micro-fiber (CMF) made of granules of a high-
modulus thermoplastic polymer (CsHs polypropylene) by structural modification (Table 7). Polypropylene
fiber produced by LLC RUSSEAL (Russia).
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Table 7. Characteristics of polypropylene fiber

Property Value
Length 12 mm
Diameter 50 um
Shape round
Density 0.91 g/cm3at 20 °C
Elongation before break 21 %
Melting point more than 160 °C
Electrical conduction low
Chemical resistance high
Alkali resistance high

The following percentages of PPf reinforcement were studied:

—  pppi = 0 % (control specimens without reinforcement);

- pppi = 1.5 % by cement weight (0.36 % by concrete volume).

According to [5], comparable strength values of the fiber-reinforced concrete specimens were
obtained with the same content of polypropylene fiber (0.2 % by concrete volume) although the polymer
fiber was introduced into the concrete mixture at different preparation stages (simultaneously with the
coarse aggregate; simultaneously with the fine aggregate; into the finished concrete mix) (Table 2). It was
also proved in [34] that provided the mix is thoroughly mixed, the moment the polymer fiber is introduced
does not significantly affect the strength characteristics.

In this study for the manufacture of specimens, water initially was poured into the concrete mixer
drum; next, the required amount of PPf was added to the water in portions; then cement, sand, and
expanded clay gravel were added in a sequence. The time of mixing was increased by 15 % compared to
the mixing time of expanded clay concrete mixture without fiber reinforcement.

The main technological equipment and measuring instruments were used in this study:

— electronic balance VK-3000 and VE-15T produced by JSC MASSA-K, Russia;

— concrete mixer B-160 produced by Denzel, Germany;

— portable concrete vibrator MVE 1501 produced by LTD Masalta engineering Co., China;
— universal testing machine RGM-1000-M-1 produced by LLC Metrotest, Russia;

— microscreener MS LaboMed-1 produced by LLC Labor-Microscopes, Russia;

— metal measuring rules produced by LTD Tukzar, China.

3. Results and Discussion

All specimens (cubes with dimensions of 100x100x100 mm and 150x150x150 mm) were tested for
short-term uniaxial loading on universal testing machine in the laboratory of the Belarusian-Russian
University according to GOST 10180. The rate of loading application was 0.4-0.6 MPal/s.

Table 8 shows the test results of experimental expanded clay concrete and expanded clay fiber-
reinforced concrete cubes with dimensions of 100x100x100 mm and 150x150%x150 mm. The results of
testing specimens are without taking into account the data rejected during the processing. The content of
polypropylene fiber is given in % by cement weight.

Table 8. Experimental data processing results.

Mean value
Nominal Mean value of specific
PPf f dard The ) .
reinfor- edge Number of  Mean or Standar coefficient  Relative ~ compressive
size of  specimens density, Ccompressive  deviation, f variati range of cube
cement L of variation I
o cube, inGroup  kg/m3  cubestrength g Mpa var), % variation strength,
mm ficm,cube, MPa ' @lcm,cube,
kN-m/kg
0 100 31 1462 13.07 1.33 10.21 0.39 8.94
150 10 1484 13.13 0.55 4.18 0.11 8.85

15 100 42 1445 10.98 1.83 15.50 0.66 7.59
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150 41 1457 13.87 1.56 11.26 0.43 9.49
0 100, 150 41 1467 13.08 1.18 9.06 0.39 8.92
15 100, 150 83 1460 12.41 2.18 17.56 0.78 8.25

Table 8 shows the statistics for the mean compressive cube strength. However, due to the
heterogeneity of the porous coarse aggregate (expanded clay gravel), even with the same concrete mixture
for experimental cubes, the density varies within 1355-1655 kg/m? (Fig. 2).

o Cubes 100mm, 0 % ~ Cubes 150 mm, 0 %
e Cubes 100 mm, 1.5 % 4 Cubes 150 mm, 1.5 %
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Figure 2. Actual values of the main physical and mechanical characteristics
of experimental cubes: density (kg/m3) and compressive cube strength, fic.cube,i (MPa).

However, it is important that the non-variability of the specimens, which is generally controlled by
constant consumption of lightweight aggregate, should be taken into account when analyzing the strength,
i.e., use a criterion that would take into account the spread in strength values caused by a change in the
density of the specimens due to the heterogeneity of the aggregate. Such criterion can be, for example,
specific strength (Table 8).

Specific strength is usually used to reflect the ratio of strength characteristics and density of
lightweight concrete: the higher this value, the lower the density and higher the strength of lightweight
concrete. The trend of specific compressive strength corresponds to the trend of compressive strength,
which was established by other researchers [19] and is shown in Fig. 3.
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Figure 3. The values of the specific compressive cube strength
and compressive cube strength for the studied Groups of experimental cubes.

Further in the article, the statistical analysis of the data is based on the values of the specific
compressive cube strength. The use of values of specific compressive cube strength instead of the mean
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for statistical processing makes it possible to exclude the effect of scatter in the density values of the
specimens and establish only the influence of the key parameter (the edge size of the experimental cubes).

Basic statistics for cube-shaped specimens are presented in Table 9.

Table 9. Basic statistics for Groups of specimens

Group of specimens Group 1 Group 2 Group 3 Group 4
Edge size of Edge size of Edge size of Edge size of
Characteristics of Group 100 mm, 150 mm, 100 mm, 150 mm,
prpf =0 % prpf =0 % pppf =1.5% prPpi = 1.5%
Sample size, N 31 10 42 41
Expectation (Sample Mean), M, kN-m/kg 8.94 8.85 7.59 9.49
Standard Error of the Mean (SEM), Om 0.16 0.11 0.17 0.17
Median, kN-m/kg 8.92 8.74 7.74 9.57
Standard Deviation, S, kN-m/kg 0.87 0.36 1.09 1.12
Sample Variance, 82, kN-m/kg 2 0.75 0.13 1.19 1.25
Minimum, flcm,cube,min, kN-m/kg 7.30 8.41 5.34 7.23
Maximum, ficm,cubemax, kN-m/kg 10,74 9,38 9,90 11,63
Range, kN-m/kg 3.44 0.97 4.56 4.40
Skewness —-0.04 0.25 -0.17 —-0.08
The coefficient of variation (Var) 10 % 4% 14 % 12 %
Relative range of variation 0.38 0.11 0.60 0.46
95 % Confidence Interval of the Mean +0.32 +0.26 +0.34 +0.35
(o0 = 0.05), kN-m/kg - - - -
Upper Confidence Limit, kN-m/kg 9.26 9.11 7.93 9.85
Lower Confidence Limit, kN-m/kg 8.62 8.59 7.25 9.14

According to Table 9, it is obvious that for expanded clay concrete (without fiber reinforcement) the
size of the cube does not affect the obtained values of the mean specific compressive cube strength (on
condition the edge size is at least 7 times greater than the maximum aggregate grain size). This way,

(Pcm,cube,J_OO =8.94 kN m/kg and (pcm,cube,J_SO =8.85 kNm/kg

However, for expanded clay fiber-reinforced concrete with a polypropylene fiber content of 1.5 % by
cement weight, the discrepancy between the mean values is obvious: @icm,Ppf,cube,m,100 = 7.59 KN-m/kg,
®lcm,PPf,cube,m,150 = 9.49 kKN-m/kg. At the same time, judging by cubes with an edge size of 100 mm, as a
result of the addition of PPf, the mean value of specific compressive cube strength of expanded clay
concrete decreased by 15 %. According to tests of cubes with an edge size of 150 mm, the specific
compressive strength increased slightly by 7 %.

In addition, for all groups of specimens (cubes), except for Group 3 (edge size of 100 mm,
pppi = 1.5 %), the coefficient of variation does not exceed 13.5 %, and only for Group 3 the coefficient of
variation is more than 13.5 %. Group 3 also demonstrates the largest value of relative range of variation.

Thus, as a result of the investigation, a difference was revealed in the mean values of the specific
strength of expanded clay fiber-reinforced concrete, obtained according to experimental data for cubes with
an edge size of 100 mm and 150 mm. It is necessary to establish how significant this difference is. In
addition, the difference in the strength of specimens of the same composition but of different sizes can be
associated with the objective error of mechanical tests of concrete strength or such difference indicates a
correlation between the strength of the concrete and the dimensions of the specimens.

Visually, the differences in the test results of cubes are presented on box-and-whisker chart (Fig. 4).
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Figure 4. Box-and-whisker chart for testing cubes.
The chart in Fig. 4 clearly demonstrates the significant effect of the size of the cubes on the obtained

specific strength when PPf is added, i.e., the size effect is observed. Such dependence was not established
for expanded clay concrete without fiber reinforcement.

When testing the hypothesis by the method of the confidence interval (data based on one-sample t-
test), the following was established. Based on the data obtained in Table 9, for the sample of Group 1, the
mathematical expectation of 8.94 kN-m/kg falls into the confidence interval of Group 2; thus, the null
hypothesis of equality of means is not rejected. For the sample of Group 3, the mathematical expectation
of 7.59 kN-m/kg does not fall into the confidence interval of Group 4, therefore the null hypothesis is rejected

(Fig. 5).
b.

a.

65 7 75 3 a5 9 95 10 105 6.5 7 75 8 85 9 95 10 105
Specific compressive cube strength, kN-m/kg Specific compressive cube strength, kN-m/kg

Figure 5. Upper and lower confidence limit for: (a) Group 1 and Group 2;
(b) Group 3 and Group 4.
To clarify the obtained results, first, it is necessary to test the statistical hypothesis of the
correspondence of the empirical distribution (frequency histogram) of the controlled parameter (specific
compressive cube strength) to the normal distribution.

The number of class-intervals for plotting a frequency histogram was assigned based on the sample
size according to the Sturges rule:

k=1+3.322Ign. (1)

The largest number of results (sample size) was N = 42, then K = 6. The maximum range was
(11.63 — 5.34) = 6.30 kN-m/kg, then ‘height’ of class-interval was h =6.30/6 = 1.05 kN-m/kg. For the
convenience of plotting h = 1.1 kN-m/kg was taken.

Observed frequencies were determined according to the initial data (Table 9). Expected frequencies
were determined according to the traditional method based on the sample mean and sample variance using
the Gaussian function.
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The null hypothesis that observed frequency distribution in a sample is consistent with theoretical
frequency distribution; it was tested by Pearson's chi-squared test. The level of significance was accepted

0.05.

The calculation results are summarized in Table 10.

Table 10. Results of Pearson's chi-squared test ()(2).

Relative
Number Class Observed observed Expected Results of
of class- interval, freO|ue_ncy frequency frequency Ei P chi-squared test
interval kN-m/kg Oj Oi/N
Cubes with edge size of 100 mm, pppi= 0 %
1 6...7.09 0 0.000 0.01 0.01 =11
2 7.1..8.19 0 0.000 0.39 0.39 %%0.05;30 = 43.8;
3 8.2...9.29 6 0.194 4.60 0.43 %% << %%0.05:30;
4 9.3...10.39 12 0.387 13.73 0.22  p-value =0.95452;
5 10.4...11.49 11 0.355 10.27 0.05  p-value >>a=0.05.
6 11.5...12.59 2 0.065 1.92 0.00
)y 31 1.000 30.91 1.1
Cubes with edge size of 150 mm, pppf=0 %
1 8.3...8.59 0 0.000 0.41 0.41 1 =23;
2 8.6...8.89 3 0.300 1.80 0.79 %%0.05,9 = 16.9;
3 8.9...9.19 3 0.300 3.49 0.07 < %%0.05:9;
4 9.2...9.49 2 0.200 2.96 031  p-value =0.67672;
5 9.5...9.79 2 0.200 1.10 0.74  p-value > a=0.05.
> 10 1.000 9.77 23
Cubes with edge size of 100 mm, pppf= 1.5 %
1 6...7.09 4 0.095 2.95 0.37 X2 =0.8;
2 7.1...8.19 10 0.238 10.54 0.03 X20.05:41 = 56.9;
3 8.2...9.29 15 0.357 15.67 0.03 X2 << X%0.05:41;
4 9.3...10.39 10 0.238 9.70 0.01  p-value =0.97649;
5 10.4...11.49 3 0.071 2.50 0.10  p-value >>a =0.05.
6 11.5...12.59 0 0.000 0.27 0.27
> 42 1.000 41.63 0.8
Cubes with edge size of 150 mm, pppf= 1.5 %
1 7.1...8.19 0 0.000 0.56 0.56 *=16;
2 8.2...9.29 6 0.146 4.32 0.65 %%0.05:40 = 55.8;
3 9.3...10.39 12 0.293 12.97 0.07 %% << %0.05:40;
4 10.4...11.49 14 0.341 15.07 0.08  p-value =0.90070;
> 11.5...12.59 8 0.195 6.79 0.22  p-value >>a =0.05.
6 12.6...13.69 1 0.024 1.18 0.03
y 41 1.000 40.89 1.6

Since in all cases the value of XZ (Table 10) is significantly less than its critical value (XZ << chm)
and the p-value for the chi-square distribution (Xz) significantly exceeds the established level of significance
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(p-value >>a = 0.05); therefore, there is no reason to reject the hypothesis that the random variable is
normally distributed.

Experimental data were used to plot relative frequency histograms and polygons (Fig. 6) for
expanded clay fiber-reinforced concrete (with PPf). For clarity, histograms and polygons for cubes with an
edge size of 150 mm and 100 mm are shown in one figure. The histograms and polygons show that
although both values are normally distributed, their mathematical expectations are different.
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Figure 6. Relative frequency: (a) histogram; (b) polygons for the test results
for short term uniaxial loading of expanded clay fiber-reinforced concrete cubes

with edge size of 150 mm and 100 mm (pppf = 1.5% by cement weight).

Two-sample F-test for variances was chosen to determine the statistical significance of the difference
in the variances of the samples. The analysis results are shown in Table 11.

Table 11. Results of F-test for hypothesis test for equality of variances

Group of specimens Results of F-test

F =5.814; Fo.05:30:9 = 2.864 (0. = 0.05);

F > Fo.05:30;0; p-value = 0.004 < o, = 0.05.
Sample variances are significantly different.
F =1.058; Fo.05:40:41 = 1.686 (0L = 0.05);

F < Fo.0s5:40:41; p-value = 0.429 > a. = 0.05.
Sample variances are not significantly different.

Group 1 (edge size of 100 mm, pppf = 0 %) and
Group 2 (edge size of 150 mm, pppf = 0 %)

Group 3 (edge size of 100 mm, pppf = 1.5 %) and
Group 4 (edge size of 150 mm, pppf = 1.5 %)

According to the performed analysis, there is no reason to reject the null hypothesis of the equality
of the variances of Group 3 and Group 4 since F < Ferit and the p-value significantly exceeded the
established level of significance (a = 0.05).

T-test for two-sample assuming unequal variances was used to assess the significance of the
difference in the mean values of Group 1 and Group 2 obtained from the presented samples. This test was
chosen due to assessing the differences in the mean values of two unrelated samples, which are normally
distributed, and the samples may be unequal in size and with different variances.

In the case of assessing the significance of the difference between the mean values of Group 3 and
Group 4, a t-test for two-sample assuming equal variances was selected according to the minimum
difference in variances (Table 11). The results are shown in Table 12 (basic statistics for samples are
presented in Table 9).

Table 12. Results of t-test for hypothesis test for difference of sample means.

Characteristics of specimens Results of t-test

Expanded clay concrete (without reinforcement), cubes Two-tailed test at 0. = 0.05;
with the edge size of 100 mm

Expanded clay concrete (without reinforcement), cubes 1=0.477; to.05;36 = 2.028;
with the edge size of 150 mm t < to.05:36; P-value = 0.636.
Sample means are not significantly different.
Expanded clay fiber-reinforced concrete (with PPf;
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pprpf = 1.5 %), cubes with the edge size of 100 mm Two-tailed test at o = 0.05;
Expanded clay fiber-reinforced concrete (with PPf; t = 7.832: t9.05:81 = 1.99:
ppPpf= 1.5 %), cubes with the edge size of 150 mm t > to.05:81: p-value =1.606-10-11=0.

Sample means are significantly different.

According to the data analysis, for expanded clay fiber-reinforced concrete, the differences in mean
values of the specific compressive cube strength of specimens with the same composition but different
sizes (100 mm and 150 mm) are statistically significant.

A single factor analysis of variance (ANOVA) was chosen to confirm the significance of the difference
in mean values obtained from the results of testing cubes with an edge of 100 mm and an edge of 150 mm.
This analysis was selected based on the normal distribution of data from two unrelated samples with
minimal differences in the variances. The analysis results are shown in Table 13.

Table 13. Data results of ANOVA: Single Factor (MS Excel)
ANOVA: Single Factor

SUMMARY

Groups Count Sum Mean Variance
Cubes, edge size of 100 mm 42 318.9357  7.593708 1.18597
Cubes, edge size of 150 mm 41 389.2111  9.492953 1.254728

Analysis of Variance

Source of Variation SS df MS F p-value Ferit
Between Groups 74.83714 1 7483714  61.34573 1.6057E-11 3.95885
Within Groups 98.81386 81 1.219924
Total 173.651 82

According to the performed analysis (Table 13) at the level of significance a = 0.05, the F-test

significantly exceeds its critical value (F = 61.35 >> Fo0s5:1:81 = 3.96); therefore, the null hypothesis is
rejected

Thus, it is possible to state a significant influence of the factor on the study results (size of cubes),
i.e., the sizes of the samples have a significant effect on the obtained values of the specific compressive
cube strength of expanded clay fiber-reinforced concrete, and this fact should be taken into account when
planning experimental studies.

It should be noted that when calculating the mean values of compressive cube strength of expanded
clay fiber-reinforced concrete using cubes with dimensions of 100 x 100 x 100 mm, as well as cubes with
dimensions of 100 x 100 x 100 mm and 150 x 150 x 150 mm at the same time, the cube strength in both
cases turned out to be lower in comparison with the control specimens (without fiber). According to the data
test only of cubes with dimensions of 150 x 150 x 150 mm, the strength increased due to the addition of
fiber.

Getting lower mean value of cube strength is not critical. A downward deviation in the subsequent
design of structures will provide an additional margin of safety. However, when assessing the effectiveness
of fiber reinforcement, this deviation is significant. According to the chart in Fig. 3, based on the results of
testing cubes with an edge of 100 mm, the strength of expanded clay concrete decreases with the addition
of polypropylene fiber (pppi = 1.5 %), i.e., fiber reinforcement negatively affects the strength characteristics.
At the same time, according to the results of testing cubes with an edge of 150 mm, the strength of
expanded clay concrete does not decrease as a result of the fiber addition, i.e., the negative effect of fiber
reinforcement on strength is not noted.

In connection with the above, it is advisable to evaluate the correctness of the obtained data and to
establish the recommended size of cubes for determining the cube strength of expanded clay fiber-
reinforced concrete. This can be done by testing the strength of specimens in shape of cylinders.

Cylinders (with a diameter of 150 mm and a height of 300 mm) made in the same series with cubes
were tested. The results of determining the mean value of cylinder compressive strength and comparison
with the mean value of compressive cube strength are shown in Table 14.

Table 14. Mean values of compressive strength for cube and cylinder of expanded clay fiber-
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reinforced specimens.

. . Ratio
Mean value of compressive Mean value of compressive
PPf reinfor- cube strength ficm PP cube, cylinder strength f|cm,ppf oyl
cement by o
cement weight, _ MP.a, fiem,pPt.cyl, MPa fiem, PPf cube
% with edge size of, mm (cylinder diameter of 150 mm, with edge size of, mm
height of 300 mm :
100 150 g ) 100 150
15 10.98 13.87 12.6 1.15 0.91

Table 14 shows that the mean value of cube strength ficm cube iS lower than the mean value of cylinder
strength ficm,cyl (when testing cubes with dimensions of 100 x 100 x 100 mm). This is unlikely due to the
significant influence of friction forces between the press plates and surfaces of the specimen, which, as is
known, prevent the free development of transverse deformations and causes the so-called 'jacketing effect'.

In accordance with Saint-Venant's principle, the stresses caused by the forces of friction on the
support surface are significant only in the area, dimensions of which are commensurate with the dimensions
of the loaded surface area. Thus, the middle part in prisms and cylinders (with a height exceeding double
cross-sectional size) is free from the influence of friction forces, and longitudinal cracks appear in the middle
part of the prisms before failure, propagating up and down to the support surface area. For this reason, with
a correctly performed investigation, the cube strength cannot be lower than the cylinder strength. When
testing cubes with dimensions of 150 x 150 x 150 mm, the cube strength is greater than the cylinder
strength.

On this basis, it can be concluded that in order to assess the strength of expanded clay fiber-
reinforced concrete, cubes with an edge size of at least 150 mm should be tested. Tests on cubes with an
edge of 100 mm may demonstrate underestimated strength values.

Lower values of the cube strength compared to the cylinder strength of expanded clay concrete
(without fiber) were also noted in [30]. The authors connected this fact to a much less expressed size effect
for lightweight concrete in comparison with normal weight concrete. Authors of [30] tested cubes with an
edge of 150 mm, the diameter of the cylinders was varied from 80 to 150 mm (diameters of 80, 100, 125,
and 150 mm), and the number of twin specimens was taken as 6 or 7. At the same time, for control
specimens (cube with dimensions of 150 x 150 x 150 mm, cylinder with the diameter of 150 mm and the
height of 300 mm), the cube strength turned out to be greater than the cylinder strength.

Itis also indicated in [15] that due to an increase of polymer fiber content, the air is entrained and an
empty space is formed, leading to a decrease in strength. The reason for the decrease in the compressive
cube strength of expanded clay concrete containing polypropylene fiber may be the uneven distribution of
PP-fibers in the hardened concrete leading to an increase in porosity. The noted effects have a significant
influence on the test results of specimens with small sizes (cubes with an edge of 100 mm).

In this study expanded clay gravel with a maximum grain size of dg = 10 mm was used, the average

layer of the cement matrix width was approximately am = 10 mm (Fig. 7 (a)). Polypropylene fibers are
‘included’ in the hardened cement (Fig. 7 (b, c)); it is clearly visible when examining the slices of the
specimen using the microscreener.
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Figure 7. Slices of expanded clay concrete specimen: (a) without magnification;
(b) magnification 10x; (¢) magnification 4x.

The value of a characteristic element of the expanded clay concrete structure (the minimum element
during the material properties test will appear but not of particular elements of the macrostructure) is:

lp=5-(dg +ay ) =5-(10+10) =100 mm.

Since grains of coarse aggregate (expanded clay) with a properly selected fiber length are in the
center of the cell formed by reinforcing fibers [8, 24], the dimensions of the characteristic element obviously
increase. Then in all cases lp > 100 mm.

It is necessary to take the minimum specimen size hmin not less than the size of the characteristic
element lo, to obtain correct data, i.e., hmin = lo. In this way, hmin > 100 mm.

The main crack initiation with an intragranular mechanism of expanded clay concrete failure can lead
to momentary failure since tensile stresses at the crack tip quickly reach critical values. Momentary failure
is associated with a high upper limit of microcracks formation for lightweight concrete [35].

The dangerous cracks are less likely to develop for small specimens than large ones due to the use
of scale factors. However, Kholmyanskiy M. M. [36] proposed to assign a scale factor depending not only
on the specimen size, but also taking into account the effects of dangerous crack stopping.

Evenly distributed fibers throughout the concrete volume provide the effect of crack stopping,
regardless of the fiber type and the concrete type. Experimental verification of this can be found in many
studies, for example, in [3-5, 37, 38]. Moreover, this effect becomes more evident as the specimen volume
increases. At the same time in [36], the author noted that the stopping effect does not appear if the volume
of concrete is too small.

Since the volume of the testing cubes (100 x 100 x 100 mm) is small (comparable to lo), the
introduction of fiber does not provide the effect of crack stopping. This statement is in good agreement with
the classical theory of Kholmyanskiy M. M. [36].

Summarizing the above, in order to determine the cube strength of lightweight concrete with polymer
fiber content, it is recommended to test specimens (cubes) with an edge of at least 150 mm for short-term
uniaxial loading test.

Obviously, the effect of fiber reinforcement on the strength characteristics of lightweight aggregate
concrete depends on the type of aggregate and reinforcing fiber. Results may also differ with other fiber
content. This justifies additional research.

4. Conclusions

1. In the study, based on the tests carried out on standard cube-shaped specimens with an edge
size of 100 mm and 150 mm, the size effect of cubes on the obtained values of the mean compressive
cube strength of expanded clay fiber-reinforced concrete was established. This statement contradicts the
established world practice since the cube dimensions of 100 x 100 x 100 mm are considered generally
accepted. Nevertheless, these sizes of cube specimens were originally used to assess the cube strength
of dense aggregate concrete, and lightweight fiber-reinforced concrete cubes with dimensions of
100 x 100 x 100 mm were taken as standard for testing without sufficient justification for the possibility of
their correct application. Statistical analysis of experimental data allows us to conclude that for specimens
of the same composition but different sizes, the differences in the mean values of specific compressive
cube strength of expanded clay fiber-reinforced concrete are statistically significant. Thus, the binary
variability of the key factor (cube edge size: 100 and 150 mm) and mean values of compressive cube
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strength of expanded clay fiber-reinforced concrete (polypropylene fiber with content of 1.5 % by cement
weight) were established.

2. The use of cubes with an edge size of 100 mm is incorrect to determine the strength of expanded
clay fiber-reinforced concrete since, in this case, the mean value of compressive cube strength is less than
the mean value of cylinder compressive strength, and it contradicts the mechanics of concrete failure. In
addition, polypropylene fibers do not provide effect of crack stopping if specimen sizes are comparable to
the dimensions of a characteristic element of the expanded clay concrete structure. Consequently, the use
of cubes with an edge size of 100 mm for testing does not guarantee correct results for lightweight concrete
reinforced by polypropylene fiber. In connection with the above, it is recommended to use standard cube
specimens with an edge size of 150 mm or more to obtain the mean value of compressive cube strength
for expanded clay fiber-reinforced concrete with polypropylene fiber.

3. Itis necessary to change the size of the cube by at least three values to establish the relationship
between the size of the specimen and the compressive cube strength of lightweight fiber-reinforced
concrete. For further analysis, the choice of cubes with the edge size of 70, 100, 150, and 200 mm seems
sufficient. In addition, it is possible to change the fiber content (polypropylene and others) for justification
of this study results. If the results of further studies with varying sizes of cube specimens and fiber content
are statistically significant, it seems appropriate to amend the standard documents regulating the method
for determining the compressive cube strength for lightweight fiber-reinforced concrete.
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Abstract. The present paper studies the stress-strain state of a round reinforced with stiffeners plate of
elastic-plastic material carried out of a refined theory of the type by S.P. Timoshenko It is believed that plate
vibrations are excited by a pulsed load. The relationship between displacement and deformation is
assumed to be geometrically non-linear. The plate consists of sheathing and rib reinforcement of a
guadrangular cross section. The lining materials of the reinforcing ribs are considered identical and obeying
Hooke's law. The cross sections of the ribs are constant and are independent of the radial coordinate. The
height of the ribs and their locations are set using a single column function. The number of methods of finite
differences the solution to the problem. In this case, deformations, forces, moments, and transverse forces
are determined at the centers of the grid elements, and displacement and rotation angles are determined
at the grid nodes. Given the location of the ribs, the deflection of the central point and the force calculated,
depend on the radial co-ordinate and time. Particularly, it was found that the smallest deflection of the
central point is achieved when the rib is located in the middle of the radius of the plate; the location of the
ribs near the edge of the plate can lead to a decrease in the load-bearing capacity of the structure compared
to an un-reinforced plate.

Citation: Khalmuradov, R.I., Khudoynazarov, K., Nishanov, U.A. Elastic-plastic deformation of a round
plate reinforced with stiffeners. Magazine of Civil Engineering. 2022. 116(8). Article no. 11613.
DOI: 10.34910/MCE.116.13

1. Introduction

Thin elastic structures and their elements are widely used in modern technology and construction. In
most cases, these elements operate under the influence of various dynamic loads of a wide range and are
in difficult operating conditions [1, 2]. For achieving the desired structural rigidity and increase in strength,
its thin-walled part is reinforced with ribs. The ribs increase rigidity, increase the strength of the structure
and do not significantly increase the weight of the structure. In addition, the ribs very well transmit forces
close to concentrated loads. At the same time, a reduction in the material consumption of structures,
beneficial in design. Therefore, in studies of the dynamic nature of plates reinforced by stiffeners, special
attention is paid to determining the strength characteristics of plates of increased stiffness under the
influence of compressive loads.

The solution to the problems pertaining to the deformation of ribbed plates has been carried out
through both analytical and numerical methods. Using analytical methods for calculating plates and shells,
supported by stiffeners as other elements of engineering structures, it is possible to calculate their deformed
and stressed states with a given or acceptable accuracy.

© Khalmuradov, R.l., Khudoynazarov, K., Nishanov, U.A., 2022. Published by Peter the Great St. Petershurg
Polytechnic University.
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In mathematical terms, the analytical methods for solving dynamic problems of ribbed plates and
shells are complex [3]. Therefore, researchers have tried to overcome these difficulties by limiting the
configurations of the ribbed plates and to be content with relatively simple configurations. Due to these
difficulties in the scientific literature, till recently, little work has been done using analytical methods of
calculation. In article [4] considers a ribbed plate with its structural orthotropy and analyzes its stressed
state by analytical, numerical (finite element method) and experimental methods. It has been proved that
the reinforcement of the plates with ribs of constant cross-section allows significant reduction of stress in
its sections in comparison to an un-supported plate. It has also been noted that the literature on the
analytical calculation of the stress-strain state of ribbed plates is quite scanty.

The work [5] is devoted consider shells of a stepped variable thickness when a thickness variation is
set by means of unit bar graph functions equal to a difference of two unit functions. It enables for considering
ribs, reinforcement plates and cutouts in one structure; a rib and shell contact is arranged along a strip.

In the process of performing dynamic calculations of the elements of structural engineering, the study
of their natural vibrations along with the determination of natural frequencies and their natural forms, plays
a large role [6, 7]. The same is true for ribbed plates and shells, since the reinforcements change both the
spectrum of natural frequencies and the shape of the vibrations [8]. In this direction, one can note articles
[9, 10], where the free vibrations of circular and annular plates reinforced on external contours were studied.

Some questions of the dynamic stability of reinforced orthotropic gentle shells of double curvature
and viscoelastic flexible plates of variable stiffness under compression were studied in [11, 12]. In the work
[11] explored orthotropic shallow shells of double curvature, as well as cylindrical panels that are reinforced
from the concave side by an orthogonal grid of stiffeners. The external transverse load acting on the
structure is uniformly distributed and has a linear dependency on time. A geometrically nonlinear variant of
the model which also takes into account orthotropy of the material and transverse shears are considered.
The model is presented as a functional of total deformation energy of the shell. In the paper [12] the dynamic
stability of viscoelastic plates of variable stiffness is analyzed. The deflections are described by partial
integro-differential equations of motion. The Bubnov—Galerkin method based on monomial and polynomial
approximation of deflections is used to reduce the problem to ordinary integro-differential equations with
time as an independent variable.

The complexity of analytical calculations forced the authors to limit themselves to a relatively small
amount by taking into account the physical and mechanical properties of materials. Therefore, in many
studies, numerical methods have been used to solve such problems [13, 14]. For specific ribbed plates,
some questions of the numerical calculation of the dispersion curve and the ways to solve them using the
finite element method were presented in the scientific work of Finnveden, S. [15]. Based on the obtained
analytical, numerical and experimental results, a comparative analysis has been made. The features of
wave propagation in directions parallel to the ribs were investigated numerically.

Some problems in solving applied problems using numerical methods, in particular, the finite
difference method, for solving the dynamics problems of ribbed rectangular and round plates, plates and
shells under the action of pulsed loads were considered in [16—18]. The dynamic behavior of ribbed plates
and shells under pulsed loading was also studied by [18]. The effectiveness of the various methods for
modeling the influence of reinforcing elements using the generalized Dirac function was analyzed.

A review and some analysis of scientific papers devoted to the method of numerical calculations of
various aspects of ribbed structures are available were made in [19] The ideas underlying some numerical
developments are related to the spectral finite element or wave methods of finite elements can be viewed
in [20]. Numerical calculations of the required parameters are a relatively new and promising area of
research into the behavior of ribbed structural elements and, in particular, the plates [21, 22].

The dynamic behavior of a ribbed plate over a surface that moves a linear distributed load studied
by [23]. The paper [24], based on the geometrically nonlinear theory of deformation of Mindlin—Reissner
shells, analyzes the stress-strain state of shallow shell structures of double curvature, reinforced by the
concavity side with a different number of edges.

There have been numerous publications and a continuous expansion of the field of applicability of
ribbed plates and shells. However, the problem of formulating more refined models which describe the
dynamic processes in them and search for effective analytical methods for solving the corresponding initial-
boundary value problems of mathematical physics with allowance for nonlinear properties, such as
boarding and ribs, still persists.

Thus, it can be noted that in the study of dynamic processes occurring in ribbed structural elements
under the action of pulsed and other fleeting loads, plastic properties are rarely taken into account due to
mathematical difficulties. Therefore, to date, a small number of works in the scientific literature have
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concerned themselves with the analytical calculation of ribbed plates and shells which take into account
the plastic properties of their material.

The present article is devoted to the numerical calculation of a round plate reinforced by a finite
number of annular ring stiffeners and also taking into account for the elastoplastic properties of the plate
and ribs materials.

2. Methods
2.1. Mathematical model of the problem

In a cylindrical coordinate system (r, ¢, z) , a round elastoplastic plate is considered, pinched at the

edge and reinforced by the ring stiffeners. In this case, the Z -axis is directly perpendicular to the plane of
the plate. It is believed that the structure consists of a skin and rigidly reinforced ribs to it, the materials of
which are the same and obey Hooke's law. The ribs have quadrangular cross sections and are attached to
the inner surface of the plate.

A pulsed load P(t) acting on the outer surface of the plate excites oscillations of the plate. The cross
sections of the ribs are the same and constant (Fig. 1).

_____ /3
b)

Figure 1. General view of the ribbed plate (a) and cross section of the ribs (b).

The height of the ribs and their location H(ri) is determined by using the unit column functions
5(r—n)
H(r) = X h'o(r 1), 5(r—n):{°’ D
i1 1 a<r<b,
Here @ =1 —C/2; 5 =1, +C/2; ; -is the coordinate of the midpoint of the contact of the i -th rib
and casing; h and C are the height and width of the ribs; M is the number of ribs;

For describing the stress-strain state of the plate, we use the Timoshenko type - nonlinear theory of
plate’s vibration. Given the asymmetry of the problem, the equations of motion of the plate can be written
as follows [1]:

2 2
(Nyr)’ =N, = rpF—(h+ F)+ atw } (rQ)' + (Nyrw')' = rp(zt—\év(h+ F)-rP;

12

where p is the density of the plate material; h is the thickness of the skin;

2 (13 2
(rtMy)’ =M, -rQ=rp Zt—lz//{h—JrJJ (Zt S, 1)

F=3 F(s(r—r) S=YS'N5(r—r); 3=3 3 (S(r—r)
i=1 i=1 i-1
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F'(r), S'(r), J'(r) are accordingly, the cross-sectional area, the static moment, and the moment
of inertia of the section relative to the coordinate axis of the element of the i -rib, with a width equal to unity

and height h'(r) in the section I =const; P(t) - is the function of the external load.
Boundary conditions for the structure under consideration:

a) conditions of hard pinching at the edge of the plate:u =w =y =0;
b) the conditions of symmetry in the center of the plate: U = 8_ =y =0atr=0.
r

The initial conditions characterizing the state of the plate at t =0are assumed to be zero, i.e.
u=w=0.
2.2. Accounting for plastic deformations

The displacements of an arbitrary point of the normal to the middle surface of the plate with the z
coordinate are as in [25]

u =u+zy, W =w
in accordance with taking into account the axisymmetric loading
vi=v=0,

where U, V, W are the displacements of the points of the middle surface of the plate along the coordinate
axes; I/ is the angle of rotation of the normal to the median surface of the plate.

Deformation

g =&l +i1el, &, =6)+16
are expressed through the displacements U, W and the angle of rotation of the normal to the median
surface  as follows:

2
gl():au 1[8\/\,),6‘3 u 1 Oy

or 2\ or

To describe the dynamic deformation beyond the elastic limit, we use the theory of plastic flow [26].
Focusing on the step-by-step method of solving problems, we divide the loading time into N small,
numbered in increasing order of steps. The increment of plastic deformation at step n is denoted by

Anel, (N=12,...N; @ =1,2,13).

An algorithm for calculating plastic deformations of a plate is constructed in the light of [26, 27]. First
find oy and o, . In this case, the values of plastic deformation at the M -th step of loading are used. From
the stresses thus found, it is possible to determine the stress intensity:

O'i(y) = \/012 +022 — 0107,
y is the order of approximation to the strain diagram y =1,2,3,... .

If O'i(l) at the considered point of the grid region of the plate for t > (n+1)z is less than the value

o; calculated at step N, then the material is elastically unloaded at the point and we proceed to consider

the next node or layer of the grid. Otherwise, we look for the increment An+1g|p , Which is written in the form

Y
Z Arl]+1£|p , after which we find the following plastic strains
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Here the increments of plastic deformation are determined from the following relation

ENo) E (N 7=l
A&’ = El——lj'?—gl(ZAngip + 2 Ak|+18ipJ—8iy,
n=1 L=0

4 100 : , . , ,
where E; = E(GP —GT)7 is the hardening modulus, o is the yield strength, op is the tensile

strength and O is the residual elongation, which were determined according to the references.

Stresses are found by the stress intensity formula. If in the next iteration, O'i(7 ) exceeds the
diagrammatic stress values at the found level of plastic deformations, the calculations are repeated. The
approach to the deformation diagram continues until the stresses oy, o, differ from those calculated at

the previous iteration by less than 0.5 ... 1.0 MPa, after which the transition of consideration to the next
node or time layer takes place, i.e. all calculations are performed before the condition

A}r<|+15rrj) —Aﬁflgr? <0, is satisfied, which provides a sufficient approximation to the deformation
diagram.

At the N -th loading step, the total strain &jis represented as the sum of the elastic and plastic
components

N
a=&+Y A&l  here 1 =1,2,3.
n=1
2.3. Physical equations

The relationship between stress and strain acting at the points of the sheathing and ribs are written
as

E L p p
oy = 5| e1t pEy — 2 (Angl + pALE5 ) ;
1 n=1

E N E N
oy = et e —S (AP + uA P )| e =————| €2 = S Anel |; A3)
2 1—/12[ 2+ e ngl( nés + UALE )} 13 2(1+/¢){ 13 n§1 n 13}

oW
where g3 = f (Z)(G_ﬂ[/j; E, u is the elastic modulus and Poisson's ratio of the material of the lining
r

or ribs [26]; f(z) is a function characterizing the law of the distribution of stresses o;3 across the plate

thickness: f(z) = fy(z) for the smooth part; f(z)= f;(z) at the points where the edges are located:

) 7\ _3h(h+2H) Z z
fo(2)=6 025_(3} ’ fl(z)_m(l+2ﬁJ{l_2h+2H}'

where H is the height of the rib.

The forces, transverse forces and moments per unit length of the section, acting in the section of the
plate, reinforced by ribs, have the following form:

Ny =N2+NR, Ny = NSNS My =M2+MT, My, =M+ MR 0=Q%+QR.

The forces, transverse forces and moments related to a smooth plate have the following form [1]:
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0 0 0 1 XN |
Nl = Eh 81 +ILI€2 2 Z (Al ‘LIAngz )
i 1—# n=1 ]
NS = Eh| &9 + uel

1,
f2 e~ ﬂz Zl(A + uAnEP )
(- - n_

MlozD{gll+,u5% ZZ(A el + p)}
1- 4% na1

®)
0 1 1 2
Mz =D| &y +pe ~ ZZ(A ﬂAngl)
1- 4% n1
2 h/2
o k?Eh o E
2(1+ 1) 2(1+ 1) _pyo n=1
Here E, i are the elastic modulus and Poisson's ratio of the material of a smooth plate
_ ER®
12(1+ )’
f (z) is a function characterizing the law of stress distribution over the thickness of the structure
' h/2 1 h/2
A$|—— [ AngPdz; Ag| j AnePdz; 1=1,2. (6)
—h/2 —h/2
The forces, moments, and shear forces acting in the sections of the ribs have the following form
h/2+H

NP = [ olez:A(gf+ygg)+B(a—W+yy/) GZ(A3 +yA352)
hi2 or r
h/2+H

0
| O';dZZA(é‘g-i-IUé‘P)-FB(W-F/J—WJ GZ(Aﬁ mngl )
hi2 or n-1
h/2+H N
0
Mf = [ ofzi=8(of oo W w62 (afel eniet
h/2 or r n=1
h/2+H N
MZR = | UZRZdZ = B(gg + e )+C( +,ua—l//) G, (Af{gzp +,uAﬁ'81p);
h/2 or n=1
R h/2+H ow h/2+H N
| of3dz=Dy (—H//j G [ f(2)X Apepydz;
hi2 0 hi2 n-1
Here
h/2+H h/2+H
Ag= | AePdz Ame = [ AngPzdz; 1=1,2, A=GF; B=GS; Dig =G3H(r);
h/2 h/2
2
C=GJ; G :LZ; 13 = k—E; k? = E , G are elastic constants of the material of
1-u 2(1+ ,u) 6
the ribs.

2.4. Numerical methods for solving the problem

Below we briefly describe the main points of the finite difference method as applied to the equations
of the theory of ribbed plates (1) - (7). The scheme of the numerical solution of the problem by the finite

difference method is based on the determination of displacements and rotation angles at the nodes of the
grid, and deformations, forces, moments and transverse forces

- in the center of the element [27].
The approximation of derivatives in an element has the following form
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or i A

where A, =T, —1,_4; f; is function values in points r;, 1<i<N +1.

To approximate the equations of motion (1), which are centered at the nodal points, the central
differences are used:

{51 _ fian—fiwn ©
i

E Ari+1/2

non-differentiable terms in equations (1) are reduced to a node by averaging the corresponding values in
the elements:

fiyo + fie
fi :%. (10)

The time derivatives were approximated by expressions of the form

2w ] w 2w 4w
7| - , (12)

2
where 7 is time step, N is index defining the time layer.

i T

The right side of the 1st, 3rd equations of system (1) contains two unknown functions. Therefore,
before passing to finite-difference analogues, the 1st and 3rd equations must be solved as a system of
2 2
o°u 0

algebraic equations for 8_2 and F Then, in differential equations, replace the derivatives with
t

relations of the type (8) - (11).The resulting finite-difference analogue of system (1) has the form

uin+1 _ 2uin _uin—l +T2 {iuin _ b b2 [‘//in _guin j}’
ac—

2 2
n+1 n n-1,7 n. . n+l n n-1
Wi = 2w W W T =2y -y LYY

(lPi” —bUi”), (12)

wherea= p(h+F), b= pS, C:p(h3/12+J);

Un = (rNpiw2 = (N, N (N2)ia2 = (Np)ibys .
] L)

Ar'i+1/2ri+]./2 2ri+1/2
wn = Qi —(r Qi W Wy 1 (ND)Rayp —(MNo)iyyp
1
Ari+1/2ri+1/2 Ari Ari+1/2 Ari+1/2
Wit = 2w —wily (Npihaye +(Ng)ityyo pn .
+ 2 + Fiy2;
(Ar) 2
g = (M), — (M), - (Mo)az + (M2l Qfiwz + Qe
! .
Ari+]./2ri+1/2 2ri+1/2 2

From relations (2) and (3) we obtain finite-difference expressions for calculating deformations

2
(@)l = Uiy - 1wy - | (&), = Uiy +U7
i+ ' i+ 1
Ari+1/2 2 2Ari+1/2 2ri+1/2
n n n n n n
Wi — W LR A R 7%
(513)in+1/2 = f(2) R +l//'+12 ud ; (€1Z)in+1/2 = (51)in+1/2 +Z—W'+1 ud ; (13)
APEYP, ARy,
Wirltl 'H//in .

Z\N n
(&2)isy2 = (&2)iy2 +2 9
ri+1/2
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The values of stresses, forces, moments and cutting forces are found by formulas (4) - (7), using
expressions as in (13).

Formulas of (12) apply only to the internal points of the computational domain. For determining the
values of the functions at the boundary points, we use the boundary conditions a) and b) described in the
previous section. The hard pinching conditions approximated exactly, and the symmetry conditions are
written in finite differences using the following expression:

[aw}” _ 3w —4wp +wg 1)

o 1 2Ar,

The grid functions on two adjacent time layers, necessary to start the calculations, give the initial
conditions, from which we obtain equalities of the form

wi = w?Z = 0. (15)

Using the above equalities, we can find uin, Win, l//in for any moment of time and any point of the
difference grid.

Finite-difference expressions (8) - (12), (14) provide a 2-order approximation. Equalities (15)
approximate the initial conditions with the first order of accuracy. The general discrepancy in the
approximation of the boundary value problem under consideration by difference relations does not exceed

O(AI‘2 +z’2). When the grid steps tend to zero, the residuals also tend to zero. Therefore, difference
equations approximate the original differential equations.

The study of the stability of difference schemes is a difficult task. It is especially difficult to solve for
circuits approximating multidimensional nonlinear boundary value problems. The stability of the circuit
investigation (12) is studied by numerical experiments. The sighting values of the grid steps ensuring the

stability of the calculations found from the Courant condition, are as follows 7; <Ar/c; here

o =vE/p(-p’).

Thus, the solution of differential equations (1) is reduced to calculations using recurrence formulas
(12).

3. Results and Discussions

The deflections of the central point of an unreinforced and reinforced by four edges of plates for
different values of the amplitude P, of the external exponential load are calculated. The results are

presented in Figs. 2-4 in the form of graphs according to the deflection wand time t, and various values of
the amplitude of the external exponential load is equal to 2.5; 5; 7.5; 10 MPa.
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Figure 2. According to the deflection of the central point reinforced by four ribs and unreinforced
plates at a)Po= 2.5 MPa; b)Po =5 MPa; c)Po = 7.5 MPa; d)Po = 10 MPa.

Fig. 2,a shows graphs of the deflection of central points reinforced by four ribs and unreinforced
plates with an external load amplitude of 2.5MPa. From the graphs presented, it follows that for an
unreinforced plate, taking into account plastic deformation, leads to an increase in the deflection values for
all time instants. For example, the maximum values of the deflection of the central point calculated by the
elastic and elastic-plastic models differ by 32%. In the case when the plate is reinforced by 4 ribs, the
graphs of the dependences of the deflection on time, in the elastic and elastic-plastic cases, merge. This
shows that under external exponential loads, the amplitudes of which do not exceed 2.5MPa, the influence
of plastic deformation can be neglected to calculate the plates reinforced by four edge of the plate. In a
particular case, for the elastic model of the plate and stiffening ribs, the results obtained coincide with the
analogous results of the work [28].

At an external load with an amplitude of 5MPa and higher, Fig. 2 b-d, the effect of plastic deformation
on the deflection cannot be neglected. As the results show in Fig. 2 b-d, the larger the amplitude of the
external load the higher is the deflection obtained by the elastic-plastic model as compared to the elastic

model, for example, the maximum value of the elastic-plastic deformation of a smooth plate at PO =2.5MPa
is =0.068 m; at By = 5MPa it is equal t; =0.12m; at By = 7.5MPa it is equal t; =0.151m; and at
Py = 10MPaitis equal ty =0.190 m.

With an increase in amplitude of the external load, the difference between the values of deflection of
the central point calculated by the elastic and elastic-plastic models increases. For example, for a point in

time equal to 0.003 s the specified difference reaches: a) atFy = 5 MPa - ty= 0,015 m;
b) at By = 7.5 MPa - ty=0.07 m; c) at ) = 10 MPa - 3= 0.098 m.

The graphs of the deflection of the central point of both smooth and reinforced plates, obtained on
the basis of the elastic model, for all values of the external load, are pronouncedly sinusoidal in nature. At
the same time, the graphs obtained on the basis of the elastic-plastic model, having reached a relative
maximum under the action of average load (Fig. 2 b, c), have a straightforward character, with a transition
to a slowly descending curve with increasing external load (Fig. 2 d).

Fig. 3a) shows graphs of the dependence of the deflection of the central point of the plate on the
radial coordinate with an external load amplitude equal to By = 2.5 MPa, calculated by the elastic-plastic

model. The cases of non-reinforcement and reinforcement of the plate by one (N = 1), two (N = 2) and
four (N = 4) ribs for the time t = 0.0012 s were also considered. The graphs show the effect of reducing
deflection by reinforcing the plate with stiffeners, which is 43% for one, 62% for two, and 73% for four
reinforcing ribs. From this it follows that the calculation method allows you to achieve the desired value of
the deflection by varying the number of ribs.
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Figure 3. According to the deflection on the radial coordinate at Pg = 2.5MPa
an=124;t=0.0012s ( without rib, 1rib, 2rib, 4rib);

b)n =4 ( t =0.0006s, t=0.0012s,  t=0.0018s).

Fig. 3b) shows the plots of deflection of the central point reinforced by four (N = 4) plate edge on the
radial coordinate at different points in time: t =0.0006s; 0.0012 s; 0.0018s. Calculations show that with an
increase in the duration of the external load, the deflection values increase, for example, the deflection
value at the time t = 0.0018 s is four times higher than the value at the time t = 0.0006 s, i.e. with an

increase in the action of an external force by three times, the deflection value increases by four times.
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Figure 4. According to deflection on time at N =1,2,4: a) Po=2.5 MPa; b) Po =5 MPa
( without rib, 1rib, 2rib, 4 rib).

Fig. 4 a) and Fig. 4b) show the graphs of deflection of the central point of unreinforced and reinforced
by one (N =1), two (N =2) and four ( N =4) stiffeners for different external load amplitudes equal to - a) at

Py = 2.5 MPa; and b) at By =5 MPa. The deflection on time in all cases are oscillatory in nature. For an

unreinforced plate in both cases of external load, these oscillations, after reaching the maximum value,
have relatively small oscillation amplitudes. In reinforced plates this does not occur. Here, the oscillation
amplitude is much higher. The difference between the deflection values at the maximum and minimum

points in the case of N =1 and Py = 2.5 MPa is approximately 0.068 m at Py =5 MPa; and at By =5 MPa

it is equal to 0.032 m etc. A comparison of the dependences in Fig. 4 a) and Fig. 4 b) shows that with an
increase in the amplitude of the external load by a factor of two, in the case of an unsupported plate, the
deflection increases by 1.65 times; if there are two reinforcement ribs this indicator decreases by 1.5 times.

The forces and moments in unreinforced and reinforced plates are calculated from the elastic and
elastic-plastic models, which confirm the above conclusions. In fact, the proposed elastoplastic model for
calculating a reinforced circular plate allows to determine the deflections, forces and moments at arbitrary
points of the plate by coordinate and time. Comparative analysis of constitutive relations and the obtained
numerical results of calculating the plate deflection by elastic and elastic-plastic models show that the
proposed model is a generalization of the elastic model of the work [1] for the case of taking into account
the plastic properties of materials of a circular plate and stiffening ribs. In this case, the proposed numerical
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method for calculating a reinforced plate based on an elastoplastic model, in the absence of reinforcing
stiffening ribs, coincides with the method for calculating elastic-plastic plates proposed in the work [26].

4. Conclusions

The conclusions arrived at in the paper are the following:

— an elastoplastic model for calculating a round discretely finned plate is proposed, which allows one

to determine the deflection, forces and moments at the points of the plate.

— the deflections of the central point of an unreinforced and reinforced by four edges of plates for

different values of the amplitude B, of the external exponential load are calculated. The results are

presented in the form of graphs of the dependence of the deflection w and time t for various values
of the amplitude of the external exponential load equal to 2.5; 5; 7.5; and 10 MPa;

— -the maximum deflection values of the central point of the plate, calculated by elastic and elastic-

plastic models, differ by 32 %. In the case when the plate is supported by 4 ribs, the graphs of the
dependences of the deflection on time in the elastic and elastoplastic cases merge. This shows that
under external exponential loads, the amplitudes of which do not exceed 2.5 MPa, the influence of
plastic deformation can be neglected for calculating the plate, backed by a large number of stiffeners;

— numerical calculations of the deflection, forces, and moments at the points of the fin plate show that

the proposed model and calculation method allow us to achieve the desired value of deflection by
varying the number of ribs.
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Abstract. The Russian territory is characterised by a great variety of different climatic zones with complex
weather conditions. There are a large number of people living in these areas. New towns and cities are
being built. Ensuring comfortable conditions for people to live and stay in the buildings of various purposes
is of great importance for the implementation of social programmes adopted by the Russian government
for the near future. Construction practice has developed a certain approach to the materials and structures
that protect buildings from the effects of various climatic factors such as extremely high or low temperatures.
However, the dramatic climate change that has been taking place on our planet in recent decades has led
to additional research and the search for new structural and architectural solutions. This article presents
the results of pre-design and construction solutions for public buildings in hot and harsh climates. Different
materials for building envelopes are considered and thermal calculations are carried out. The ETFE
membrane system is shown to be a versatile material that can be recommended for different climate zones.
Particular attention is paid to additional structural measures such as the introduction of special canopies or
enclosed spaces in the form of domed structures, which add a certain architectural expression to both the
individual building and the group of buildings as a whole.

Citation: Belash, T.A., lvanova, T.V., lvashintsov, D.A. Additional measures protecting buildings from
climatic influences. Magazine of Civil Engineering. 2022. 116(8). Article no. 11614. DOI:
10.34910/MCE.116.14

1. Introduction

Climatic effects are distinguished by rich variety over the vast territory of the Russian Federation:
harsh climate with low temperatures, hot climate with high positive temperatures at high and low humidity,
abrupt temperature changes, strong winds, cyclones, hurricanes etc. Today, scientists all over the world
are noticing significant changes happening with the planet climate that may become the cause of
disturbances in functioning of the planet biological and ecological systems and thus have negative impact
on human health and living [1]. In this regard, it becomes of primary significance that comfortable, favorable
and safe conditions are created for people to stay and work in various purpose buildings. The issue has
become especially relevant since the adoption by the Government of the Russian Federation of the social
and economical development programs for the nearest future of the country according to which the
development of the Arctic coast, Far East, southern regions will be of special significance.

According to construction norms SP 131.13330.2020 “SNiP 23-01-99 Construction Climatology, the
territory of Russia is divided into climatic zones, each one of them having different temperature and humidity
characteristics”.

© Belash, T.A., Ivanova, T.V., Ivashintsov, D.A., 2022. Published by Peter the Great St. Petersburg Polytechnic
University.
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The territories with hot climate include vast lands in the Lower Volga Region, Caspian Depression,
Krasnodar Krai, Stavropol Krai, and Crimea. These regions are characterized both with humid and dry hot
climate.

Certain principles and approaches to design, construction, and operation of buildings were formed
in the said climatic conditions. They are stated in such documents as SanPiN 2.2.1-2.1.1.1076-01 Hygienic
Requirements for Insolation and Solar Protection of Residential and Public Buildings and Territories,
SP 50.13330.2012 “SNiP 23-02-2003 Heat Protection of Buildings” (2018 version with changes No. 1,2),
SP 25.13330.2012 “SNiP 2.02.04-88 Bases and Foundations on Permafrost Soils, SP 370.1325800.2017
Solar Protection Devices for Buildings”, etc.

The developed and tested architectural, structural and planning solutions are widely presented in
various literature. Thus, in works [2—4], the issues of adaptation to climate, the peculiarities of the influence
of a hot climate on construction sites in various southern countries, for example in Iran, are considered.
Evaluation of the effectiveness of various constructive measures to protect buildings from a hot climate is
presented in [5-7]. The issues of energy saving in the southern regions are reflected in the works [8-9].
The peculiarities of the influence of low temperatures on the building in the northern regions are presented
in [10-13]. At the same time, special attention is currently paid by specialists to the constructive solutions
of facade systems [14—15]. The complex of existing structural solutions and climate studies for a building
can be conditionally divided into the following groups: urban planning measures, a complex of space-
planning solutions and constructive measures that ensure optimal conditions for people to stay in buildings.
Implementation of all practices provides for the required level of comfort in buildings and creates the
required conditions for emergency-free operation of construction facilities. Here it should be mentioned that
specific operational difficulties usually occur in public buildings of significant size inside which large
numbers of people can stay and move around simultaneously in order to perform some functions. The
examples of such public buildings are shopping malls, transportation buildings, exhibition pavilions, etc.
The effects that climatic factors have on such objects becomes quite significant. This especially noticeable
nowadays due to global climate change on the planet. Events that took place in 2021 in Texas, USA, may
be used as an example of climatic anomalies. A significant snowfall and abrupt temperature drop happened
in this state while this territory has always been distinguished by dry and hot climate. In this regard, a need
arises to arrange for further studies and to develop additional architectural layout, and structural practices,
structures including not only the new construction materials for coverage or guarding structures but also
development of special structural solutions protecting the construction facilities from negative climatic
effects. Different studies are being made in this sphere, and new structures are being searched for both in
Russia and abroad. All of the aforesaid confirms the relevance and necessity of such questions to be asked.

It is known that solar protection devices (SPDs) of various types are used in hot climate regions in
order maintain comfortable conditions inside. Stationary SPDs became widely used in Russia and they are
used not only for protective purposes but also to form the architectural composition of buildings. Solar
protection devices can be installed on the windows: outdoors in the window opening and indoors. Domestic
and foreign materials, technologies, solutions allowing for implementation of a rich variety of solar protection
devices became widely used on the Russian construction market.

Installation of additional solar protection devices onto cooling structures being protected from
overheating became widely spread in Arabic architecture. This solution has influenced the design of
architectural facades of buildings where the guarding structures are built as floral elements of Arabic pattern
[16—-17]. The structures are shaping the facade architectural space and simultaneously protecting it from
overheating. The set objective is achieved by means of using a cover on top of the facade made of golden
“umbrella modules” which are opened and closed depending on illumination and are automatically
controlled from a single center.

Original design of the building facade was developed in Doha, Qatar. The 231 meter tall building has
a metallic mesh facade which is used as a sun screen (the temperature in the city rises up to plus 50 °C in
hot time of the year) and is also a certain additional decoration to architectural image of the building.

Such additional elements can also be built as wide-span structures that provide additional shading
to the construction facility, facilitate air circulation, and protect the building from possible precipitation. An
example of such structures is the solution built as a tent covering the Gébekli Tepe temple complex
archaeological site in Turkey from climatic effects and not only protecting the artifacts within but also
creating favorable and comfortable conditions for visitors of the historical object as well.

Equally complicated conditions are experienced by people in buildings located in northern regions.
Living there shall be arranged so that such factors as low temperatures, snowstorms, strong wind currents,
and indoor insolation only in particular hours are taken into account. All these have significant impact on
people’s physical and moral state. As of today, a large number of space-planning, structural solutions have
been developed using modern technologies. One of such solutions is the use of dome space where all
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conditions are created for living. The enclosed space allows for comfortable staying inside, prevents winds
and snow from getting into the internal space. Special unified modules [14] have been developed for rotation
camps. They provide protection and also may broaden the architectural layout options when building
residential areas in northern regions.

Analysis of modern tendencies in development of architectural forms, special construction solutions
for buildings of various purpose in regions with complicated climatic conditions shows that they are quite
diverse. Still, not all the tendencies are efficient, low-cost, technologically simple, or could be implemented
both in hot and severe northern climate.

Many protective structures are mostly used in foreign construction practice and not adapted on the
Russian market. In this regard, the objective of these studies is too further study and look for structural,
architectural layout solutions in harsh conditions of the climatic zones specific to the Russian Federation.

The objects of the study are public buildings, as which the buildings of the exhibition complex,
shopping center, transport buildings are considered.

The tasks of the study were as follows:

— development of additional structural suggestions and selection of materials which improve
protection from low or high temperatures for some public buildings;

— performance of front-end engineering design;

— performance of thermophysical and strength calculation studies for

— justification of the suggested structures;

— evaluation of the feasibility of suggested solutions to be used in construction practice.

2. Materials and Methods

Architectural and numerical simulation methods were used to fulfill the set tasks.

At the first stage of the study, the issues of additional protection for various purpose public buildings
in regions with hot dry climate under the influence of high positive temperatures were reviewed. At this
stage, the study was performed using the architectural simulation methods.

A building for various exhibitions was chosen as the study object. The building is located in the driest
region in the European part of Russia, Kalmykia. Absence of significant number of water bodies at the taken
territory has severe impact on air dryness in this region.

The architectural layout solution covers all the necessary premises for exhibitions, a set of service
and utility premises, etc. A version of the general layout and the building facade are given in Fig. 1. A
version of a dome structure providing the guarding and solar protective functions was suggested as the
solar protection device during the building engineering. In order to ensure protection of the structure from
solar rays, several versions of guarding structures were studied, for example, single glazing, triple-pane
windows, and ETFE film applied in 3 rows. Considering the architectural layout solution of the building being
designed and the peculiarities of its erection in especially hot weather conditions, the ETFE membrane
material was selected as the final solution as the desired curvilinear shape and dramatic architectural
facade could be achieved using the film.

Figure 1. Exhibition Complex Building Under Design in Hot Climate Region of Kalmykia:
a —general layout version; b — facade in within axes 1-4.

Membrane technology [18—20] is becoming more and more spread in regions not only with hot
climate but also in the Far North, Far East, and Siberia due to its high process and operational qualities
such as wide operational range of outdoor temperatures, high strength, low weight, fire safety, resistance
to UV radiation, high energy-efficiency, and other.
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In order to evaluate the feasibility of using the mentioned technology in Kalmykia conditions, the
authors performed structural calculations of the dome structure to assess ingress of solar radiation hear
through the coverage considering the rated national recommendations.

The structural solution of the coverage was calculated in SCAD software complex. The calculation
diagram in shown in Fig. 2.

Numerical simulation methods were used at this stage of the study.

At the next stage of the study, a shopping mall building in hot climate of the city of Astrakhan was
reviewed. The building is of rectangular shape, approximately 13 meters tall, three-story with a basement.
Service premises as well as some utility and auxiliary premises are located on the floors of the buildings.
During the study, main attention was paid to the building coverage as this zone is mostly affected by
overheating. Applying the architectural simulation methods, the authors designed the coverage structure
as a system of beams made of metal pipes 300 mm in diameter (Fig. 3). The beams are mounted in
crosswise pattern forming a diamond shaped space between them. The beam resting joints are made as
hinges. Metal elements are interconnected using bolted joints. The space between the beams is filled with
ETFE membranes spanned in three layers just like in the previous version of the exhibition pavilion. The
shopping mall facades are design fully glazed. Figure 4 shows the calculation diagram of the object being
studied. The calculation studies were performed using the numerical simulation methods based on the
finite-element method. The calculations were made in SCAD software complex.

Figure 2. Calculation Diagram of Exhibition Pavilion Coverage.
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Figure 3. Shopping Mall Building Under Design in Astrakhan:
a — lateral section of the building under design;
b — metal framework of the coverage structure (top view).
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Figure 4. General View of Calculation Diagram.

Additionally to public buildings, the study covered railway stations where significant crowding of
people moving in different directions occurs. Premises in such buildings are large and long. The description
of space-planning and structural solution for the building reviewed is given in the work by the authors [21].
The main idea of additional protection of the building from overheating consisted in creation of a metal shed
(or “umbrella”) filled with solar protection glass with soft coverage (Fig. 5). Within the study, heat from solar
radiation was evaluated and calculations were made for a shed designed of metal tubular elements.
Regions with low temperatures were also reviewed additionally to the hot climate zones in this study.

Enclosing structure

e e P Railway station

Figure 5. General View of Metal Shed.

The authors developed different versions of protection for transportation facilities from harsh climatic
conditions in the Northern climatic zone. Thus, a design solution was developed for a railway station in
Salekhard using, for example, a geodetic dome. Among its peculiarities in terms of the designed solution,
one should note lightness of its structure, coverage of larger area, stream-line form which prevent ingress
of wind and snow into the inner space of the station (Fig. 6).

Besides, a city building layout diagram was developed for rotation camps located along the Arctic
coast. The specialty of this diagram lies in the centering core with passages running to it from the residential
modules which provides for comfortable moving around the settlement. The centering core incorporates
shopping, entertainment, sport, office and other premises. The core is also covered with a geodetic dome.

All calculation studies were performed using the numerical simulation methods. The calculations
were divided into 2 stages. At the first stage, the entire complex of thermotechnical calculations was
performed. At the second stage, structural calculations were made with the aim of checking the strength
and resistance of the taken structural elements in terms of protection from climatic effects: either from high
positive or from low temperatures.

1500 1500 |l 1500 1400 ll 1600 1500 | 1500 ., 1500 ,
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Figure 6. Example of Railway Station Space Coverage with a Geodetic Dome.
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Well-known methods given, for example, in SP 50.13330.2012 (2018 version with changes No. 1,2),
were used for thermotechnical calculations, and according to them, the heat protection coverage of the
building shall comply with certain requirements as follows:

a) element-wise requirements (reduced resistance to heat transfer of individual structures shall not
be less than nominal values);

b) complex requirements (specific heat protection characteristic of the building shall not exceed the
nominal value);

¢) sanitary and hygienic requirements (temperature on the inner surfaces of the guarding structures
shall be not lower than the minimum allowable values).

Table 1 contains characteristics of materials used, for example, in study involving the exhibition
pavilion in Kalmykia.

Table 1. Characteristics of materials used in study involving the exhibition pavilion in
Kalmykia.

. Thermal
Thickness, Thermal .
Structural element m conductivity. W/m-°C resistance to heat
Y transfer m?-°C/wW
Dual-pane window SunGuard High Performance Silver 0.024 _ 0.7
35-16
Triple-pane window EKA SOFTLINE 70 0.042 - 0.76
ETFE film (3 rows of film) 0.003 0.17 0.0176

Similarly the characteristics of guarding structures were set for other solutions made at the pre-design
studies stage. For example, wall structures made of aerated concrete, bricks, sandwich panels, etc. were
studied as guarding structures of the railway station. The temperature values were taken in accordance
with the climatic norm temperature values. Beside the thermotechnical ones, some calculations were made
for air- and vapor-permeability and an evaluation was made of the solar radiation heat coming through the
wall structures and the coverage.

As all the suggested structural solutions are spatial structures, strength calculations using numerical
simulation methods in SCAD software complex were made for all suggested design solutions additionally
to the thermophysical calculations. In this regard, initially calculation diagrams were built for each object in
the form of finite-element spatial models. Herewith, the following allowance were made:

— the calculations were made at the elastic stage;
— interaction with the soil base was implemented as per the “rigid platform” hypothesis.
The calculation procedure included the following:

1. Collection of loads;
2. Strength and deformation calculations;

3. Evaluation of internal forces occurring in the additional protection structures of the building under
the set loads.

The results of the calculations are deformation diagrams, moment diagrams for longitudinal and
transverse forces.

3. Results and Discussion

Evaluation of the results of thermophysical calculations showed that the taken versions of guarding
structures comply with the thermotechnical requirements and the air- and vapor-permeability requirements.
Herewith, a multi-layer structure made of aerated concrete with spun glass insulation was taken for the final
version of guarding structures of the railway station because such structure is preferable for hot climate. As
for the exhibition building, all the suggested versions also comply with all necessary thermotechnical
requirements. Still, considering the possibility of temperature differential and extremely high temperatures,
the ETFE membrane systems were selected as they have unique physical and chemical properties with
one important advantage additionally to the ones mentioned above — adaptivity to snow and shower rain
loads characteristic of climatic zone lIl.

Aggregated estimation of heat losses for the railway station building in northern regions showed that
use of the dome shape caused reduction of heat losses by 1.5 as compared to rectangular shape.
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Some of the results of structural calculations made by the authors are shown in Fig. 7-9.
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Figure 7. Structural Calculation Results for Exhibition Complex:
a —isofields in elements created by transverse forces;
b —isofields in elements created by force moments.
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Figure 8. Structural Calculation Results for Shopping Mall:
a —isofields of stresses Mxy; b —values of forces N in shafts of the diagram.
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Figure 9. Calculated Theoretical Study of Guarding Structure for Railway Station:
a — calculation diagrams; b — structural deformations.

The figures show changes in the stress-strain state in the structures under consideration. The stress
values are represented on the plots of moments, transverse and longitudinal forces. In tabular form, in the
form of a color scale, changes in effort from minimum to maximum values are shown. Thus, the analysis of
these values for the exhibition complex shows that the maximum values for the longitudinal compressive
forces plot are 121 kN, and stretching is 175 kN. For the diagram of transverse forces, the maximum value
for compression was 15.3 kN, stretching 24.2 kN. Taking into account the calculations performed, the
sections of the elements were selected. For the exhibition complex, the dome structure consists of pipes of
circular cross-section 100x3 mm. The calculations performed showed the stability of this structure to the
loads acting on it. The received values of forces and displacements are in acceptable values.

The performed structural calculations and design studies for additional devices protecting from
temperature impacts are simple and reliable solutions that can be used in construction. Their main
advantage is simplicity of erection, low cost, repairability, and high degree of protection from various climatic
factors.

The performed complex of pre-design studies of the types of buildings reviewed as well as the
estimation of obtained thermophysical parameters of guarding structures indicate that well-known solutions
and materials as well as new technologies such as the ETFE membrane systems can be used in the climatic
conditions in questions. Moreover, studies have shown that this system can be used both in hot and harsh
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climate which makes it quite universal and broadens the area of its use. The study has confirmed that when
solving the tasks related to building protection from climatic factors, the task of the highest importance is to
select the material for guarding wall structures and for coverage structures as well. Herewith, the protection
material shall be not only efficient in terms of thermophysical properties, readily available, repairable, low-
cost and so on, but it also shall make the building facade architecturally expressive while blending
seamlessly into urban environment.

The idea of making protective spaces as domes or any other additional structural solutions allows
creating certain microclimate indoors which is especially important for public buildings. Heat losses are
significantly reduced indoors when such solutions are used. It shall be noted, the closed spaces are the
most reasonable solution, especially on the Arctic coast.

The performed studies were compared with the results presented in [22—-25]. Comparison of the
results showed that the considered additional structures provide the necessary level of protection in terms
of thermal and physical parameters for the specified climatic areas of construction and meets the
requirements of strength and stability, taking into account the loads acting on them.

4. Conclusion
Based on the performed studies, the following conclusions may be made:

1. Significant climate change on the planet that has been happening in recent years indicates that a
serious approach shall be applied when designing buildings and structures in different climate regions of
the Russian Federation.

2. Versions have been suggested and justified for use of additional structural elements in the form
of dome roofs, sheds, membrane coverages, etc. to provide protection from different temperature effects.

3. Based on the performed calculated theoretical studies, it has been determined that the suggested
additional architectural structural elements provide protection both from low negative and high positive
temperatures.

4. Feasibility of implementation of the architectural structural elements has been shown by the
example of some public and industrial buildings such as shopping malls, exhibition and transportation
complexes.

5. It has been confirmed that the use of ETFE-type membrane system is the most preferable in
different climatic zones for efficient protection from climatic effects.
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Abstract. Porous glass-ceramic materials although light weighted have relatively high strength, low thermal
and sound conductivity, high corrosion resistance, and are non-combustible, etc. They can be obtained
from siliceous rocks, the reserves of which are huge. The article considers the obtaining of porous glass
ceramic materials with an operating temperature exceeding 900 °C. The materials are obtained from
siliceous rocks, Na2COs, Al203 and KCI. Mechanochemical activation of raw materials was carried out in a
planetary ball mill. The resulting charge mixture was annealed at a temperature of 850 °C. Experimental
results were obtained by using X-ray diffraction (XRD) and thermal (TA) analysis, scanning electron
microscopy (SEM), X-ray microtomography (Micro-CT). Physical-mechanical, thermophysical properties
and chemical stability of obtained materials were examined. The main crystalline phase of glass ceramics
from the calcite-free charge mixture is anorthoclase and quartz. Apart from that samples with calcite charge
mixture contain wollastonite and devitrite. The increased content of Al2Oz in the charge mixture displays
nepheline in glass ceramics. Calcite in the charge mixture has a significant effect on the microstructure of
porous glass ceramics. The number of open pores in the material increases from = 5 % to > 50 %. The
compressive strength of porous glass-ceramic materials derived from siliceous rocks reaches 5.1 MPa. In
terms of strength, they are significantly superior to foam glass. The minimum thermal conductivity of glass
ceramics is 0.065 W/(m-°C) at a sample density of 244 kg/m3. Samples withstand temperature drops by
230 °C. The material has a high chemical stability and can be operated at temperatures reaching 920 °C
inclusively. The obtained materials can be used as thermal insulation of boiler equipment, melting furnaces,
etc.
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1. Introduction

Porous glass-ceramic materials although light weighted have relatively high strength, low thermal
and sound conductivity, high corrosion resistance, and are non-combustible, etc. [1, 2]. Porous glass
ceramic is not inferior in many properties to other modern building materials [3-5]. They are highly sought
for various purposes during the construction and repair of facilities. In civil engineering, this material can be
used for mounting wall enclosing structures [6], insulation of facades, roofs, floors [7], in the decoration of
structures [8], etc. The industry puts them to use in refractory lining of furnaces [2], for heat and sound
insulation [9], protection of structures from corrosion [10], etc.
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Porous glass-ceramic materials are obtained from slags of various industries [11-13], glass waste
[14], fly ash [1, 7, 15, 16] and other components. Many scholarly works consider the production of porous
glass-ceramic materials from siliceous rocks [17—20]. The reserves of such rocks in the world are immense
[17, 21]. Diatomite, zeolite-containing tripoli, opoka are activated with aqueous solutions of high
concentrated NaOH, granulated, and then annealed. We have proposed a method for obtaining porous
glass ceramics from zeolite-containing rocks. The method allows to obtain samples in the form of blocks
[22]. The rock, together with sodium carbonate or thermonatrite, was exposed to mechanochemical
activation in a planetary mill. The resulting charge mixture was put into the molds of the required size and
then annealed [23]. When annealed, zeolite minerals in the charge mixture are dehydrated sealing surface
hydroxyl groups in micropores. At a temperature of more than 670 °C, the charge mixture begins to melt.
Hydroxyl groups condense, water vapor releases foaming the charge mixture [24]. The obtained materials
have relatively high strength, low thermal conductivity. However, their limiting operating temperature does
not exceed 850 °C [22, 23]. This is not enough for thermal insulation of many industrial facilities [2].

There is a great deal of research into the influence of glass ceramics’ chemical and phase
composition on its operating temperature. The limiting temperature of glass ceramics decreases following
the increase in Fe203 and CaO added to its composition [13, 25, 26]. The influence of MgO on its properties
is similar to that of CaO [27], but many siliceous rocks compositions have a low MgO content [17, 18, 23].
The resistance of ceramic materials derived from industrial waste or artificially created glass to a lasting
exposure to high temperatures raises after the increase of Al2Os in their composition [28, 29]. The
technology of obtaining porous glass ceramics from siliceous rocks differs from those referred above. There
are differences in the chemical and phase composition of materials [19, 23]. The increased content of
amorphous SiO:in the siliceous charge mixture’s composition decreases the limiting operating temperature
of porous glass ceramics. Na2O and Fe203 produce negative effect as well [23]. Research findings dealing
with the effect of CaO and Alz0z on the limiting operating temperature of porous glass ceramics from
siliceous rocks have not been found.

The objective of research: to obtain porous glass-ceramic materials from siliceous rocks with an
operating temperature of more than 900 °C in one stage of charge mixture heating; to study the structure
and properties of the obtained materials.

Tasks:

— by utilizing the X-ray diffraction (XRD) and thermal (TA) analysis to determine the effect of calcite
and aluminum oxide content in the charge mixture on its phase composition after
mechanochemical activation, phase transformations in the charge mixture during heating and
the phase composition of annealed porous glass ceramics;

— by employing scanning electron microscopy (SEM) and X-ray microtomography (Micro-CT) to
study the microstructure of porous glass ceramics from siliceous rocks;

— to establish the influence of the phase composition of porous glass ceramic samples on their
physical and mechanical properties (density, porosity, bending strength and compressive
strength);

— to determine the thermophysical properties (thermal conductivity, thermal shock resistance,
limiting operating temperature) of porous glass-ceramic material samples;

— to determine the chemical stability of the developed materials to water, aqueous solutions of
acids and alkalis.

2. Methods
2.1. Materials

To fabricate samples of porous glass-ceramic materials the following components were used:

— Siliceous rocks: R1 is zeolite-containing tripoli (calcite content is 0%), R2 is zeolite-containing
tripoli (calcite content is 10.5 %), R3 is diatomite. Humidity of raw materials components is less
than 1 %. The chemical and mineralogical composition of the rocks is shown in Table 1 and 2,
respectively.
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Table 1. Chemical composition.

Chemical composition (wt.%)

Composition No.

SiO> CaO Al2O3 Fe203 K20 MgO TiO2 Na20

1 2 3 4 5 6 7 8 9
R1 (Tripoli) 70.94 2.38 12.38 3.52 1.71 1.66 0.50 0.14
R2 (Tripoli) 67.86 7.74 7.61 1.99 1.56 1.07 0.34 0.17
R3 (Diatomite) 81.47 151 5.34 2.05 0.97 0.89 0.25 0.20

Continuation of table

Chemical composition, (wt.%)

SOs3 P20s ZrOz MnO Cr203 NiO SrO BaO V205 LOI
10 11 12 13 14 15 16 17 18 19
0.02 0.26 0.02 0.01 0.01 0.01 0.06 0.00 0.01 6.37
0.06 0.15 0.01 0.01 0.01 0.00 0.06 0.02 0.01 11.32
1.77 0.03 0.01 0.01 0.01 0.00 0.01 0.02 0.01 5.45

Table 2. Mineralogical composition of rocks.

Composition Mineralogical composition, %
No. Quartz Calcite Heulandite Muscovite Cristobalite Amorphous phase
R1 29.1 0.0 18.6 16.1 16.2 20.0
R2 15.5 10.5 20.4 13.1 20.5 20.0
R3 10.9 0.0 0.0 8.1 0.0 80.0

— Sodium carbonate. Chemical formula: Na2COzs. The purity is = 99 %. The additive was introduced
to reduce the melting temperature and foaming of the charge mixture. The required concentration
of the additive was determined by us earlier [22].

—  Aluminum Oxide. Chemical formula: Al20s. The purity is = 97 %. The additive was introduced to
increase the limiting operating temperature of porous glass-ceramic materials. Theoretical
assumptions on increasing the operating temperature of glass ceramics owing to the introduction
of Al2O3 are described in the Introduction.

— Potassium chloride. Chemical formula: KCI. The purity is =99 %. The addition of KCI is
necessary to obtain a uniform pore structure in glass ceramics. The required concentration of
the additive was determined by us in earlier works [22].

2.2. Compositions and fabrication of samples

The charge mixture for porous glass-ceramic samples was obtained by joint grinding
(mechanochemical activation) of siliceous rocks, sodium carbonate, aluminum oxide and potassium
chloride. The raw materials were ground in a planetary ball mill Retsch PM 400. Grinding time — 35 min.
The overload inside the crushing cylinder is 20G. The resulting charge mixture was annealed in a metal
form in a muffle furnace. The internal size of the mold is 120x120x260 mm. Before annealing, the molds
were coated with clay. Annealing procedure: heating to 670 °C at a speed of 4.5 °C/min, holding at 670 °C
— 1 hour, heating to the temperature of 850 °C at a speed of 4.5 °C/min, holding at 850 °C — 30 minutes.
The holding at 670 °C is necessary to complete the decomposition of select minerals of the charge mixture
(calcite, muscovite). If this stage is excluded from the technological cycle, samples of porous glass ceramics
will have an uneven macrostructure. Holding at 850 °C is necessary for the completion of all phase
formation processes [22]. The molds with the resulting material after annealing cooled down together with
the furnace to 40 °C. Then the forms were disassembled. The samples were sawed and tested. The
diagram of the experiment is shown in Fig. 1.
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Figure 1. Diagram of the experiment.

In the course of experiment, 16 charge mixture compositions were tested. The compositions are
presented in Table 3.

Table 3. Compositions, examined in work.

Charge mixture composition, %

Composition Siliceous rock
No. (chemical composition see Table 1) Al2O3 Na2COs KCI
R1 R2 R3

C1 814 0 0 0

c2 80.38 0 0 1.02

C3 79.36 0 0 2.04

C4 78.35 0 0 3.05

C5 52.73 25.97 2.70 0

C6 51.36 25.30 2.70 2.04

c7 50 24.63 2.70 4.07

Cc8 48.63 23.96 2.70 6.11

18.4 0.2

Cc9 25.07 50.90 5.43 0

C10 24.06 48.86 5.43 3.05

Cl1 23.05 46.81 5.43 6.11

C12 22.05 44.76 5.43 9.16

C13 0 73.26 8.14 0

Cl4 0 69.19 8.14 4.07

C15 0 65.12 8.14 8.14

C16 0 61.05 8.14 12.21

2.3. Analytical techniques
Methods for obtaining experimental data:

— X-ray diffraction analysis (XRD) of charge mixture samples and annealed materials was made
by using the Empyrean PANalytic diffractometer (Netherlands). The samples were grinded to a
fraction of less than 90 um. Diffraction patterns were identified in CuKa emission in the scan
range 20 = 4-80°. The PIXcel3D semiconductor detector operated in linear scanning mode. The
step size is 0.0067 °/min, the counting time is 150 seconds. The qualitative phase composition
of the samples was determined by the Hanawalt method using the ICDD PDF-2 database.
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— Thermal analysis (TA) of charge mixture samples was made by using the TGA/DSC1 apparatus
(Switzerland). 20+£0.1 mg of charge mixture was put into an 150-mcl. alumina crucible. By tapping
the crucible on the table, the sample was compacted. The crucible with the charge mixture was
then placed in the apparatus to be heated in the range between 30 and 850 °C at a rate of
10 °C/min.

— Scanning electron microscopy (SEM) of porous glass-ceramic samples was performed using the
Quanta 200 3D device (USA). The samples were scanned at a pressure of 60 Pa, with an
accelerating voltage of 30 kV and an operating distance of 15 mm.

—  X-ray microtomography (Micro-CT) was made using the SkyScan 1172 apparatus (Belgium).
Samples with a size of 15+1 mm were X-rayed at 67 kV and 110 mcA. The angle of rotation of
the supporting post is 360°, the rotation pace is 0.6°. Images were collected with a resolution of
6.9 mcm. Images processed with CTvox software (Skyscan, Belgium).

— The true density of porous glass ceramic samples (pg, g/cm3®) was determined using a

pycnometer. The tests were effectuated on grinded (fraction < 20 pm) and dried samples. The
arithmetic mean of the test results of two samples of each composition was taken as the result.

— Porosity (open, closed and total) was determined on cubic-form samples with a side plane size
of 50+5 mm. First, the volume (V, cm®) and the weight of dry samples (M, , g) were determined.

Then they were placed in a cylindrical tank with water for vacuuming. The water level in the
cylindrical tank was at least 20 mm higher than the samples. The hydrometer was used to

determine the water density ( p,,, g/cm3). The air was pumped out of the cylindrical tank. The

residual pressure in the working chamber was 2,000 Pa. The samples were held in the vacuum
for at least 2 hours. Testing samples were taken out of the tank after weight stabilisation. After

water saturation, the samples weight was measured indoors (M, g).

The apparent density ( o, g/cm3) was calculated by the formula (1):

Mo
p=—"2, 1
v (2)

Total porosity ( Pt %) was calculated by the formula (2):

Pt = M .100. (2)
Yo
Open porosity ( P,, %) was calculated by the formula (3):

P, = ™ =Mo 100, ©)
V- py

Closed porosity ( P., %) was calculated by the formula (4):

P.=R-P,. 4)
The arithmetic mean of the test results of three samples of each composition was taken as the final
result.

— The compressive strength of porous glass-ceramic materials was determined on dry cubic
samples with a side plane of 90+5 mm. The maximum destructive force was identified when the
sample was fractured (cracks appeared) or deformed in the surface layers by 10 % of the initial
height. The arithmetic mean of the test results of five samples of each composition was taken as
the final result.

— The bending strength was determined on dry samples-beams with side plane sizes
120x30x30 mm. The sample was placed on two cylindrical supports with a diameter of
6+0.1 mm. The distance between the axes of the supports is 100+1 mm. The load on the sample
was applied by a rod with a diameter of 6+0.1 mm. The rod was put along the entire width of the
sample at an equal distance from the supports. The rate of application of the load is 5 mm/min.
The load was identified at the moment of sample’s destruction. The bending strength was
determined according to the standard formula. The arithmetic mean of the test results of three
samples of each composition was taken as the final result.
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The thermal conductivity of the material was determined by the probe method using the
MTCM-1 apparatus (mobile thermal conductivity meter). The experiment was carried out on
samples of cubic shape with a side plane of 90+5 mm. The samples were previously dried. A hole
with a diameter of 6 mm and a depth of 50 to 60 mm was drilled in the center of the side plane.
The apparatus (MTCM-1) and the prepared samples were kept for 2 days in the laboratory at a
temperature of 22+1 °C. A probe with a diameter of 6 mm was immersed into the hole. Kept
making readings of the apparatus. The arithmetic mean of the test results of five samples of each
composition was taken as the final result.

The thermal shock resistance (AT , °C) of the materials was revealed against the appearance
of cracks on the samples during abrupt cooling. Dry samples of cubic shape (side plane length
50+5 mm) were kept in a thermostat at a temperature of 110 °C for at least 2 hours. Heated
samples were quickly (< 10 seconds) removed from the thermostat and immersed in a water
container (water temperature — 20£2°C). The samples were kept in water for 655 seconds. The
experiment was repeated increasing the thermostat temperature by 10 °C until cracks appeared
on all samples. The thermal shock resistance of each sample was calculated by the formula (5):

AT =T, -T,, -10, 5)

where Tt is the thermostat temperature at which the sample was kept (°C); TW is water temperature in the
container (°C); 10 is the thermostat temperature difference between the subsequent and previous tests

°C).

When determining the thermal shock resistance, the arithmetic mean of the test results of four
samples of each composition was taken as the final result.

The limiting operating temperature of porous glass-ceramic materials was estimated by the
residual change in the size of the samples (90x40x40 mm) after heating. The samples were
measured with an accuracy of 0.01 mm and put in a vertical position in a muffle furnace. The
samples were heated in the furnace at a rate of 10° C/min to a temperature 50 °C less than the
set temperature. To the limiting temperature heated at a rate of 2 °C/min. The samples were kept
at a given temperature for 2 hours. If after the test the sample sizes changed by < 1 %, the
experiment was repeated increasing in the limiting temperature by 10 °C. The arithmetic mean
of the test results of three samples of each composition was taken as the final result

The chemical stability of the materials was estimated by the mass loss of powdered samples
after boiling in distilled water, an aqueous solution of 6N HCI, a mixture of equal volumes of 1N
solutions of Na2COs and NaOH. Porous glass ceramic materials were grinded to a fraction of
0.315-0.630 mm. A dried sample weighing 5+0.0005 g was placed in a test jar and drenched
with 100£0.5 cm? of reagent. The test jar was connected to a backflow condenser and boiled for
3 hours. After boiling, an aggressive liquid was discharged. The sample was washed with distilled
water. The washed sample was drained through a funnel with a paper ash-free filter. The filter
with the sample was placed in a quartz crucible and annealed (1 hour) in a muffle furnace at a
temperature of 80010 °C. The crucible with the sample was cooled down in an oven to 150 °C,
then in a desiccator with CaClz to room temperature and weighed. The arithmetic mean of the
test results of two samples of each composition was taken as the final result.

3. Results and Discussion
3.1. Charge mixture XRD

The results of the charge mixture XRD after mechanochemical activation are shown in Fig. 2. For
clarity, the XRD patterns are presented in the scan range 20 = 5-50°.
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Figure 2. Charge mixture XRD patterns.

Based on the results of the XRD of the charge mixture samples (Fig. 2), the following was found out.
The crystalline phase of the C1-C4 samples is represented (in addition to the data in Table 2) by the mineral
natrite [Na2COs, ICDD: 01-072-3647]. X-ray patterns of samples C5, C9, C13—C16 additionally showed
peaks of the calcite’s phase [CaCOs, ICCD: 01-078-3262]. This phase is part of the R2 rock. The intensity
of the lines increased with the increase in the amount of R2 rock in the charge mixture composition. In
samples C9, C13-C16, additionally, there is a new phase of trona [NasH(CO3)2(H20)2, ICDD: 01-078-1064],
and in samples C14—-C16 — aluminum oxide [Al203, ICDD: 01-075-1865].

X-ray patterns of samples C1-C4 and C5 show a wide halo in the region of 33-39° (28), which
corresponds to the amorphous (nanocrystalline) phase. The effect may be attributed to sodium silicate
hydrates. The formation of these compounds in a siliceous charge mixture after mechanochemical
activation is described in the scholarly literature [24]. The intensity of the halo decreases with the increase
in the amount of calcite and aluminum oxide in the charge mixture (Samples C5, C9, C13-C16). At the
same time, the intensity of the natrite peaks decreases and the number of tronas in the samples increases.
There is evidence in the scholarly literature for the formation of trona in the siliceous charge mixture after
alkaline activation [24].

3.2. Charge mixture TA

By employing differential thermal analysis (DTA) and differential thermogravimetry (DTG), phase
transformations in the charge mixture during heating were examined. The results are shown in Fig. 3.

c1

0.2 (mg-miny”

W~ : i ‘ i )
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Figure 3. DTA (a) and DTG (b) curves of charge mixture samples.
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Results of experimental analysis (Fig. 3) allow us to estimate the phase transformations in the charge
mixture during heating. The first endothermic effect (Fig. 3a) and mass loss (Fig. 3b) in the temperature
range from 80 to 110 °C confirm the XRD findings. The effect reflects the increase in the amount of trona
in the charge mixture in response to the increase of calcite and simultaneously CaCOs and Al203 (Samples
C9, C13-C16) in its composition.

The endothermic effect (Fig. 3a) with a peak at a temperature of = 120 °C is associated with the
release of water from sodium silicate hydrates. The effect is accompanied by weight loss (Fig. 3b). The
formation of sodium silicate hydrates caused by mechanochemical activation of a siliceous charge mixture
is considered in the article [24]. The intensity of the thermal effect and the rate of weight loss at a
temperature of = 120 °C decreases with the increase of CaCOsz and simultaneously CaCOs and Al20z3 in
the charge mixture (Samples C9, C13—-C16). It can be assumed that this is due to the decrease in the
amount of reaction active SiOz2 in the charge mixture. The decrease in the amount of trona and increase in
sodium silicate hydrates in the charge mixture composition with a high CaO content is described in [30].
The effect occurred after intensive and lasting mechanochemical activation of the charge mixture, which
facilitates the formation of reaction active SiOx.

The following endothermic effect is reflected by DTA curves (Fig. 3a) in the temperature range from
300 to 510 °C. The effect is accompanied by a large loss of sample weight reflected by the DTG curves
(Fig. 3b). In the siliceous charge mixture, sodium silicates are intensively formed in this temperature range.
The findings are confirmed by the results in [24]. A large loss of mass is related with the decarbonization of
sodium carbonate. The peak of the effect is slightly shifted to the region of high temperatures because of
the increase of CaCOs and Al203 (Samples C1-C16) in the charge mixture composition.

The endoeffect and the insignificant rate of samples weight loss (C1-C4) in the temperature range
from 510 to 650 °C are caused by the release of water vapor during condensation of OH groups. Many
authors have observed a similar effect when annealing zeolite-containing rocks activated with alkaline
solutions [18, 22, 24]. In this temperature range, surface hydroxyl groups (Si-O-H) are sealed in micropores
[22, 24]. DTG curves of samples with calcite in the composition (C5—C16) in the temperature range from
510 to 620 °C, show that the rate of mass loss increases (Fig. 3b). The effect is additionally related with
calcite decarbonization.

Insignificant endothermic effect and loss of samples weight at temperatures from 650 to 670 °C is
related with decarbonization of unreacted CaCOs. The effect has not been reflected by DTG curves on
samples without calcite (C1-C4). Based on the results of experimental analysis (Fig. 3), the exposure
temperature for obtaining samples of porous glass ceramics with a uniform pore structure (670 °C) was
determined. The required exposure time is established experimentally.

The melting of the charge mixture begins at a temperature of > 680 °C. An endothermic effect is
observed (Fig. 3a). The effect is that samples retain their mass. DTG curves in this temperature range
(Fig. 3b) show straight lines. The effect of CaCOs and Al.O3z on the initial melting temperature of the charge
is insignificant. The maximum of softening effect of the charge mixture shifts to the region of lower
temperatures if there is increase in calcite in the rock. The shift of the peak of the endothermic effect from
= 750 °C for sample C1 (0 % calcite) to = 720 °C for sample C13 (10.5 % calcite) was found. When
Aluminum Oxide was introduced into the charge mixture composition, no change in the peak of the
temperature effect was found. The appearance of a molten in the siliceous charge mixture in this
temperature range was mentioned by other authors [17-19]. During the melting of the charge mixture, the
free OH groups in the micropores condense and are released as water vapor [22, 24]. The charge mixture
foams. The porosity of the glass ceramic material depends on the amount and viscosity of the molten in
the charge mixture and the volume of gas released at a particular time. In this work, these properties were
regulated by the heating rate of the charge mixture. The heating rate of the charge mixture — 4.5 °C/ min
was determined experimentally.

The results of experimental analysis (Fig. 3) allow to estimate the crystallization temperature of the
charge mixture. The crystallization of the siliceous charge mixture without calcite is characterized by a wide
peak (exothermic effect) reflected by the DTA curve (Fig. 3a). The peak maximum at a temperature of
= 800 °C. The effect does not change when Al2Os is introduced into the charge mixture in the amount of
< 3.05 %. The exothermic effect of crystallization shifts to the region of lower temperatures in response to
the increase of calcite in the charge mixture composition. The peak maximum shifts to a temperature of
= 770 °C when heating a siliceous charge mixture with a calcite content equal to 10.5 % (Sample C13,
Fig. 3a). The peak is obvious and more intensive in comparison with compositions without calcite (C1-C4).
The effect of Al203 in the amount of < 12.21 % on the crystallization of the siliceous charge mixture with
calcite (10.5 %) is insignificant (Samples C13—-C16). The intensity and temperature of the peak maximum
remain almost unchanged.
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3.3. Porous glass ceramics’ XRD

X-ray pattern of samples of porous glass ceramic materials are shown in Fig. 4. For visual clarity,
patterns are presented in the scan range 20 = 10-45°.
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Figure 4. X-ray patterns of glass ceramic samples.

Based on the XRD results of glass ceramic samples (Fig. 4), the following has been established. On
all X-ray patterns (Fig. 4), in the scan range from 17 to 37° (20), there is a non-monotonic change in the
background (halo), probably caused by the presence of an amorphous phase. The change of the
amorphous halo depending on the amount of CaO and Al2Os3 in the composition of the material has not
been detected. The main crystalline phases of C1-C4 samples are anorthoclase [(Nao.ssKo.14)(AlSizOs),
ICDD: 01-075-1634] and quartz [SiO2, ICDD: 01-075-8320]. The samples were obtained from a charge
without calcite in the composition. After increasing the amount of Al2Oz additive in the charge mixture to
2.04 % or 3.05 %, the nepheline’s phase additionally appeared in glass ceramics [NazK(Sio.ss53Al0.447)8O16,
ICDD: 01-076-2469]. The amount of new phase is insignificant. It is known from the scholarly literature that
in porous glass ceramics made of zeolite tuff plagioclase may be present instead of anorthoclase [18, 24].

With the increase of the calcite in charge mixture, the intensity of the anorthoclase lines decreased.
New lines appeared on X-ray patterns. The lines correspond to the crystalline phases of wollastonite
[CaSiOs, CDD: 01-076-0186] and sodium calcium silicate (devitrite) [Na2CasSisO1s, ICDD: 00-023-0671].
The intensities of the lines of the new phases increased in response to the increase of CaCOs in the rock
composition to 10.5 % (Fig. 4, C5, C9, C13). The results obtained are consistent with the previously
obtained research findings [22].

X-ray patterns of C13—C16 were obtained on samples from siliceous rock with calcite amount equal
to 10.5 %. When amount of Alz03 in the charge mixture was increased to 8.14 %, the intensity of the
devitrite lines decreased, and those of wollastonite and anorthoclase increased. The nepheline lines
appeared on the X-ray patterns. Further increase in the concentration of Al203 to 12.21 % caused the
decrease in the amount of wollastonite in the composition, and the anorthoclase and devitrite lines
practically disappeared. Nepheline has become the main crystalline phase of glass ceramics. The formation
of the nepheline’s phase in glass ceramics caused by the increased amount of Al203 in the composition of
the material was also observed by other researchers [31].

3.4. Porous glass ceramics macrostructure

A scan of the surface of porous glass ceramic samples is shown in Fig. 5.
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Figure 5. A scan of the surface of porous glass ceramic samples.

All samples of porous glass ceramic materials have a cellular (finely porous) structure (Fig. 5.). The
porosity over the entire surface area of the samples is uniform. The pore size does not exceed 1.5 mm
(except for samples C5). The maximum pore size in samples C5 = 4 mm. With the increase of calcite in the
charge mixture composition, the surface color of the annealed samples becomes lighter. And vice versa, it
darkens with the increase of Alz0z. The different color of the surface can be attributed to a change in the
phase composition of the samples. According to Fig. 4, the crystalline phase of light samples consists
mainly of wollastonite and devitrite, and dark ones — anorthoclase, quartz and nepheline. The color of the
samples surface can also be affected by the pore structure [8]. The results of the study into the
microstructure of the samples are given below.

3.5. SEM images of samples

The effect of calcite in the charge composition on the microstructure of porous glass ceramics
samples is shown in Fig. 6. The results were obtained by using the SEM. Samples of compositions C1, C9
and C13 were exposed to testing.

Figure 6. SEM images of samples.

The SEM images of sample C1 (Fig. 6) show pores with a diameter of <1 mm. The pores are in the
shape of a ball, closed. Some of them are connected to each other. There are many closed micropores
with a diameter of < 30 um in the pore walls. The surface of the walls is smooth. The sample was obtained
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from a calcite-free rock. The SEM images of sample C9 display pores with a diameter of <1.5 mm. The
shape is stretched. The individual pores are connected to each other by wide channels. The pore walls
consist of closed micropores. Sample C9 was obtained from a rock containing 7 % of calcite. The pores in
sample C13 have different diameters and shapes. Pore diameter is <1 mm. The surface of the walls is
uneven. There is a great deal of through microscopic holes with a diameter of < 30 um between the pores.
There are many closed and open micropores with a diameter of < 20 um in the walls of large pores. It is
known that open pores in glass ceramics are formed during intensive crystallization [6]. According to Fig. 3,
with the increase of calcite content in siliceous rock up to 10.5 % (Sample C13), crystallization in glass
ceramics begins at a lower temperature (= 770 °C). The exothermic effect of crystallization is more intense
in comparison with the calcite-free composition. As a result, more open pores appear.

3.6. Micro-CT of samples

To study the macro- and microstructure inside porous glass ceramics, a Micro-CT of samples was
carried out. Samples C1, C9 and C13 were tested. The samples were obtained from rocks with different
calcite content. The test results are shown in Fig. 7.

C9j Channel

Dual pore Channel

\ \

Figure 7. Micro-CT of samples.

The results of the Micro-CT samples (Fig. 7.) complement the SEM findings. The Micro-CT image
inside the sample C1 shows pores with a diameter of < 1 mm. Some adjacent pores are merged. With the
increase of calcite in the siliceous rock composition to 7 % (Sample C9), the number of merged pores
increased. The image of C9 clearly shows a channel that connects more than 3 adjacent pores in one
section of the sample. The diameter of select pores increased to 1.5 mm. With the 10.5 % calcite in the
composition (Sample C 13), the length of channels in porous glass ceramics increased. The image of C13
shows a channel that connects more than 5 adjacent pores in one section of the sample. There are no
ruptured walls inside the channel. The diameter of the pores decreased to 1mm or less. There are many
bright dots in the walls of the pores. This indicates a large number of micropores in the sample.

Based on the analysis of the SEM and Micro-CT images, it was found that the macro- and
microstructure of porous glass ceramics from siliceous rocks is significantly influenced by the amount of
calcite in the charge mixture. The increase of CaCOs changes the size and shape of pores. Channels are
formed inside the material, which consist of connected adjacent pores. Microscopic holes appear in the
pores’ walls.

3.7. Samples’ density and porosity

Fig. 8 shows dependency graphs of the apparent density and porosity of glass ceramic samples on
the amount of CaCOs and Al203 in the charge mixture composition.
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Figure 8. Apparent density (a) and porosity (b) of samples.
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The effect of calcite in the siliceous rock composition on the apparent density of porous glass ceramic
samples is as follows (Fig. 8a, samples C1, C5, C9, C13). The apparent density of the samples decreased
from = 300 kg/m?3 to = 240 kg/m? in response to a 3.5 % increase of CaCOzsin the rock. A further increase
of calcite in the rock to 10.5 %, increased the apparent density of the samples linearly to = 285 kg/m?3
(Sample C13). The obtained dependencies are similar to the findings of other authors. The effect of CaO
on the apparent density of samples of porous glass ceramics from fly ash is similar [26, 27].

Dependences of changes in the samples’ apparent density on the amount of Al20s additive have
been obtained. Depending on the amount of calcite in the rock, the addition of Al2Os affects the apparent
density of glass ceramics in different ways. The samples density increased if CaCOs content in the rock
amounted to 3.5 % and the introduction of Al2Os additive was up to 6.11 % (Samples C1-C8). The
addition of Al20s in an amount of < 8.14 % caused the decrease in the apparent density of samples from
=~ 285 kg/m? to = 244 kg/m? with a 10.5 % calcite content in the rock (Samples C13—-C15). The increase of
Al2O3 additive to more than 8.14 % in the charge mixture raised the apparent density of the samples
(Sample C16).

Based on the findings obtained (Fig. 8b), the total porosity of the samples of glass ceramic materials
is in the range from 85.70 to 91.54 %. The lowest values of the total porosity demonstrate the samples from
the calcite-free charge mixture (C1-C4). In given samples > 79 % of the pores are closed. It is easy to trace
the characteristic dependence between the increase in the number of open pores in the material and the
increase in the amount of calcite in the charge mixture composition. For sample C13, the open porosity is
> 54 %. The addition of Al203 also increases the number of open pores in the material. The findings
obtained confirm the results of TA, SEM and Micro-CT.

3.8. Strength

Fig. 9 shows the strength values of porous glass ceramic samples from siliceous rocks.
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Figure 9. Bending (a) and compressive strength (b) of samples.

According to the conducted research (Fig. 9), the obtained porous glass ceramic materials have a
bending strength in the range from 1.12 to 2.1 MPa. The compressive strength is in the range of 1.9—
5.1 MPa. The following relationship is traced between the phase composition of the material and the
bending strength of the samples (Fig. 9a). With the increase of the wollastonite mineral in the material, the
bending strength increased. Thus, for samples C9, bending strength = 1.5 MPa. The strength is similar for
samples of composition C1. However, the average density of samples C1 is 40 kg/m? higher than that of
samples C9. The bending strength of samples C13 is 1.93 MPa at a density = 285 kg/m3. The value is
commensurate with the test results of samples C4, which density is = 340 kg/m3. There is evidence in the
scholarly literature on the positive effect of the wollastonite mineral on the bending strength of glass ceramic
materials [32].

The negative influence of the mineral nepheline in porous glass ceramics samples on their bending
strength has been revealed. The crystalline phase of sample C16 consists mainly of this mineral. The
samples have the lowest bending strength (1.12 MPa). The effect of the Al2Oz content in the composition
of glass ceramics on its strength characteristics has been explored in the works of other authors [28, 29].
The authors have established the maximum concentration of aluminum oxide in the composition of glass
ceramics.

According to the research findings (Fig. 9b), the compressive strength of samples of porous glass
ceramic materials is linearly related to the apparent density. The highest compressive strength (= 5 MPa)
was in samples C2 and C4. The apparent density of samples is slightly more than 340 kg/m3. The lowest
compressive strength of samples C5, C15, C16 (= 2 MPa). Samples of compositions C5, C15 have the
lowest density (= 240 kg/m?3). Probably, the samples C16 are less durable due to the nepheline content.
According to Fig. 4, the main crystalline phase of the sample is nepheline. It was not possible to find other
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relationships between the phase composition and compressive strength of the samples. The obtained
porous glass ceramics with an equal apparent density are superior in strength to foam glass and glass
ceramics from industrial waste [1, 7, 11-16].

3.9. Thermal conductivity

Fig. 10 shows the results of thermal conductivity testing of porous glass ceramic samples. The results
are shown in relation to the apparent density of the samples.
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Figure 10. Thermal conductivity of samples.

The findings presented in Fig. 9 underwent a thorough analysis. The dependence of the thermal
conductivity of porous glass ceramic samples on their apparent density was established. The dependence
is linear. It refers to samples with a density from 235 to 355 kg/m3. The dependence of thermal conductivity
on the density of samples is expressed by the formula (6):

A=21.7-107- p+0.014, 6)
where A is thermal conductivity (W/(m-°C)); p is apparent density of the material dry basis (kg/m3).

The validity coefficient of the approximation (RZ) is equal to 0.971.

The thermal conductivity values of all samples from siliceous rock with a 10.5 % calcite (C13—C16)
are below the regression line (Fig. 9). It is known that thermal conductivity depends largely on the
conductivity in the solid phase [6]. According to the SEM and Micro-CT findings, the increase in the amount
of CaCOzs in the charge mixture raised the number of micropores in the pore walls of the samples. Probably,
owing to this, the thermal conductivity of porous glass ceramics has decreased.

Following the results of the experiment, it was found that dry samples C15 of porous glass ceramics
have the lowest thermal conductivity (0.065 W/(m-°C)). The apparent density of the samples is 244 kg/m3.
Highest thermal conductivity (0.09 W/(m-°C)) belongs to samples of composition C3 (apparent density is
340 kg/m?). The influence of the phase composition of samples of porous glass ceramic materials on their
thermal conductivity has not been revealed. The results obtained correlate with the findings supplied by
other authors [6].

3.10. Limiting operating temperature

The main goal of our work is to obtain porous glass ceramic materials with an operating temperature
of more than 900 °C. The effect of the phase composition of porous glass ceramics on the limiting operating
temperature of materials is shown in Fig. 11. The limiting temperature was estimated by the size of the
samples after holding for 2 hours at a given temperature.
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Figure 11. Residual size of samples after holding for 2 hours at a given temperature.
(Samples from siliceous rock with calcite content equal to: a — 0%, b — 3,5%; ¢ — 7%; d — 10,5%;
C1-C16 — numbers of compositions)

During the experiment, it was found that the compositions C3, C4, C7, C8, C11, C12, C16 can be
operated at a temperature > 900 °C. The residual sizes of the samples after holding for 2 hours at a
temperature of more than 900 °C are larger than 99 % of the control values (Fig. 11). All compositions were
obtained by modifying the charge mixture with aluminum oxide. The positive effect of Al203 in the
composition of ceramic materials on their resistance to a lasting exposure to high temperatures have been
explored in the scholarly literature [28, 29]. Following the analysis of findings in Fig.11 we have found that
the amount of Al203 additive must be adjusted depending on the amount of calcite in the charge mixture.
The amount of Al20s must be increased with reference to CaCO; increase. To achieve the limiting operating
temperature of porous glass ceramics > 900 °C is possible if we modify the charge mixture with a 2.04 %
or more AlOs. Calcite-free charge mixture (Samples C3, C4). The phase composition of the samples
consists of anorthoclase, nepheline and quartz (Fig. 4). With a 10.5 % amount of calcite in the rock, it was
also possible to obtain glass ceramics with an operating temperature > 900 °C. The amount of Al20z in the
charge should be equal 12.21 % (Sample C16). According to Fig. 4, the main crystalline phase of the
samples is anorthoclase, nepheline, quartz and wollastonite.

Samples C5, C9, C13 can be operated at a temperature of no more than 850 °C. The crystal phase
of these samples contains a lot of devitrite. This compound has a low melting point [33]. The effect of
devitrite on the limiting operating temperature is negative.

The developed porous glass ceramic materials significantly exceed foam glass and porous glass
ceramics from siliceous rocks based on charge mixture exposed to alkaline activation in terms of the limiting
operating temperature [17-19]. The glass-ceramic materials from siliceous rock can be used as thermal
insulation of melting furnaces, boiler equipment, etc.

3.11. Thermal shock resistance

Thermal insulation materials used in the insulation of industrial equipment should have high thermal
shock resistance [2, 28, 29]. Thermal shock resistance is the ability of material not to break down when
exposed to sudden temperature changes. Fig. 12 shows the results of testing the thermal shock resistance
of porous glass ceramic samples.
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Figure 12. Thermal shock resistance.

Based on obtained findings (Fig. 12), the thermal shock resistance of porous glass ceramic samples
varies depending on the composition. The lowest values of thermal shock resistance have samples from
the calcite-free charge mixture. The values are in the range of 150-170 °C. Owing to the increase of the
aluminum oxide in the charge mixture composition to 2.04 % or more, a linear increase in the thermal shock
resistance of the samples from 150 to 170 °C occurs. There is a linear relationship between the values of
thermal shock resistance of samples of glass-ceramic materials and their porosity. The more closed pores
in the material, the less stability. The thermal shock resistance of samples C1-C4 and C6 does not exceed
170 °C. More than 75 % of the pores in these samples are closed (Fig. 8b). During the experiment, heated
samples were immersed in water. Owing to the pores’ structure, water did not penetrate into the material.
The sample surface cooled faster. The sample was destroying due to the large temperature difference on
the surface and inside of it. Consequently, the increase in the number of open pores in the material raised
the thermal shock resistance of the samples. Maximum thermal shock resistance (225-230 °C) belongs to
the samples C8, C9, C12 and C15. The number of open pores in the material is > 50 % (Fig. 8b). The
assumption about the relationship between thermal shock resistance and porosity of the material is
confirmed. Similar conclusions can be found in [6].

After analyzing the values in Fig. 12, the negative effect of nepheline on the thermal shock resistance
of the samples was established. Sample C16 failed at a temperature drop of 190 °C. This is 35 °C less in
comparison with the sample C15. According to Fig. 8b, the number of open pores in both samples is almost
equal (> 54 %). The main difference is in the phase composition. There is more nepheline in the sample
C16.

The thermal shock resistance of the developed porous glass ceramic materials is almost equal to
that of foam glass and porous glass ceramics derived from industrial waste [28, 29].

3.12. Chemical stability

The influence of the chemical and mineralogical composition of porous glass ceramic materials on
the chemical stability of samples is shown in Table 4. Chemical stability was determined by the loss of
weight of powdered samples (fraction 0.315-0.63 mm) after boiling for 3 hours in aggressive chemical
media.

Table 4. Change in the samples’ weight after boiling in chemical media for 3 hours.

Change in the samples’ weight after boiling in chemical media for 3 hours (%)*

Sample number
P 1N NazCOs solution +

H20 6N HCI solution )
1N NaOH solution (1:1)
C1 0.82 1.37 6.95
Cc2 0.17 0.63 6.75
C3 0.67 1.47 7.05
C4 0.37 1.10 7.12
C5 0.39 0.59 6.93
C6 0.34 1.60 7.31
C7 0.54 1.99 6.71
C8 0.63 2.20 6.68
C9 0.47 1.91 7.17

C10 0.41 3.13 7.20
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Change in the samples’ weight after boiling in chemical media for 3 hours (%)*

Sample number .
pie nu 1N Na2COs solution +

H20 6N HCI solution .
1N NaOH solution (1:1)
Ci11 0.97 4.44 6.80
Ci12 0.56 7.13 6.69
C13 0.99 4.80 7.94
Cil4 0.57 5.42 7.45
C15 0.73 7.81 7.46
C16 0.56 17.89 6.99

* — The differences in the test results of the samples of each composition did not exceed 5% of the
average value.

After the analysis of the experimental findings (Table 4), the following ensues. After boiling samples
of glass ceramic materials (fraction 0.315-0.63 mm) for 3 hours in water, all samples lost less than 1 % in
weight. This result confirms the ability of glass ceramic materials not to be destroyed by the action of water.
The material can be operated in wet conditions without restrictions.

The influence of the phase composition of glass ceramic samples on their chemical stability in an
aqueous solution of HCI (6N) has been established. The stability decreases in response to the increase in
the amount of wollastonite, devitrite and nepheline in the material. After 3 hours of boiling the sample C16,
the color of the solution turned bright yellow. The sample weight decreased by 17.89 %. Sample C16
contains the largest amount of wollastonite and nepheline (Fig. 4). Samples in which the main crystalline
phase is anorthoclase and quartz (C1-C5) are almost unsusceptible to chemical corrosion in an aqueous
solution of HCI (6N). The mass loss does not exceed 1.5 %. There is a great deal of evidence in the
scholarly literature on the dissolution of nepheline and wollastonite minerals in aqueous solutions of
hydrochloric acid [34].

The effect of the phase composition of glass-ceramic samples on the resistance to alkaline solutions
(Na2COs (1N) + NaOH (1N)) has not been detected. The chemical stability of the samples deteriorates
slightly after the increase of CaO in their compositions. The weight loss increased from 6.95 % (Sample
C1) to 7.94 % (Sample C13). There is evidence in the scholarly literature about the negative effect of CaO
in the composition of glass ceramics on its chemical stability [35]. The effect of addition of Al203 in the
amount of up to 12.21 % to the charge mixture composition on the resistance of glass ceramic samples in
alkalis is insignificant.

The completed experimental studies of samples of glass ceramic materials allowed to reveal their
high chemical stability in water, HCl aqueous solution and alkalis. With reference to some indicators, porous
glass-ceramic materials from siliceous rocks surpassed foam glass [35]. It is recommended to use the
developed materials as insulation for pipelines, industrial installations, etc.

4. Conclusions

Porous glass-ceramic materials were obtained from siliceous rocks with different amounts of calcite
in their composition. To raise the limiting operating temperature of the samples, aluminum oxide was added
to the charge mixture. A joint mechanochemical activation of components (siliceous rocks, Na2COs, Al203
and KCI) was carried out in a planetary ball mill. The resulting charge was annealed at a temperature of
850 °C. The influence of the calcite and aluminum oxide content in the charge mixture composition on the
properties of porous glass-ceramics samples has been revealed.

Main conclusions:

— The main crystalline phase of glass ceramics from a calcite-free charge mixture is anorthoclase
and quartz. The calcite-containing charge mixture samples additionally contain wollastonite and
devitrite. After increasing the amount of Al2Os additive in the composition of the charge mixture,
nepheline appears in glass ceramics. The influence of the phase composition of glass ceramics
on the properties of samples has been examined.

— Glass-ceramic materials from siliceous rocks have a finely porous structure. The pore size of
most samples is less than 1.5 mm. The increase in the calcite and aluminum oxide amount in
the charge mixture composition had a significant impact on the glass ceramics microstructure.
The size and shape of the pores have changed. The number of open pores in the material
increased from = 5 % to > 50 %.
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— The developed porous glass ceramics has an apparent density of 239—-344 kg/m?3, bending and
compressive strength up to 2.1 MPa and 5.1 MPa, respectively.

— The developed porous glass ceramics has a thermal conductivity is 0.065—0.09 W/(m°-C),
thermal shock resistance up to 230 °C, limiting operating temperature up to 920 °C. The limiting
operating temperature of the samples was increased to 920 °C owing to the introduction of Al2O3
additive into the charge mixture. The amount of the additive depends on the amount of calcite in
the siliceous rock. With the increase in the CaCOs amount it is necessary to increase Al20s3
content. The 10.5 % content of calcite in the siliceous rock allowed to obtain porous glass
ceramics with an operating temperature over 900 °C. The additive of Al2Oz in the amount of
> 8.14 % was dispensed into the charge mixture composition.

— The completed experimental studies of samples of glass ceramic materials allowed to reveal
their high chemical stability in water, HCI aqueous solution and alkalis.

— Porous glass-ceramic materials from siliceous rocks are superior in many respects to foam glass
and porous glass ceramics from industrial waste. This material can be used in the construction
and repair of industrial and civil facilities (for heat and sound insulation, as a refractory lining of
furnaces, for protection of structures from corrosion, etc.).
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