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Abstract. When constructing small clear-distance tunnels in complex geotechnical conditions, there are
many challenges including intolerable ground movement, face failure, and potential damage to adjacent
tunnel. This paper focused on the study of small clear-distance shield tunnel construction in the typical
upper-soft and lower-hard stratum. Numerical analyses are conducted to estimate the influence of the new
tunneling on the existing tunnel. In addition, partition wall accompanied by cement-soil mixing pile is
adopted as the control measure. The results demonstrate that the construction of the new tunnel has a big
impact on the stability of the existing tunnel. The seal roof block should not be placed on the top region.
The obviously influenced region of the existing tunnel agrees with the excavation diameter of the new
tunnel, so monitoring in this region should be strengthened. Moreover, the safety control effect has been
verified by numerical analysis and field test. This study provides a basis for the design and construction of
tunnels with shallow buried depths and small clear-distances.

1. Introduction

With the development of urban metro network, many shield twin tunnels with small clear-distances
have been excavated in shallow strata [1-4]. However, previous studies have shown that tunneling
construction often significantly affects the existing tunnel structure [5-10] and the excavation of a tunnel in
a shallow stratum can lead to the collapse of the tunnel face and overlarge surface subsidence [11-14].
Construction of such tunnels may incur severe accidents because of high construction difficulty and risk.

The interaction mechanism of shallow-buried or small clear-distance shield twin tunnels is a
significant issue that has aroused the interest of many investigators. Many researchers have carried out
analytical studies [15-19], model tests [20-22], field tests [23—27] and numerical simulations [28-33] to
study the interaction mechanisms of shallow-buried or small clear-distance shield twin tunnels. Among
them, numerical simulation is usually used in the analysis of shield tunnelling as an efficient and low-cost
method. Three-dimensional finite element calculation [5] was presented to investigate the effect of tunneling
on an adjacent tunnel. The interaction between two parallel tunnels was investigated through a series of
numerical simulations [30]. Another numerical model [6] was presented to evaluate ground displacement
surrounding the two tunnels. The finite element method was used to explore the influence of the relative
position of two circular tunnels on the soil movement and to examine the internal forces in the lining [5]. A
numerical model [31] was presented to evaluate the face stability of a shallow-shield tunnel. The collapse
mechanism [19, 32] was presented to investigate the face stability of a shallow tunnel. The discrete element
method [33] was used to investigate the face stability analysis of shallow shield tunnels. However, few
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publications have concentrated on the interaction mechanism of shallow-buried shield twin tunnels with
small clear-distance. Consequently, the interaction mechanism of shallow-buried shield twin tunnels with
small clear-distance needs to be further studied so as to provide an accurate basis for effective control
measures of the tunnel. The objects of research are listed as following, 1. deformation of the ground
surface; 2. mechanical responses of the first tunnel; 3. reasonable control measures under the condition of
shallow-buried twin tunnels with small clear-distance. For this reason, and the goals of the research is listed
as following are listed as following, 1. acquiring the settlement troughs; 2. calculating the displacement and
internal force of tunnel; 3. comparing the opening status; 4. verifying the effectiveness of control measures.

In this paper, considering the effect of the segment joint, a three-dimensional numerical model of the
shield tunnel segment is established based on practical engineering, and the interaction of shallow-buried
twin tunnels with small clear-distance is studied. In addition, an effective control measure is applied to the
field, which can be verified as an effective method not only by numerical results but also by field tests.

2. Methods

2.1. Formulation of the problem

The main route of the intercity railway tunnel 2, which at Chencun, Guangzhou, between the
‘Chencun’ station in the south and the ‘Guangzhou South’ station in the Southern part of the city, consists
of two tubes 8.5 m in external diameter and 3969 m in length. Two EPBs are working to excavate the twin
tunnels. The tunnel segment is made of C50 concrete, with an external diameter of 8.5 m, a thickness of
0.4 m and a width of 1.6 m. Moreover, M30 high-strength bolts are used for circumferential and longitudinal
connections of the tunnel segments. The principal strata, where the twin tunnels are situated, is comprised
of silt, fine sand, strongly weathered mudstone and weathered mudstone, as shown in Fig. 1. Note that the
clear-distance between these tunnels is 3.1 m and burial depth is 5.5 m within the region of shield
launching. The construction procedure of the twin tunnels is that the first tunnel (existing tunnel) has been
completed before the construction of the second tunnel (new tunnel).
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First tunnel
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Figure 1(a). Profile of the tunnel: Condition of the launching shaft (Unit: m).
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Figure 1(b). Profile of the tunnel: Geological condition (Unit: m).

In view of the aforementioned conditions around the tunnels, the tunneling work in this area is faced
with such challenges as upper-soft and lower-hard stratum, shallow burial depth, and small clear-distance.
Therefore, the stability of the first tunnel, which might be influenced by the tunneling of the second one,
must be ensured to keep the safety of the whole transport line and the surrounding environment.

2.2. Method for solving the problem

Numerical simulation [5, 7, 8, 28-33, 35] is a commonly-used reliable method for the evaluation and
investigation of civil engineering projects because it has the advantages of data visualization, high speed
of solution and low cost. Finite Element Method (FEM) is applied in this paper to accurately analyze the
influence mechanism between these shield tunnels. Partition wall accompanied by cement-soil mixing pile
(Fig. 1 and Fig. 2) is adopted as the control measure for ensuring the safety of the tunneling. The pre-
reinforcement range of cement-soil mixing piles is 26.7 m (X) x 8.4 m (Y) x 70 m (Z), with the partition wall
consisting of three diaphragm walls (0.8 m (X) x 16 m (Y) x 18 m (Z)) as shown in Fig. 1 and Fig. 2.
Meanwhile, field test method is applied to verify the effect of the control measure.

Partition wall Y %

~,

Cement-soil
mixing pile

X
4

Figure 2. Diagrammatic sketch of the control measure in field.
2.3. Three-dimensional Finite Element Model

A typical three-dimensional numerical model is established by using ABAQUS [34] software. To
reduce the boundary effect, the model is 80 m (X) x 40 m (Y) x 40 m (2) (Fig. 3), consisting of 155,596
elements. Therefore, a complete three-dimensional finite element model considering soil, segment lining,

shield, connection bolts and grouting is established.
- Weak weathered layer

Ezl Strong weathered layer

| Fine sand

' - Silt
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Figure 3. Three-dimensional numerical model.

In view of the discontinuous deformation of the segmental lining, the discontinuous contact model is
established for segments of the first excavated tunnel (see Fig. 4), and the remaining lining is assumed to
be an equivalent homogeneous structure. Among them, the discontinuous contact model of the segment
joint applies the coulomb-contact friction model with a friction coefficient of 0.83 (same as the rubber gasket)
[28, 40]. Moreover, the connection bolt between different segments is simulated by beam element (B31)
with embedded method, and stagger-jointed assembling method is applied between adjacent segments,
same as the actual construction process. For the equivalent homogeneous segments part, the stiffness
reduction factor 1 is 0.746, which is obtained from the equivalent test of discontinuous contact numerical
simulation [41].

Transverse
onnecting bolt
Longitudinal
connecting bolt

F Seal roof block of segment lining ;
L1 and L2 Connection block of segment lining;
B1,B2,B3,B4 Standard block of segment lining

Figure 4. Numerical model of the segment lining.

The shield is simulated by a homogeneous circle with an 8.8 m outer diameter, a 9.6 m length and a
0.15 m thickness. The effect of cutter head and chamber on the excavation surface is equivalent to the sail
warehouses pressure and the cutter head torque, as shown in Fig. 5 [35, 37]. Especially, the thickness of
the backwall grouting is 0.15 m, and the grouting pressure is simulated by a uniform load of 0.27 MPa [35,
39, 42].

Shield shell Grouting layer

SR

ribution |

Jacking force

y Grouting pressure
Supporting

pressure of Segment lining

excavation face Grouting pressure

Figure 5. Simulation of the shield tunneling.

For the mechanical boundary, the lateral and bottom surfaces of the numerical model are subjected
to normal constraints, and the top surface is a free boundary [5, 7, 8, 28-33, 35]. Soil, segments and shield
are simulated by solid elements in the numerical model with C3D8 element. The linear elastic model for
isotropic material is used to simulate the segments, shield and connection bolt. And the Mohr-Column
model for isotropic material is used to simulate the soil. According to the actual construction sequence, the
model change command is used to simulate the tunnel excavation and the assembly process of the
segments. The physical properties of materials in the numerical simulation are listed in Table 1.

Liu, S.H., Shi, Y., Zhao, Y.D., Sun, R.



Magazine of Civil Engineering, 108(8), 2021

Table 1. Parameters of the material in the numerical model.

Material Himl  plgicm3] E [MPa] u ClkrPa] ¢ Ko

Silt 4.5 1.6 10 0.42 10 12 0.45

Fine sand 6.9 1.9 24 0.25 0 26 0.33

Strong weathered layer 8.5 2.0 90 0.39 30 30 0.39

Weak weathered layer —_— 25 800 0.29 300 38 0.3
Segmental lining(second tunnel) 0.4 25 25750 0.2 / / /
Segmental lining(first tunnel) 0.4 25 34500 0.2 / / /
Connecting bolt —_— 7.9 206000 0.3 / / /
Grouting layer (before hardening) 0.15 1.8 100 0.35 / / /
Grouting layer (after hardening) 0.15 2.0 800 0.3 / / /

Note: H is thickness; p is density; Eis modulus; i is Poisson's ratio; C is cohesion; ¢ is friction angel, Ko is lateral
pressure coefficient.

3. Results and Discussion
3.1. The Settlement Troughs

First, the settlement troughs determined by the ABAQUS [34] numerical model are analyzed. In
general, the settlement trough shape following the Gaussian function may be expected for tunneling in the
field condition, for which the symmetrical trough profile about the tunnel center line should exist. Fig. 6
shows transverse settlement trough profiles at ground surface, and after complete passage of the EPB
from the control section. It can be seen that the troughs of the ground surface follow Gaussian function.
And the ground surface presents a settlement distribution with a single peak after completion of the first
tunnel and the maximum settlement is 14.2 mm. In addition, the ground surface presents a settlement
distribution with double peaks after completion of the second tunnel; and the maximum settlement is
15.5 mm, which is less than the requirements of standard [43, 44]. As expected [6, 10, 23, 25], the final
settlement profiles are asymmetric. This means that the maximum settlement is not on the mid-line between
the two tunnels. The shape of the settlement trough is in consistent with that proposed by other researchers
[5, 6, 10, 23-25, 30, 36] based on experience in metro engineering worldwide.

Second tunnel axis First tunnel axis

Vertical displacement / mm

1—— Completion of the first tunnel

8 1—— Completion of the second tunnel
- ] L 1 n 1

" | " 1 L 1 L 1 L |
-40 -30 -20 -10 0 10 20 30 40
Transverse distance /m

Figure 6. Settlement trough of the ground surface.

Through the comparison of two curves, it can be seen that tunneling of the second tunnel mainly
causes the extension of the disturbed area and increases the width of the settlement trough [6, 10, 23, 25].
Moreover, the tunneling of the second tunnel has little influence on the peak value of ground surface trough.
This is because the soil sensitivity to the secondary disturbance has been reduced due to the stress release
of the soil caused by the construction of the first tunnel.

Liu, S.H., Shi, Y., Zhao, Y.D., Sun, R.
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3.2. Displacement and internal force of the first tunnel

Fig. 7 and Fig. 8 respectively show the total displacement and additional displacement of Ring 3 of
the first tunnel. It can be known from the results that the tunnel deformation is symmetrical, and its maximum
value is 1.78%o of the external diameter of segmental lining (D), which satisfies the requirements of standard
[43, 44]. The construction of the second tunnel makes the deformation of the first tunnel move away from
the second tunnel, resulting in the asymmetric deformation of the segmental lining. A similar rule was found
by Kavvadas et al. [28] for tunneling in soft clay.

The seal roof block is in the top region of Ring 3, so that the stiffness of top structure is less than that
of the bottom structure [40]. Moreover, as the tunnel passes through the upper-soft and lower-hard stratum,
the lower mudstone is stronger than the upper layer, so the upper soil is weaker than lower one in anti-
disturbing performance. For this reason, top part of the segment suffers severe displacement than the
bottom part.

0 10 Completion of the first
tunnel

Completion of the
second tunnel

Figure 7. Total displacement of Ring 3 Figure 8(a). Additional horizontal displacement
(Unit: mm). of Ring 3 (Unit: mm).

Figure 8(b). Additional vertical displacement of Ring 3 (Unit: mm).

In order to analyze the impact of the second tunnel on the first tunnel, the points (horizontal and
vertical) of the maximum additional displacement of Ring 3 are taken as the characteristic points for
analysis. The distance between the cutter head and the monitoring section is defined as L. When the cutter
head fails to reach the monitoring section of the first tunnel, L is negative. Fig. 9 is the displacement curve
at Points A and B of Ring 3. It can be seen that:

I. When L < -D (D is the outer diameter of the shield machine), shear stress and soil warehouses
pressure have litter influence on the segments.

Il. When —-D < L < 0, the influence of shear stress and soil pressure is obvious. The deformation rate
of the segment increases with the decrease of distance, and the deformation rate reaches peak value once
L=0.

Liu, S.H., Shi, Y., Zhao, Y.D., Sun, R.
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Ill. When 0 < L < D, the deformation of the segment increases with the progress of tunneling and the
deformation rate gradually decreases; and the deformation value reaches the peak value when L = D.

IV. When L > D, due to the grouting pressure, the deformation of the segment decreases and will
level off finally.

The response of the segment lining significantly increases with the decreasing distance when -D <
< L < D. Therefore, this area is the major influenced area and the monitoring of this area should be
strengthened during construction.

Distance between the cutter head and the Ring 3/ m
'?0.'1.5.'1.0. 5 0 5 10 1 2|0

| . |
& &
\n
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« PointB -
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<741

—
oo oo o "

Figure 9. Displacement Curve at Points A and B.

Fig. 10 is a schematic view showing the joint opening of the first lining structure, and Fig. 11 is a
curve showing the opening variation of the longitudinal joint in Ring 3.

Opening of
segment joint

Figure 10. Opening status of the segmental lining.

0.67 £
E ——FL1 ——1L1-B1
2, L

051 € B1-B2 B2-B3
g B3-B4 »— B4-L2

20 45 40 5 0 5 10 15 20
Distance between cutter head and the Ring 3/m
Figure 11. Opening curves of segments in Ring 3.
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As shown in Fig. 10, the longitudinal joint opening is obvious, the horizontal joint of the segmental
tends to open outwards, and the vertical joint has a tendency to open inside. The hinged action of the bolts
provides certain continuity between the segments.

The opening variation of the longitudinal joint in Ring 3 of the first tunnel (Fig. 11) shows that:

I. When L = -20, that is, after completing the construction of the first tunnel, the largest opening of
the longitudinal joint is 0.44 mm, which satisfies the requirements [43].

Il. When =20 < L < D, the joint opening gradually reduces, which is affected by the lateral loading
caused by the construction of the second tunnel.

Ill. When L > D, the joint opening remains basically unchanged.

The variation law of the joint opening during the construction of the second tunnel is the same as the
variation law of the additional deformation of the segment.

Fig. 12 and 13 respectively are the additional stress and maximum principal stress of the segments.
Due to the hinge effect of the bolts between the segments, the internal force of the segment is discontinuous
at the joint. The maximum tensile stress is 2.44 MPa at the vault region, which exceeds the design value
of the tensile strength of C50 concrete (1.89 MPa). Furthermore, the maximum additional tensile stress
around the joint area (0.58 MPa) is significantly larger than that in other areas along with longitudinal
direction, which exceeds the stress control standard [45, 46].

Completion of the first tunnel

Completion of the second tunnel

Figure 12. Maximum principal stress distribution of Ring 3 (Unit: MPa).

Field-1, Max. Principal

(Avg: 759%)
+5.844e+05
+5.185e+05
+4.527e+05
+3.869e+05
+3.210e+05
+2,552e+05
+1.894e+05
+1.235e+05
+5.768e+04
-8,157e+03
-7.399e+04
-1,398e+05
-2.057e+05

Figure 13. Additional tensile stress distribution of the first tunnel.

3.3. Safety control effect

Fig. 14 and 15 are the maximum principal stress and additional tensile stress contours of the first
segments, respectively. It can be seen that after taking safety control measure, the maximum tensile stress
of the first segmental lining is 1.7 MPa, smaller than the tensile strength design value of the segmented
concrete; the maximum additional tensile stress of the segmental lining is 0.29 MPa, which satisfies the
stress control standard [45, 46].
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Figure 14(a). The effect of control measure to the first tunnel: Maximum principal stress.
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Figure 14(b). The effect of control measure to the first tunnel: Additional tensile stress.

Fig. 15 shows the additional horizontal displacement of the first segmental lining. The maximum
additional displacement is 2.43 mm, which meets the requirements of the specification [43, 44].

A N

| IN—T— | I
Figure 15(a). Additional horizontal Figure 15(b). Additional horizontal
displacement: Filed test results (Unit: mm). displacement: Numerical results (Unit: mm).

Fig. 16 shows the surface settling trough after taking safety control measure. It can be seen from
Fig. 16 that the maximum settlement is 14.16 mm, which can meet the control standard [43, 44]. In addition,
the field test is conducted to monitor the settlement of the ground surface. Both the field results and the
numerical simulation results are smaller than the control standard, and the law of tested settlement trough
and additional horizontal displacement distribution agree with the numerical simulation results. Therefore,
conclusions can be drawn that the numerical simulation results are reasonable and reliable, and the pre-
reinforcement control measure of partition wall accompanied by cement soil mixing pile is effective.
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Figure 16. Settlement trough of the ground surface after conducting control measure.

4. Conclusions

This study discusses the interaction and control of shallow-buried twin tunnels with small clear-
distance. The following points are outlined as the outcomes of this study.

1. The tunneling process of the new tunnel has a big impact on the stability of the existing tunnel
under the condition of shallow burial depth and small clear-distance. The unsafe additional tensile stress
2.44 MPa might be obtained at the vault region, which exceeds the design value of the tensile strength of
C50 concrete (1.89 MPa).

2. The seal roof block should not be placed on the top region in cases where the shield tunnel needs
to go through the upper-soft and lower-hard composite stratum, the total displacement of the whole ring
could be obtained in the seal roof block 12.28 mm.

3. The obviously influenced region of the existing tunnel agrees with the excavation diameter
(-D < L < D) of the new tunnel, so monitoring in this region should be strengthened.

4. This study demonstrates that the stability of designed structure cannot be ensured and
reinforcement is thus required during tunneling. Pre-reinforcement control measure of partition wall
accompanied by cement-soil mixing piles has been verified as an effective control method by field tests
and numerical results, the maximum settlement could be controlled within 14.16 mm.
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Abstract. This paper is aimed at investigating the feasibility of using shape memory alloy (SMA) materials
as anchor bolts in steel liquid storage tanks. The seismic performance of a case study liquid storage tank
anchored with steel and SMA bolts is evaluated. For this purpose, a parametric study is performed to
determine the optimum length and diameter of the anchor bolts which results in the minimum tank uplift.
Furthermore, incremental dynamic analyses (IDAs) are performed to gain insights into the effects of the
axial stiffness of the anchor bolts on the uplift of the tank. The uncertainties regarding the seismic input,
i.e., the record-to-record variability and seismic intensity, are taken into account by selecting a set of near-
field earthquake ground motion records with and without forward directivity. It should be noted that peak
ground acceleration (PGA) is chosen as the intensity measure in IDAs. According to the results, using steel
anchor bolts significantly reduces the uplift of the tank due to their high axial stiffness, which may result in
a severe damage at the connection as a result of high axial forces in the bolts. Conversely, the self-
centering feature of SMA anchor bolts allow the tank to undergo a limited uplift, which also leads to
significant energy absorption. Furthermore, the Incremental dynamic analysis results show that tanks
anchored with SMA bolts are less sensitive to the frequency content of the seismic input compared to the
tanks anchored with steel bolts. Based on the findings of this research, it is possible to reduce the required
diameter of the anchor bolts and eliminate the residual deformation of the anchorage system after a severe
seismic event by using SMA anchor bolts.

1. Introduction

Seismic vulnerability assessment of buildings in urban areas is one of the priorities of crisis
management institutions for planning to reduce risks in the future. On the other hand, storage facilities play
a key role in modern production industries, as their functionality is essential for the proper operation of a
wide range of petrochemical and processing operations. Therefore, health monitoring of the tanks and
investigating possible damage under earthquakes is very important. Accordingly, much research has been
done on the behavior of the tanks.

Liquid storage tanks are thin-walled structures utilized for storing a wide range of liquids such as
water, oil, or even hazardous materials [1-3]. Because of the crucial function of these structures, their
seismic performance is significantly important as seen in past earthquakes [4]. The damage due to such
strong vibrations can lead to devastating consequences such as extensive fire due to the leakage of
flammable substances such as oil as well as damage caused by wave turbulence [5]. Therefore, evaluation
of the seismic vulnerability of such structures has attracted the attention of several researchers and
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practicing engineers during the recent decades [6]. The results of some of those researches and practical
experiences have been implemented in design codes AWWA [7, 8].

The Seismic performance of cylindrical liquid storage tanks during the occurred seismic events has
indicated the notable seismic vulnerability of these structures [9-16]. Most of the existing old steel storage
tanks are un-anchored. Unanchored tanks are simply rested on their foundation without any clamps, and
hence they are prone to uplift and consequently, a wide variety of failure mechanisms such as shell buckling
and failure of their pipes during destructive earthquakes. On the other hand, anchored tanks are clamped
to their foundations. Failure of anchor bolts and shell buckling are among the common failure modes of
these tanks. In this regard, many studies were aimed at investigating the effect of design parameters on
their potential failure modes [17]. The effect of height to diameter (H/D) ratio evaluated on the critical
horizontal peak ground acceleration of anchored steel liquid storage tanks. It was shown that the critical
acceleration was reduced with increasing H/D. In addition, was studied the effects of base flexibility on the
seismic performance of liquid storage tanks. According to the results, base flexibility may increase the
seismic vulnerability of tanks. Furthermore, the insufficient effective embedded length or cutting off anchor
bolts may lead to partial or total pull-out of the anchor bolts, which imposes a great damage to the anchoring
system. In some cases, inadequate material strength results in failure of the anchor bolts due to excessive
strain [18]. In another study by Hamdan [19], reported a list of field observations for tanks suffering from
anchor bolts damage due to uplift under seismic excitation. To overcome this limitation, some researchers
evaluated the seismic vulnerability of liquid storage tanks isolated with different isolation systems [20-22].
However, implementing such systems can be economically inefficient due the costs associated with their
installation and maintenance. An alternative method is to provide anchors to clamp the tank to its
foundation. It has been shown that this technique can noticeably reduce the seismic vulnerability of tanks
[23]. The main shortcoming of this method is that a considerable number of anchors should be provided in
order to fully restrain the tank bottom. Another problem with steel anchor bolts is the residual uplift of the
tank after a strong ground motion. This phenomenon, in many cases, results in a significant damage to the
anchorage system, which necessitates its total replacement.

On the other hand, shape memory alloy (SMA) materials can recover their inelastic deformations
after unloading. Such a special behavior leads to flag-shaped hysteresis loops, which can eliminate the
residual drifts at a lower energy dissipation rate as compared to steel [24]. However, due to the lower
modulus of elasticity of SMA bars, they undergo larger deformations under seismic forces. Previous studies
investigated the behavior of SMA materials in different applications such as dampers [25], concrete
reinforcements [26], and bolts in self-centering steel columns [27].

In this study, has been investigated the seismic behavior of liquid storage tanks anchored by using
SMA anchor bolts for the first time and steel bolts. SMA anchors can reduce the damage to the tank through
self-centering effect. Herein, the tank uplift under near-field earthquake ground motions with and without
forward directivity is investigated through performing Incremental Dynamic Analysis(IDA) [28]. The tank has
been modeled in three conditions: un-anchored, anchored with steel and SMA mechanical anchors. Finally,
the results are compared with those of the anchored tanks with un-anchor tank.

2. Materials and Methods
2.1. Specifications of the studied tank

The liquid storage tank considered in the study is a tank which suffered uplift and shell buckling
during the Silakhor earthquake in 2006 in west of Iran. The tank is supported by a reinforced concrete
foundation and is used for storage of fuel oil with density of 920 kg/m3. It should be noted that the tank was
90 % full during the seismic event. The properties of the steel used in the tank are tabulated in Table 1 and
Fig. 1 shows the geometry of the tank [29].

Table 1 Properties of the steel used in the tank [29].

. . Modulus of Tangent modulus Yield stress . .
3
Material Density (kg/m?3) elasticity (GPa) (GPa) (MPa) Poisson ratio
Steel 7850 210 4x103 240 0.3
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Figure 1. Geometry of the tank used in this study [29].
2.2. Analytical modeling

There is a wide variety of methods to characterize the dynamic behavior of tank-fluid systems.
Commercial software usually provides Finite Element (FE) and Finite Volume (FV) techniques to model
tank-fluid systems. However, these methods usually require a significant computational effort, which limits
their application in practice. In this regard, other simplified models have been proposed to characterize the
liquid motion at a lower computational cost without notably compromising the accuracy of the results [30,
31]. In this study, is employed to simulate the liquid motion inside the tank. This model uses an equivalent
mass-spring system, which consists of an impulsive component with mass Mo and a convective component
with mass M1. The convective component is attached to the tank walls by means of a spring with stiffness
K1, which enables it to oscillate during an excitation. The dynamic properties of the equivalent system are
calculated as follows:

tanh(1.7 D))
- “
74
0.83tanh(1.6 D
M;=M é A), (2)
1.6 A
M?Z gh
K, =3—12_ 3
1 M D2 ()

where M is the total mass of the liquid, D and h represent the radius and height of the tank, respectively,
and g is the gravitational acceleration. The natural period of vibration of the liquid inside the tank T is
calculated as given below:

M
T=2x |—L. 4)
Kl
The elevations of the impulsive and convective components are respectively denoted by ho and hy,
which are calculated by the expressions given below:

2
ho =—hllta ﬂ(gj 1L ©)
8 M, _h
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where o = 1.33 and f§ = 2.0.

Herein the abovementioned model is implemented in OpenSEES platform [32]. To do so, zero Length
element is used to model the convective component of the numerical model described above. The impulsive
and convective components are located at elevations hg and hi, respectively, to establish a more accurate
numerical model of the tank. In addition, the numerical model built in OpenSEES software is observable in
Fig. 2.
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Figure 2. Numerical model of the study tank.
2.3. Model verification

As previously mentioned, in this study, the seismic performance of cylindrical tank which was
moderately damaged during the Silakhor earthquake of March 2006 in western Iran was evaluated. The
actual seismic performance of the tank was evaluated in different numerical studies [33, 34]. In order to
verify the results of numerical analysis, the studied tank was numerically analyzed under the acceleration
time history of Silakhor earthquake recorded at Chalancholan station. Fig. 3(a) and Fig. 2(b) show the
acceleration time history and pseudo acceleration response spectrum of Silakhor record, respectively. The
model adopted for the bottom plate of the tank, which the uplift of the tank was calculated as the vertical
displacement of a beam. The maximum estimated tank uplift is compared to that previously estimated by
other researchers [32, 33].
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Figure 3. Silakhor record.
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The uplift of the tank subjected to the selected record calculated in different studies are compared in
Table 2. As indicated in this table, the model adopted in this study, satisfactorily simulates the dynamic
behavior of the case study tank.

Table 2. The tank uplift in different studies.

Model This study Eshghi and Razzaghi[33] Miladi and Razzaghi[29]
Tank uplift (mm) 36 36.8 40

On the other hand, in this study, a Nickel-Titanium (Ni-Ti)-based SMA is employed for anchor bolts,
which is among the most widely used SMAs in practice. The properties of the SMA material used in the
present work are tabulated in Table 3.

Table 3. Properties of SMA.

Austenite-to- Austenite-to- Martensite-to- Martensite-to-
Modulus of . N . S
elasticity (GPa) martensite start martensite finish austenite start austenite finish
stress (GPa) stress (GPa) stress (GPa) stress (GPa)
42 0.35 0.45 0.1 0.01

To verify the SMA element used, the cyclic behavior of SMA wires studied by DesRoches et al. [35]
was investigated. To this end, the cyclic behavior of an SMA bar with diameter of 25.4 mm subjected to the
standard cyclic loading protocol was determined using OpenSEES in order to verify the model adopted in
this study. Fig. 4 shows the cyclic stress-strain diagram of the numerical model along with that obtained
through experiment. As illustrated in this figure, the numerical cyclic behavior is in good agreement with
that of the experiment.
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Figure 4. Numerical versus experimental cyclic behavior of SMA bar with diameter of 25.4 mm.

3. Results and Discussion

3.1. Numerical analysis

3.1.1. Preliminary analyses

In order to investigate the effect of mechanical anchors as retrofit tools for the studied tanks, seismic
analyses are conducted. To this end, two types of mechanical anchors are considered: regular structural
steel and SMA anchor bolt. A parametric study is conducted on the studied tanks in terms of the diameter
and the length of anchor bolts. Note that the anchor bolts diameter is varied between 2 and 14 mm and
their lengths are varied within the range of 100-250 mm. Nonlinear response history analyses are
preformed utilizing the acceleration time history of Silakhor earthquake. The results are illustrated in
Fig. 5(a) and 5(b) for regular and SMA anchor bolts, respectively.
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Figure 5. Effect of length and diameter of anchor bolts on the uplift of liquid storage tanks.

As it can be observed and in other research [18, 37, 38], the uplift of the storage tank reduces with
increasing stiffness of anchor bolts. According to the properties and capability of SMA in energy dissipation,
the large deformations experienced by the tank are reduced acceptably, without causing permanent
deformation in SMA. This characteristic of SMA reduces the total force transmitted from the base to the
tank, which is beneficial to its protection against potential damage due to strong ground motions. It should
be noted that based on the analysis results, for SMA anchor bolts, a diameter of 10 mm and length of
12 cm, results in the minimum uplift. On the other hand, for steel anchor bolts, a diameter of 14 mm and
length 12 cm, yielded the best results regarding the uplift of the tank. The maximum axial force developed
in the anchor bolts with the aforementioned dimensions is 27 tons, which is remarkably smaller than the
critical buckling load 1640 kN.

3.2. Complementary analysis

In order to obtain a comprehensive understanding of the effect of regular steel and SMA anchors on
seismic performance of tanks, complementary analyses are conducted. To this end, incremental dynamic
analyses are performed using acceleration time histories of 14 natural earthquake ground motion records.
Selecting appropriate strong ground motions is an important step in every response history analysis. The
specification of suitable strong ground motion depends on the characteristics of the seismic source and site
such as fault mechanism, level of seismicity, and probabilistic distribution of the earthquake intensity [36].
In this study, 14 near-field earthquake ground motions including 7 ground motions with forward directivity
and 7 ground motions without forward directivity, hereinafter referred to as records set 1 and set 2,
respectively, are selected. All of the selected records show a distinct pulse in their time histories and
possess a shear wave velocity of 375 m/s and higher, which are consistent with the characteristics of
relatively stiff sites. Table 3 presents the properties of records with and without forward directivity.

Table 3. Properties of ground motions with forward directivity.

Name Earthquake name Station name Magnitude Rrup (km) PGA (9) PGV/PGA (s)
El Northridge-01 Sylmar — Olive 6.69 5.3 0.8634 0.1534
View Med FF
E2 Northridge-01 LA Dam 6.69 5.92 0.426 0.1755
E3 Loma Prieta Gilroy Eo(ﬁa"”a" 6.93 9.96 0.358 0.0867
E4 Loma Prieta LGPC 6.93 3.88 0.607 0.0848
E5 Chi-Chi_Taiwan TCUO052 7.62 0.66 0.428 0.3850
E6 Morgan Hill Gilroy Array #6 6.19 9.87 0.292 0.1248
E7 Chi-Chi_Taiwan TCUO76 7.62 2.74 0.446 0.1390
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Name Earthquake name Station name Magnitude Rrup (km) PGA (9) PGV/PGA (s)
E8 Loma Prieta BRAN 6.93 10.72 0.525 0.0717
E9 Northridge-01 Simi Valley — 6.69 13.42 0.653 0.0419

Katherine Rd ) ) ’ ’
E10 Chi-Chi_Taiwan CHY006 7.62 9.76 0.371 0.1602
Ell Chi-Chi_Taiwan TCU089 7.62 9 0.337 0.0934
E12 Landers Joshua Tree 7.28 11.03 0.275 0.0254
E1I3  San Ferando Lake Hughes 6.61 103 0.376 0.0210
El4 N. Palm Springs Cabazon 6.06 7.92 0.213 0.0352

Furthermore, Figs (a) and (b) show the pseudo acceleration response spectra of set 1 and set 2
records, respectively. The selected records exhibit a good variability in terms of frequency content and can
excite both of the impulsive and convective modes of the liquid storage tank and in some cases, the natural
frequency of the tank is very close to the dominant frequency of the records.

3 . ’ : 25

—E8
—
E10
—Ef
E12
E13
—E14

Response Spectra(g)
Response Spectra(g)

2 25 3 35 4

0 0.5 1 1.5 2 25 3 3.5 4 4
Period(s)

Period(s)
(a) records with forward directivity (b) records without forward directivity
Figure 6. Pseudo acceleration response spectrum.
3.2.1. Comparison of the hysteretic behavior of steel and SMA anchor bolts

In this section, a comparison is made between the behaviors of tanks anchored with the optimal SMA
and steel anchor bolts. Fig. 7 (a)-(d) illustrate the tank uplift with respect to the axial force of the bolt for E1,
E2, E8, and E9 earthquake ground motions. With reference to these figures, SMA bolts demonstrate a
significant energy dissipation through stable hysteresis loops except for the E1 record, which is not strong
enough to cause nonlinear behavior. The self-centering characteristic of SMA anchor bolts is evident in
these figures, which favors the seismic performance of the tank through facilitating proper energy
dissipation with limited uplift. Furthermore, the hysteretic behavior of SMA anchor bolts is more uniform
under near-field ground motions without forward directivity, i.e., E8 and E9 records. However, abrupt
changes are observed in the hysteresis loops under near-field ground motion with forward directivity E2
due to its pulse-type characteristic.
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Figure 7. Comparison between hysteretic behavior of steel
and SMA anchor bolts under different earthquake records.

3.2.2. Incremental Dynamic Analysis (IDA)

Incremental dynamic analyses (IDAs) are performed on tanks anchored with steel and SMA bolts
with different axial stiffness to gain insights into their seismic performance under a wide range of earthquake
severities. It should be noted that the tank uplift is selected as the engineering demand parameter (EDP)
in IDAs. Furthermore, the uncertainties associated with seismic input including uncertainties in seismic
intensity and record-to-record variability are taken into account. The uncertainties associated with the
intensity of the seismic event are addressed by defining an Intensity Measure (IM). In the present work,
peak ground acceleration (PGA) is selected as IM, which is varied in the range of 0.1-1.0 g. On the other
hand, the uncertainties for a fixed intensity are taken into account by employing a set of near-field ground
motion records with and without forward directivity as given in Table 4, which are scaled to a common value

of IM.
3.2.2.1. IDAs of tanks anchored with steel bolts

Fig. 8(a)-(d) show the IDA results of tanks anchored with steel bolts subjected to E1, E2, E8, and E9
earthquake records.
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Figure 8. IDA results of tanks anchored with steel bolts.

As it can be observed, the maximum tank uplift under each of these earthquake ground motions
decreases with increasing axial stiffness of the steel anchor bolt: at very high axial stiffness of steel anchor
bolt, the uplift of the tank approaches zero and the bolt rigidly moves with tank. Conversely, the tank uplift
escalates with decreasing stiffness of the bolt, which can result in instability of the system. In order to control
the displacement in the tank, the stiffness of the restraints must be defined, because if the stiffness is high,
it may cause serious damage to the tank, and if it is low, energy dissipation may not be done by the anchor.
Note that the range of stiffness defined in this study was based on engineering judgment and trial and error.
Furthermore, it is observed that the frequency content of the seismic input has a profound influence on the
uplifting behavior of liquid storage tanks. Given a constant stiffness of the anchor bolt, the tank subjected
to a near-field earthquake ground motion record with forward directivity exhibits a notably larger uplift than
the same tank subjected to a record without forward directivity. For the sake of illustration, for a fixed axial
stiffness of 0.5x107 N/m and PGA of 1.0 g, the uplift of the tank subjected to the record E9 is approximately
78 % larger than that of the tank subjected to the record E2. This can be attributable to the pulse-type
nature of near-field ground motions with forward directivity, which exerts a very large amount of input energy
on the structure in a very short period of time.

3.2.2.2. IDAs of tanks anchored with SMA bolts

Figs. (a)-(d) demonstrate the IDA results of tanks anchored with SMA bolts subjected to E1, E2, ES,
and E9 earthquake records. Similar to the tanks anchored with steel bolts, the maximum tank uplift reduces
with increasing values of the bolt’s stiffness. Unlike steel bolts, SMA bolts exhibit nonlinear behavior when
PGA exceeds a certain value. This is beneficiary to the seismic performance of the tank, since the SMA
bolt dissipates energy through nonlinear deformation. Furthermore, the uplift of the tank anchored with SMA
bolts is considerably larger than that of the tank anchored with steel bolts. As a case in point, for an equal
axial stiffness of 0.5x107 N/m and PGA of 1.0 g, the maximum uplift of the tank anchored with SMA bolts
is approximately 300 % larger compared to that of the tank anchored with steel bolts under E2 earthquake
record. In fact, the self-centering feature of SMA materials enables the tank to undergo a limited uplift which
in turn enhances the seismic performance of the tank through energy dissipation and reducing the force
transmitted to the tank. Moreover, comparing the uplifting behavior of the tanks anchored with SMA bolts
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under near-field ground motions with and without forward directivity indicates that they are less sensitive to
the frequency content of the seismic input. The tank’s uplift under the record E9 is about 17 % larger than
that obtained under the record E2 for axial stiffness of 0.5 x 107 N/m and PGA of 1.0 g, whereas the
corresponding value for the tank anchored with steel bolts is 78 %. Therefore, it can be concluded that SMA
anchor bolts show a satisfactory performance under both near-field earthquake ground motions with and
without forward directivity.
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Figure 9. IDA results of tanks anchored with SMA bolts.

In Fig. 10, maximum, minimum and average uplift values of SMA anchor are compared with steel
anchor in different PGAs.
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Figure 10. Maximum, minimum and average uplift of tank.

As shown in Fig. 10, the average uplift in tank with SMA is 15 times that of the tank with steel anchor.
Therefore, the SMA is allowed limited and controlled lifting.
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4. Conclusions

Since most of the anchors used so far in the research and construction of tanks are made of steel,
they usually suffer from multiple damages after the earthquake. The use of the SMAs results in the return
of deformations and the absence of residual deformation in the anchors, which provides service after the
earthquake.

This study investigates the viability of using SMA materials as anchor bolts in liquid storage tanks
subjected to seismic excitation, which has not been studied yet. For this purpose, the seismic response of
an existing steel liquid storage tank anchored with steel and SMA anchor bolts is evaluated in order to
compare the performance of SMA bolts with steel bolts. First, a parametric study is carried out to determine
the relatively optimum diameter and length of the anchor bolts based on the tank’s uplift. Thereafter, IDAs
are performed to gain insights into the seismic response of steel liquid storage tanks anchored with steel
and SMA bolts with varying axial stiffness. In the analyses, the record-to-record variability and uncertainties
in seismic intensity are taken into account. A set of near-field earthquake ground motion records with and
without forward directivity is selected as the seismic input for the nonlinear time history analysis of the tank.
Based on the analysis, the following results are obtained:

1. Implementing an anchorage system significantly reduces the residual uplift of the tank, which in
turn reduces the damage induced by the strong ground motion. Furthermore, high axial stiffness of steel
anchor bolts does not allow the tank to undergo a limited uplift, and thus the risk of experiencing a severe
damage at the connection caused by high axial forces escalates.

2. The unique characteristics of SMA anchor bolts facilitates a limited uplift, according to the stability
equations proposed by codes [8] to reduce the uplift of tanks, which is accompanied by high energy
absorption by these anchor bolts under seismic excitations. In addition, using SMA anchor bolts instead of
regular steel bolts, reduces the required diameter of anchor bolts. Although SMA anchor bolts undergo a
larger deformation than steel anchor bolts during earthquake excitation, their residual deformation is close
to zero, and therefore there is no need to replace them after a severe earthquake.

3. The residual deformation in steel anchor bolts under severe ground excitation can be so large
that makes performs and necessitates the replacement of the anchorage system, which imposes a great
cost. Based on the uplifting behavior of tanks anchored with steel and SMA bolts, it can be concluded that
SMA bolts are less sensitive to the frequency content of the seismic input and perform satisfactorily under
both near-field earthquake ground motions with and without forward directivity.

4. Due to the performance of SMAs, the allowable uplift to the tank anchored with SMA is, on
average, about 15 times the uplift in the tanks anchored with steel, because the tank with steel anchors has
high axial stiffness than the SMA. In case of uplift in the tank with steel anchors, the anchors and the body
of the tank are damaged and must be replaced after the earthquake.
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Abstract. Low-rise masonry building is one of the most commonly adopted structural types even in
earthquake prone regions in developing countries. The building is generally susceptible to damage due to
earthquake induced motion and may suffer partial or total collapse. Un-bonded fiber reinforced elastomeric
isolator (U-FREI) is a relatively new seismic base isolator and is expected to be an attractive option for
seismic mitigation of low-rise buildings. In this paper, the effectiveness of a base-isolated masonry building
supported on U-FREIs subjected to earthquakes is investigated by finite element (FE) analysis using
SAP2000. The prototype building is a two-storey masonry building located at Tawang, Arunachal Pradesh
State, India and is the first such U-FREIls supported prototype low-rise building constructed anywhere in
the world. Mechanical characteristics of U-FREIs obtained from both experiments and FE analysis are
utilized in defining the nonlinear property of the model used for simulating U-FREIs. The force-deformation
behaviour of the isolator is modelled as bi-linear hysteretic behaviour, which can be effectively used to
model all isolation system in practice. Time history analysis of the building for both fixed-base (FB) and
base-isolated (BI) conditions under the action of various recorded real earthquakes are investigated.
Comparison of the dynamic response of both FB and Bl buildings is computed to evaluate the effectiveness
of the base isolation system. The FE analysis results show that floor acceleration and inter-storey drift
responses of the BI building under earthquakes are significantly lesser than those of the FB building. U-
FREIs are recommended for seismic isolation of low-rise masonry building.

1. Introduction

Low-rise building, especially masonry building, which includes residential quarters, schools,
government offices, markets, etc., is one of the most commonly adopted structural types in developing
countries like India, Bangladesh, Nepal, Indonesia, etc. Vast majority of these buildings are also located in
high seismicity regions. The building can sustain gravity loads very easily due to high compressive strength
of masonry, but are highly susceptible to ground shaking due to their low tensile as well as shear strength
making them often susceptible to damage. Thus, mitigation of seismic vulnerability of the buildings is an
important area of research.

Base isolation system is a class of passive control system which can reduce the seismic vulnerability
of a structure located in high seismic regions. The system decouples the building from the horizontal
components of earthquake ground motion by interposing structural elements with low horizontal stiffness
between the foundation and superstructure. Thus, it results in reduction in the magnitude of fundamental
frequency of the base-isolated structure to a much lower value than both its fixed-base frequency and the
predominant frequency range of the ground motion. The goal is to simultaneously reduce inter-storey drifts
and floor accelerations to limit or avoid damage, not only to structure but also to its contents.
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Conventionally, a laminated elastomeric isolators consisting of elastomer / rubber layers interleaved
and bonded with thin steel reinforcing plates and commonly known as steel reinforced elastomeric isolator
(SREI) are used. This class of isolators is very stiff in the vertical direction, but is highly flexible in horizontal
direction to deflect the earthquake energy associated with strong ground motion. However, SREI has some
disadvantages, limiting its use in low cost low-rise buildings. The limitations are mainly due to their heavy
weight as well as cost and thus restricting their applications primarily in important and expensive buildings.
The development of light weight, less expensive isolators has made implementation of the seismic isolation
technology to low-rise masonry building vulnerable to seismic ground motions, feasible.

Seismic isolators designed using layers of elastomer / rubber vulcanized with thin layers of bi-
directional fiber fabric as reinforcement [1] are known as fiber reinforced elastomeric isolators (FREI). Both
weight and height of isolators can be reduced by replacing steel with fiber fabric as reinforcement material.
Traditionally SREIs are installed in any structure by connecting the top end plate of the isolator with the
bottom surface of superstructure and bottom end plate with the top of foundation, and hence SREIs are
also called as bonded isolator. Study on un-bonded fiber reinforced elastomeric isolator (U-FREI) is a
significant step towards enhancement of ease of installation of isolators in buildings. Heavy steel-end-plates
are not provided in U-FREIs and these devices are installed at the interface of foundation and
superstructure without any connection. Thus, elastomer layers at top and bottom of U-FREIs will be in
frictional contact with superstructure and foundation respectively. Reduced weight and ease of installation
would thus facilitate implementation of U-FREIs for control of seismic response of low-rise vulnerable lifeline
buildings in developing countries.

Various studies have been conducted with the purpose of evaluating the seismic vulnerability or the
effectiveness of base isolation systems. The fragility function was developed to determine optimum design
parameters of isolation devices to maximize effectiveness of seismically-isolated bridges in California,
United States of America (USA) [2]. The study showed that the mechanical properties of isolation devices
had a significant influence on the damage probability of isolated bridges. An analytic review of various
modern methods for seismic insulation was conducted [3]. The seismic vulnerability assessment of typical
bridge classes supported on elastomeric bearings in eastern Canada was studied by [4]. The methods to
determine the optimal damping parameters for seismic isolation systems were developed by [5]. The study
was conducted for both linear and nonlinear damping model of seismic isolation system. The seismic
vulnerability assessment of a class of bridge retrofitted with seismic-isolation devices in Canada was
presented by [6]. The reduction of acceleration response of base-isolated (Bl) three-storey building with
lead plug bearings constructed at Indian Institute of Technology Guwabhati, India as compared to that of
fixed-base (FB) building was studied by [7]. The seismic vulnerability of a retrofitted historical masonry
structure in Bayburt Yakutiye Mosque, Turkey using base isolation was investigated [8]. Most of these
above-mentioned studies were carried out on base-isolated structures with conventional SRElIs.

In view of the above, U-FREI is relatively new seismic base isolator and is expected to be effective
in reducing the seismic vulnerability of low-rise buildings. Some studies in literature have been conducted
with the purpose of evaluating the mechanical properties of the U-FREIs [9-13]. In recent time, a few
studies have been investigated the effectiveness of Bl low-rise buildings supported on U-FREIls. Shake
table tests of Bl buildings supported on U-FREIs were carried out to ascertain its effectiveness in controlling
seismic response by [14-16]. A little effort to apply the FREIs for low-rise buildings was presented by [17,
18]. Most of these studies were carried out the seismic performance evaluation of scaled model of low-rise
building supported on U-FREIs. Thus, the effectiveness of base isolated prototype masonry building
supported on prototype U-FREIs under the action of earthquakes should be further studied.

This study presents seismic performance evaluation of prototype low-rise masonry building
supported on square U-FRElIs by finite element (FE) analysis. A prototype masonry building supported on
U-FREIs at Tawang, Arunachal Pradesh State, India is considered for this study. The building is simulated
by three-dimensional (3D) nonlinear FE model for FB and BI conditions using SAP2000. Dynamic
responses of both FB and Bl buildings under the action of various recorded real time history ground motions
of earthquakes are investigated. Comparison of floor acceleration and inter-storey drift responses of both
FB and BI buildings is carried out to evaluate the effectiveness of the BI building under earthquakes. In
addition, the hysteresis loops of the U-FREIs under these earthquakes are also investigated.

2. Research subject and Method

2.1.Research subject

A two-storey base-isolated stone masonry building located at Tawang, Arunachal Pradesh State,
India is considered for this study. The building is supported on square U-FREIs for seismic isolation. This
is the first U-FREI supported prototype low-rise masonry building constructed anywhere in the world [17].
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Such the buildings are representative of the common building types in the north-eastern part of India even
in the highest seismic zone (zone V) [19].

In the prototype building, the structure is comprising of two main components including of stone
masonry walls and reinforced concrete floors. The roof is covered by galvanized iron sheets, which are
supported on truss structures. A view of the building is shown in Fig. 1. A typical floor plan of the building
is shown in Fig. 2a. U-FREIs are placed between the two beams (level A and B) without any connections
at fourteen numbers of locations shown in Fig. 2b.

 Level A
=

— Level B

Base Isolator
Figure 1. A view of the prototype base-isolated building [17].

Base isolation using square U-FRElIs for the building is designed to resist strong ground motions.
Total fourteen square U-FRElIs are used, which comprises of nine isolators of 250x250x100 mm size and
five isolators of 310x310x100 mm size. Each isolator is made from eighteen elastomer layers interleaved
and bonded with seventeen layers of carbon fiber reinforcement sheets. The thickness of each elastomer
layer is 5.0 mm, while that of each fiber layer is 0.55 mm and total height of each bearing is 100 mm. The
shear modulus of elastomer (G) is 0.90 N/mm? and the elastic modulus of carbon fiber laminate (E) is
40000 N/mm?.
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Figure 2. Plan views of the building [17]: a — Typical floor plan;
b — Plan showing locations of base isolators.

2.2. Numerical method

Three-dimensional FE model of Bl masonry building as shown in Fig. 3 is simulated in SAP2000
nonlinear [20]. Isolators are modelled by rubber isolator element defined under link type of elements. The
force-deformation behaviour of an isolator is modelled as bi-linear hysteretic behaviour which can be
effectively used to model all isolation system in practice. The fixed-base condition is simulated by providing
fixity at the basement beam level A. The reinforce concrete floors are modelled using shell elements, in
which each floor is assigned by a diaphragm constraint. Masonry walls are modelled using nonlinear
layered shell elements [21]. The anisotropic behaviour of masonry is modelled by stress-strain curves for
compression, tension and shear behaviour.

T B

Figure 3. Three-dimensional FE model of the base-isolated masonry building.
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Uniaxial compressive and tensile behaviour of masonry prism. Stone masonry building is
considered since similar structures are prevalent in the north-eastern zone of India. Material properties are
selected to represent the masonry material used in almost all masonry buildings of the zone. In this study,
stone masonry with a compressive strength of 7.5 MPa and mortar with a compressive strength of 2.5 MPa
are used [17]. Uniaxial compressive and tensile behaviour of masonry prism is defined using the
relationship suggested from a number of laboratory tests carried out by [22, 23]. The uniaxial compressive
as well as tensile behaviour of masonry prism are shown in Fig. 4.

Stress-strain behaviour of masonry prism in shear. Shear resistance is represented by cohesion
and friction between stone (or brick) and mortar, which can be expressed with Mohr-Coulomb friction [24,
25] as

T =C+oxtang, (1)
where ¢ is compressive stress and tang represents friction between stone and mortar. Numerical analysis

is carried out using SAP2000 considering a Mohr-Coulomb failure criterion with a cohesion value of 0.1 MPa
and ignoring friction. Thus, the stress-strain behaviour of masonry prism in shear is shown in Fig. 5.
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Figure 4. Compressive and tensile behaviour
of masonry prism used in the numerical simulation.
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Figure 5. Stress-strain plot for shear of masonry prism.

Boundary condition. The simulation of the building is performed for both FB and BI conditions. For
FB building, all nodes at ground level are fixed in all the directions, while for Bl building, fourteen isolators
placed at locations as per Fig. 2b are modelled by rubber isolator element defined under link type of
elements. For simulation of a U-FREI, backbone curves obtained from force-displacement hysteresis loops
of typical U-FREIs under horizontal cyclic loading are used to represent the properties of isolator along X
and Y-axis. The force-displacement hysteresis loops of all U-FREIs in this study obtained from experimental
and numerical analyses can be found in [13, 17]. For modelling of a U-FREI in SAP2000, the nonlinear
force-deformation behaviour of its horizontal response is modelled through the bilinear hysteresis loop
characterized (Fig. 6, a) by three parameters namely (i) The effective stiffness, Ke, (ii) Initial stiffness K
and the post yield to pre-yield stiffness ratio, n (= K2/K1), where K is post yield stiffness, and (iii) Yield
strength Fy. An idealized bilinear hysteresis loop and idealised as well as actual force-displacement
relationship of U-FREI are shown in Fig. 6b. The input parameters for the mechanical properties of the
horizontal response of these U-FREIs supported on the prototype building for modelling are presented in
Table 1.
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Figure 6. Idealised and actual force-displacement relationship of U-FRElIs:
a —Idealised bi-linear force-displacement relationship of isolator;
b — Actual load-displacement curves of U-FREIs with superimposed idealized bi-linear curves.

Table 1. Input mechanical properties of the horizontal response of these U-FREIs for
modelling.

Description 250x250%100 mm 310x310%x100 mm
Kett (KN/m) 210 395
K1 (kN/m) 465 725
Fy (kN) 18.5 29.0
n 0.26 0.38

Vertical stiffness (Kv) of a laminated elastomeric isolator is given by [26]

Ky ==, @
tr

where E¢ is the compression modulus of the isolator; A is the full cross-sectional area of the isolator and tr
is the total thickness of elastomer / rubber layers in the isolator. According to [27], the compression
modulus, Ec, for a square isolator is E¢ = 6.748 GS2, where S is the shape factor of the isolator which is

defined as the ratio of the loaded area to load free area of an elastomer / rubber layer. The vertical stiffness
of these isolators supported on the building are furnished in Table 2.

Table 2. Vertical stiffness of these U-FREIs for modelling.

Description 250%x250%100 mm 310%310%100 mm
Compression modulus, Ec, (MPa) 948.94 1459.09
Vertical stiffness, Ky, (KN/m) 658984.4 1557979.9

Input ground motions of earthquakes. The building is located at Tawang in north-eastern part of
India even in the highest seismic zone (zone V). The actual time history data has been carried out specifying
closest distance to a known fault that is capable of producing large magnitude events and that has high
rate of seismic activity. The recording stations are just near to an active fault, it is likely to be subjected to
the near-fault effects. In this study, three time history ground motions with different stations, peak
accelerations, frequency contents and durations from actual record earthquakes as Koyna (India, 1967,
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Comp — Longitudinal), EI-Centro (US, 1940, Comp — N-S) and Victoria (Mexico, 1980, Comp — CPE045)
as shown in Fig. 7, are selected. Time history analyses of both FB and Bl buildings are carried out along
the weaker axis, i.e. Y-axis (Fig. 2).

Numerical analysis. The dynamic response of both FB and Bl buildings under the action of various
recorded real earthquake time history ground motions above are investigated. Comparison of floor
acceleration and inter-storey drift responses of both FB and Bl buildings is carried out to evaluate the
effectiveness of the BI building. In addition, the hysteresis loops of the U-FREIs under these earthquakes
are also investigated.
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Figure 7. Real time-history record of selected earthquake motions:
a — Koyna earthquake; b — EICentro earthquake; ¢ — Victoria earthquake.

3. Results and Discussion

From results of FE analysis, it is found that the dynamic responses (acceleration, inter-storey drift)
of Bl building are significantly lower than those of FB building. Peak absolute values of floor accelerations
and inter-storey drifts of both buildings under various earthquakes are presented in Table 3.
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Table 3. Peak values of floor accelerations and inter-storey drifts under various earthquakes.

FB building Bl building
Koyna ElCentro Victoria Koyna ElCentro Victoria
Peak acceleration at 15t floor level (m/s?) 1.349g 0.65g 0.769 0.08g 0.09¢g 0.12g

Parameter

Peak acceleration at roof level (m/s?) 1.57¢g 1.05¢g 1.37g 0.09g 0.10g 0.12g
Peak drift at 15 storey (mm) 8.6 5.0 5.5 0.7 0.7 0.9
Peak drift at 2" storey (mm) 4.8 3.0 3.7 0.4 04 0.5

g is the acceleration of gravity (g = 9.81 m/s?).

It may be seen from Table 3 that significant reduction in magnitude of peak floor accelerations of Bl
building has taken place as compared to FB building for the sample excitations. Specifically, reduction of
peak floor acceleration between FB building and Bl building under Koyna earthquake is found from 1.34 g
to 0.08 g (94.0 %) at the 1t floor level and 1.57 g to 0.09 g (94.3 %) at roof level. Further, the magnitudes
of peak acceleration at different floor levels of Bl building are almost same under each excitation, which
indicates the absence of any noticeable acceleration amplification along the height of the Bl building model.
Unlike the BI building, the magnitude of peak acceleration of FB building at roof level is significantly higher
than that at the 15t floor level as expected. This finding is in agreement with the observation made by [15]
based on the shake table testing results of a scaled model of Bl un-reinforced brick masonry building
supported on U-FREIs. Similar to the acceleration, magnitudes of peak inter-storey drifts of Bl building are
significantly lesser than that of FB building, thus clearly indicating the lesser possibility of any damage in
the superstructure of the Bl building. The detailed time history of floor acceleration at roof level (the level
has the maximum magnitude of peak acceleration) and the inter-storey drifts at the 15t floor level (the level
has the maximum magnitude of peak drift) of both FB and Bl buildings under each earthquake excitations
are shown in Fig. 8 and 9 respectively.
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Figure 8. Floor acceleration responses at the roof level of the building under different
earthquakes: a — Koyna earthquake; b — EICentro earthquake; c — Victoria earthquake.

10
E —— FB Building
é 5 L ----BIBuilding
: T
8 0 L M ol | o Mot i ee
£y UW“U”‘Uﬁ[(qL UU VWV [ LT 1
]
=
-10
Time (sec)
@)
10
) — FB Building
g 5 - ---BIBuilding
b=
a
z
g
E
-10
Time (sec)
(b)
10
0) — FB Building
g 5| - ---BIBuilding
b=
a
z
g
“;-I-.:
=
-10
Time (sec)
(©)

Figure 9. Time history of inter-storey drift at the 15 floor level of the building under various
earthquakes: a — Koyna earthquake; b — EICentro earthquake; c — Victoria earthquake.

Horizontal displacement responses of U-FREls of the base isolation system under different
earthquakes are shown in Fig. 10. It can be seen from the figure that the peak values of horizontal
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displacement of U-FREIs under the action of Koyna, ElCentro and Victoria accelerograms are found to be
58, 66 and 104 mm respectively.
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Figure 10. Horizontal displacement responses of U-FREIs under different earthquakes:
a — Koyna earthquake; b — EICentro earthquake; ¢ — Victoria earthquake.

It may further be noted that some standard codes such as [28, 29] specify the performance evaluation
of an elastomeric isolator up to a maximum of 1.50 t; (135 mm). According to [9, 17], these U-FREIs in the
building are able to maintain stability up to maximum horizontal displacement of 1.70 t, (155 mm). These
values are larger than the peak values of horizontal displacement of U-FREIls under the action of Koyna,
ElCentro and Victoria accelerograms (Fig. 10). Thus, the adopted base isolation system is capable of
ensuring overall safety and stability of the structure under the considered earthquakes induced vibration.

The nonlinear behaviour of any isolator is generally reflected in hysteresis loop. The hysteresis loop
of an isolator represents the relationship between shear forces and cyclic horizontal displacements. The
hysteresis loops of the U-FRElIs supported the prototype Bl masonry building under various recorded real
earthquake time history ground motions are shown in Fig. 11 and 12 for size of 250x250%100 mm and
310%310x100 mm respectively.
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Figure 11. Hysteresis loop behaviour of U-FREIs size 250x250x100 mm supported
the prototype masonry building under various earthquakes: a — Koyna earthquake;
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Figure 12. Hysteresis loop behaviour of U-FREIs size 310x310x100 mm supported
the prototype masonry building under various earthquakes: a — Koyna earthquake;
b — ElCentro earthquake; ¢ — Victoria earthquake.

It can be seen from Fig. 11 and 12, the values of shear forces corresponding to the peak value of
horizontal displacement of the U-FREIs under various earthquakes are appropriate with the values of input
bi-linear behaviour of the U-FREIs in Fig. 6b. A close inspection of the curve shows that the characteristic
forces, yield displacement, initial stiffness and post yield stiffness for the U-FREIs appear as modelled.
Thus, the results obtained by FE analysis for the Bl masonry building supported on square U-FREIs under
various recorded real earthquake time history ground motions are be considered as accurate.

4. Conclusion

This study investigates the effectiveness of U-FREIls in controlling seismic response of low-rise
masonry building under the action of ground motions of earthquakes. A two-storey stone masonry building
supported on fourteen U-FREIs located at Tawang, Arunachal Pradesh State, representative of a common
building typology in many parts of north-eastern zone of India is selected to evaluate the effectiveness of
the base isolation system using U-FREIs under various ground motions as compared to the corresponding
fixed base building. Three-dimensional nonlinear models are simulated for the building in both FB and BI
conditions. Dynamic response of both FB and BI buildings subjected to various recorded real earthquake
time history ground motions are investigated. The concluding remarks are as follows:

1. Floor acceleration and inter-storey drift responses of Bl building under excitations from
earthquakes are significantly lesser than those of FB building.

2. While the magnitudes of peak acceleration are amplified along the height of the FB building model
under each excitation, those of the Bl building are almost same at different floor levels.

3. U-FREIs maintain a stable rollover configuration within the estimated displacement limit.

4. U-FREls are found to be very effective in reduction of seismic vulnerability of low-rise masonry
buildings. U-FREIs are introduced to be use for seismic isolation of low-rise building in remote areas as
there are light weight, less expensive and easy to install prototype isolation system.
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Abstract: Construction and demolition waste is produced every day around the world posing a great
disposal problem. Thus, the idea of using wastes in different forms appears to be an effective approach to
waste disposal. The various materials that can be reclaimed from construction and demolition waste include
recycled concrete aggregates (RCA), crushed brick (CB), reclaimed asphalt pavement (RAP), waste
excavation rock (WR), fine recycled glass (FRG). The assessment of the recycled concrete aggregates is
identified by performing various tests, which indicate physical, chemical and mechanical properties of the
materials. The physical properties test results indicated that the recycled aggregates showed good
performance in comparison with the natural ones. The results of the test assessing mechanical performance
of concrete with recycled aggregates also indicated better performance when required measures are taken,
such as (i) The aggregates to be used are obtained from recycled materials the sizes of the fine aggregates
can be controlled as per the requirement during demolition process and by sieving. (ii) The water absorption
capacity of the recycled fine aggregates is higher than the natural fine aggregates and this water absorption
capacity can be reduced by wetting and drying the aggregates. (iii) The performance of recycled coarse
aggregates can be enhanced by removal and separation of the old hardened mortar which adhered to the
aggregates obtained post-demolition. (iv) The performance can also be enhanced by the usage of suitable
commercially-available plasticiser to reduce the higher water absorption ratio of the recycled aggregates to
attain the required strength.

1. Introduction

The study deals with the identification of reusable material salvaged from construction and demolition
waste which supports to reduce the usage of natural materials. Previous research has evaluated the
sustainability of C&D waste materials in various civil engineering applications such as pavements, ground
improvement, pipe backfilling and concrete applications.

The compressive strength of various concrete mixes by using RCA in different replacements with
natural aggregates [1] was evaluated and observed loss in compressive strength of concrete is in between
18 % to 39 %. The requirement of cement is more [2] when concrete is produced using recycled aggregates
than conventional concrete to obtain the same compressive strength. The loss in strength was evaluated
for concrete produced with recycled aggregates [3] and it is found that the negative influence of the use of
RCA partially fades over time. The modulus of elasticity of concrete produced from RCA was less than the
modulus of elasticity of conventional concrete [4] and a decrease in the elastic modulus was observed. The
complete replacement of natural aggregates with RCA keeping the water/cement ratio and cement content
constant, a loss in 28-day compressive strength was observed [5]. The compressive strength of various
concrete mixes produced using fine aggregate from recycled concrete [5] was found to be similar to the
conventional concrete. The use of fine aggregate from recycled concrete was found to be viable [6] since
it does not lead to a significant loss in mechanical and durability properties. The performance of construction
waste as material for the base of pavement layers [7] was found to be satisfactory and is possible to produce
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the same effect as that of the natural aggregate when the waste material is free from impurities. The
influence of superplasticizers on the compressive strength of concrete with fine recycled aggregate was
evaluated [8] and it was found that there is an increase in the compressive strength due to the incorporation
of superplasticizers. The use of recycled concrete aggregates in pavement applications [9] as a subbase
material was found to be satisfactory whereas the usage of crushed brick, recycled asphalt and fine
recycled glass requires to be blended with additives for better performance. The usage of recycled materials
from C&D waste in embankment fills [10] resulted that the recycled material can be used in the production
of mortar and does require washing as long as the recycled material exhibits similar properties to that of
natural materials. The performance of concrete produced from recycled aggregates [11, 12] was found to
reduce when the ratio of recycled aggregates to the natural aggregates increases and the influencing
factors are identified as the source of material and its composition. The mechanical performance of concrete
produced using recycled fine aggregate [13] was found to be workable enough to be used in construction
and can be used in the construction of members which do not carry much load like walls, hollow bricks etc.
The behaviour of recycled aggregates in soil improvement [14] was found to depend on the addition rates
of material and needs extensive research to make it a cost effective and sustainable approach. The
performance of recycled concrete aggregates and recycled brick aggregates in concrete production [14]
was evaluated and found that the performance of recycled concrete aggregates was satisfactory and the
performance of recycled brick aggregate can be improved by controlling the particle size distribution.

Recent generation of large amounts of waste produced all over the world has imposed significant
pressure on the environment. Waste is being produced from different sources like households, industries,
hospitals, construction and demolition of structures which can be categorized into the following:

e Domestic/Municipal waste

e Industrial waste

¢ Hospital waste

e E-waste

e Construction and demolition (C&D) waste

Construction waste is defined as the waste from the construction, remodeling and repairs of
structures i.e., buildings, transport infrastructure and other civil engineering structures.

Demolition wastes are defined as the wastes obtained from the demolition of buildings and roads.
The amount of C&D waste being generated all over the world is now gaining concern regarding its
production and management.

In India, on an average 28 million tons of C&D waste was produced (as per 2016 estimates), with 11
million tons in the best case and 43 million tons in the worst case scenario. The C&D waste being produced
is contributed more from the rural areas ranging between 50 — 80%. The estimates of C&D waste generation
in India is shown in the below Table 1.

Table 1. Estimates of C&D waste generation in India [15].

Estimated volume
(million tons)

Metro city demolition 15.0
Industrial demolition 4.0
Demolition waste in Urban locations 3.0
Roads, old highways, old bridges 2.5
Repairs and modifications 1.0
Construction debris 20
Miscellaneous unaccounted debris 0.5
Total 28.0

The traditional method of managing C&D waste is to dispose it off in landfills. However, the need to
recycle and reuse the C&D waste is a global concern due to the following reasons:

e Environmental pollution being caused due to its disposal.

e Scarcity in the availability of natural materials.
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e The increasing proportion of waste materials in landfills and its disposal cost in many countries.

Granite polishing waste (GPW) was used as sand replacement [16] and the results showed that
adding a suitable amount of GPW as sand replacement would, apart from reducing waste disposal and
sand consumption, also improved mortar performance by filling the voids between sand particles to
decrease the voids ratio and porosity and increase the packing density and water film thickness and
improve the rheology and impermeability. The physical characteristics of three types of commercially
crushed concrete and brick materials [17] were presented two of them being similarly based crushed
concrete materials with different degrees of processing and one being crushed brick. Their results showed
that there are similarities and differences between the two concrete-based materials and the characteristics
of the brick-based materials are significantly different from the crushed concrete materials. The effect of
different concentrations of C&D waste (0%, 10%, 20%, 30%, and 50%) as coarse aggregates in concrete
as substitute to virgin aggregates on workability, compressive, tensile, and flexural strengths was
investigated [18] at the water-to-cement (W/C) ratios of 0.40, 0.45 and 0.50. The strengths were measured
at the ages of 7 and 28 days. The results proved that C&D waste has no significant effect on compressive
strength, while its negative impact on workability was palpable. With respect to tensile and flexural strength,
just 50% of C&D waste led to significant reduction.

The feasibility of using aggregate from recycled C&D waste for urban road embankment applications
based on the Sanhuan road construction project in eastern Xi'an (China) was evaluated [19]. The effect of
curing on the strength of the C&D waste was investigated using unconfined compression strength (UCS),
California bearing ratio (CBR), and deflection tests. The results showed that the C&D waste has the
characteristics of high strength and significant stability after simple treatment and further suggest that the
use of these materials for paving urban road embankments is feasible.

The feasibility of using aggregate from Recycled Construction and Demolition Waste (RCDW) in
pavement applications was evaluated [20] with the help of laboratory experiments. The results revealed
that the composition and the compactive effort influenced the physical characteristics of the RCDW
aggregates. The compaction process promoted a partial crushing and breakage of RCDW aggregates
changing the grain-size distribution and increasing the percentage of cubic grains and this physical change
contributed to a better densification of the RCDW aggregates and consequently an improvement in bearing
capacity, resilient modulus and resistance to permanent deformation was observed. It was concluded that
the RCDW aggregates may be utilized as coarse base and sub-base layer for low-volume roads.

The main difficulties observed with recycled aggregates (RA) in concrete, such as high levels of
water demand, porous structure, and low mechanical strength, occur in RA alkali-activated concretes [21].
These are associated with the highly porous nature and defects of RA. It was observed that the high calcium
concentration of RA affects the binder gel products, accelerates the hardening rate of the concrete, and
reduces the flowability of alkali-activated concretes.

Mortars produced with recycled fine aggregates achieved a compressive strength of 5.20MPa after
28 days [22] which is the minimum requirement for a Type lll mortar, consequently they could be used in
the manufacturing of masonry mortar. The recycled coarse aggregate originating from pre-cast floor
elements could possibly be used in the production of structural concrete for medium and low aggressive
environments when concretes were made with 50% and 100% of recycled coarse aggregates in substitution
of the natural aggregates. respectively.

The possibility of construction of concrete pavements with a high rate of recycled concrete aggregate
[23] was explored. A series of fatigue tests were conducted on concrete. In the first case the coarse natural
aggregates were replaced with recycled aggregates, while in the second case all the granular skeleton
(sand and coarse particles) were replaced. The tests carried out confirmed that high recycling rates lead
only to a slight deterioration in the fatigue behaviour of pavement concretes.

The different applications that are presently [24] practiced to optimize the recovery and/or application
of CDW for reuse were summarized, and various measures and strategies to improve the processing of
CDW were proposed. It was suggested that to enhance environmental effectiveness, a conscious and
comprehensive C&DW management plan should be implemented in each jurisdiction.

Using supplementary cementitious materials and recycled aggregates (from 30 to 50 %) a strength
equivalent to natural aggregate concrete was achieved [25].

The core principles were synthesized and the best practices were linked for the management of
construction and demolition waste across the entire construction value chain, and it was observed that a
systematic implementation of the best practices could dramatically improve resource efficiency [26] and
reduce environmental impact by: reducing waste generation, minimizing transport impacts, maximizing re-
use and recycling by improving the quality of secondary materials and optimizing the environmental
performance of treatment methods.
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The economic viability is likely to occur when the cost of landfilling of CDW exceeds the cost of
bringing the waste to the recycling centre [27] and the cost of using primary aggregates exceeds the cost
of using recycled aggregates. It was demonstrated that recycling centres benefit from economies of scale
implying that an increase in the scale of a centre, in turn results in a decrease in recycling costs.

Results of research designed to characterize the physical and chemical properties of fine recycled
aggregates for concrete production and their relationship with mineralogical composition and pre-
processing were discussed [28]. The constraints of the incorporation of fine aggregates in reinforced
concrete were also discussed. It was shown that, unless a developed processing diagram is used, this
application is not feasible.

The chemical-mineralogical appraisal of construction and demolition waste indicated that the
recycled grain-size fraction 0.60-0.125mm could be directly re-employed [29] in the preparation of new
mortar and concrete, while finer fractions could be considered as components for industrial processing in
the preparation of cements and bricks/tiles. A study [30] indicated that the use of construction and
demolition waste aggregates in percentages of up to 20 % for paving urban roads is feasible.

The analysis of the durability performance of CDW concluded that the use of RA is highly detrimental.
This is mostly true when fine RA (recycled aggregates) are used [31]. The carbonation resistance is the
property most affected by the use of RA, leading to increase in the carbonation depth between 22.2% and
182.4% for the various RA types. However, the most influencing factor is by far the RA’s composition.

A range of case studies undertaken in several countries worldwide were used [32] to highlight the
technical viability and appropriateness of using recycled aggregates in a broad range of construction
applications.

As approximately 13.71million tons of C&D waste was generated in 2012 in Shanghai, of which more
than 80% of this C&D waste was concrete, bricks and blocks [33], it was suggested to implement proper
recycling technologies and measures. And researchers should take it up as an important responsibility of
formulating precise policies and specifications to this effect.

A vertical impact crusher was used for the production of high quality recycled sand [34] which resulted
in the production of low-porosity sand from construction and demolition waste.

Normalized laboratory tests to assess the performance of standard mortars were used to
demonstrate the technical feasibility of recycling the waste produced by the ceramics industry and from the
demolition of red-clay bricks or tiles to produce mortars with less/no consumption of natural aggregates
[35]. Up to a replacement ratio of sand with ceramic waste of at least 20% the results were encouraging. It
is widely accepted that the recycling and reuse of C&D materials will reduce the demand for scarce virgin
natural resources and simultaneously reduce the quantity of waste material that is being disposed [36].

The primary aim of this research paper is the identification of gainful utilization of materials which are
reclaimed from the waste obtained from construction and demolition sector. It also aims at finding various
alternative methods to use the recycled materials to the full extent and what methods can be adopted to
meet the expected results.

2. Methods

The performance of the materials reclaimed from construction and demolition waste is found by
performing various tests. The test results obtained suggest the application of materials in various fields.
During the execution of work, the following phases are adopted which are presented in Fig.1 below.
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Identification of source of material
Collection of material from source

Salvaging aggregates from waste

Performing tests on

Obtaining test results

Comparison with standard
Identifying the suitability of \/

Figure 1. Phases of work

The source of materials was identified and large chunks of concrete from demolished waste was
obtained. The concrete chunks were further broken into smaller fragments to reclaim aggregates, both fine
and coarse aggregates.

The different tests that were conducted on the aggregates reclaimed are as follows:
e Sieve Analysis

e Specific Gravity

e Water Absorption

e Angularity Number

e Aggregate Impact Value test

e Aggregate Crushing Value test

The results from the above tests performed determine the suitability of materials in transportation
and geotechnical perspectives. The suitability of materials in construction field is assessed by studying the
behaviour of concrete which include compressive strength, splitting tensile strength and flexural strength of
concrete.

The Compressive strength of concrete is found by testing cubes of size 150 mm x 150 mm x 150 mm
which are cast and cured for 7 and 28 days. The test on cylinders of size 150 mm in diameter and 300 mm
in height reveal the performance of concrete in tension. The behaviour of concrete in flexure can be
understood by testing prisms of size 500 mm x 100 mm x 100 mm [37-39]. Review of earlier works indicated
that in the study of recycled aggregates from waste, the aggregates used in concrete mix were either coarse
aggregates or fine aggregates.

The present study aims at maximum utilization of aggregates reclaimed from waste and adopted the
usage of both coarse and fine aggregates in concrete mix which also paves way for the behavioural
assessment when both fine and coarse aggregates are used. In this study the concrete behaviour is studied
by adopting five different proportions of coarse aggregates. The recycled coarse aggregates are replaced
in the following ratios:

e 0 9% — all natural coarse aggregates
e 25%

e 50%

® 5%

e 100 %

The recycled concrete sand i.e. the fine aggregate is used at full level i.e. 100 %.

The mix design opted for study is M20 in which the coarse aggregates (CA) are replaced in the above
stated percentages and fine aggregate (FA) is replaced completely. As the fine aggregate has a higher
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water absorption ratio, the water—binder ratio is fixed as 0.62 with the usage of 1 % superplasticizer

Conplast 430.

The different proportions of recycled coarse aggregates (RCA) used are presented in the table below:

Table 2. Representations of different proportions of RCA.

% of RCA

Representation

0

Co

25

Co.2s

50

75

100

The representation of recycled fine aggregate (RFA) used in the mix is represented as follows:

Table 3. Proportion and representation of RFA.

% of RFA

Representation

0

So

100

S1

The representation of the mixes which constitute the various proportions of aggregates specified

above are as follows:

Table 4. Composition and representations of different mixes.

% of RCA % of RFA Representation
0 0 CoSo
0 100 CoS1
25 100 CO.ZSSl
50 100 CosS;
75 100 C0.7551
100 100 CiS:

3. Results and Discussion

The results obtained from different tests performed on the materials reclaimed from the construction
and demolition waste indicate their behavior and their further usage in various fields. The results also bring
a contrast with the standard results so as to identify the effect of re-using the reclaimed material and develop

suitable measures to increase their applications.

The results of various tests on aggregates are presented in the Table 5 below:

The values presented in the Table 5 are in close agreement with similar work done by past

researchers [11, 36, 40-43].

Table 5. Test Results of aggregates (Natural and Recycled).

Test Conducted

Result

Fineness modulus of NFA

2.68

Fineness modulus of RFA

2.65

Specific Gravity of NCA

2.81

Specific Gravity of RCA

2.70

Specific Gravity of NFA

2.81

Specific Gravity of RFA

2.67

Water Absorption of NCA

0.5%

Water Absorption of RCA

3.15%
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Test Conducted Result
Water Absorption of NFA 1.2%
Water Absorption of RFA 13%
Angularity Number of NCA 7
Angularity Number of RCA 8
Aggregate Impact Value of NCA 14%
Aggregate Impact Value of RCA 18.75%
Aggregate Crushing Value of NCA 18%
Aggregate Crushing Value of RCA 21.86%

3.1. Physical properties

A sample of fine aggregates obtained from crushing of concrete chunks is taken, sieved and grain
size distribution curve is plotted which indicated that the material is well graded. On comparison with
standards specified by IS 383-1970, the material is categorized under Zone 2.

The figure below shows the grain size distribution curve plotted between grain size (in mm) and % finer.

120 100

100 81.6 -
80 62.8 »
60 .

27.8 8
40 .

% Finer than

oo

20

3

150 300p BO0W 1.18mm 2.36mm 4.75mim

Sieve aperture opening

Figure 2. Particle size distribution curve.

The results obtained from specific gravity and water absorption test revealed that the water
absorption of recycled aggregates is high [44] and it indicates that the amount of water to be added to the
concrete mix to attain suitable workability and strength is more which increases the water—binder ratio than
specified by the design code IS 456:2000. And the values of water absorption being high has also been
confirmed by many researchers [6,12, 40].

The Aggregate Impact Value Test result indicates that the resistance offered by the reclaimed
aggregates from waste is good and the aggregates can be reused in concrete for wearing surface of the
pavements. These values are in agreement with the work of past researchers [44] and the code
(IS 383:1970).

The Aggregate Crushing Value Test result also indicates that the reclaimed aggregates are resistant
to compressive load applied gradually and as the value is less than 30 %, it can be used in road
construction. These values are in agreement with the work of past researchers [44] and the code
(IS 383:1970).

3.2. Mechanical properties

The mechanical behaviour of the aggregates reclaimed from the construction and demolition waste
is studied by incorporating the aggregates in concrete mix in various proportions. The strength parameters
are observed in compression, tension and flexure. The table below shows the compressive strength of
cubes at 7 and 28 days for various replacements of aggregate.
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Table 6. Compressive strength of concrete.

Representation Compressive Strength (MPa)
7 days 28 days
CoSo 225 28.66
CoS1 19.11 28.14
Co2551 18.74 27.99
Co5S, 18.66 27.85
Co.7551 18.52 25.92
CiS: 18.11 24.29
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Figure 3. Compressive strength of concrete.

From Table 6 it is evident that the behaviour of reclaimed aggregates from demolition waste is
satisfactory and it is also clear that 3 out of 5 replacements in concrete mix are resulting in the required
strength for the design mix opted i.e. M20 and 2 replacements are resulting in strengths which are very
close to the required values.

The selection of replacements can be decided based on the results acquired and the replacement of
both coarse and fine aggregate can be suggested based on the strength obtained. As concrete is strong in
compression and weak in tension, the concrete behavior is also observed in tension by testing cylinders
which are cured for 7 and 28 days and the results are compared with that of the conventional cylinders cast
using all the natural aggregates. The results are found to be satisfactory. The table below shows the tensile
strength of concrete and the values are close to the ones reported by [40, 44].

Table 7. Tensile strength of concrete.

Representation Tensile Strength(MPa)
7 days 28 days
CoSo 1.3 3.2
CoS1 1.87 2.83
Co 2551 1.85 2.80
Co5S; 2.27 2.73
Co 7551 1.87 2.59
CiS1 1.91 2.43
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Figure 4. Splitting tensile strength of concrete.

The flexural strength of concrete is found by testing the prisms and the results are satisfactory which
are presented in the Table 8 and the values are closer to the values reported by [44].

Table 8. Flexural strength of concrete.

Representation Flexural Strength (MPa)
7 days 28 days
CoSo 2.8 3.68
CoS1 2.49 3.36
Co255:1 2.29 3.24
CosS1 2.22 3.09
Co755: 2.06 2.85
CiS: 2.05 2.67
3.6
34 g
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Figure 5. Flexural strength of concrete.

4. Conclusions
1. The behaviour of recycled coarse aggregates is similar to that of natural coarse aggregates.

2. The recycled fine aggregate exhibits a higher water absorption (13%) than natural fine aggregate
(1.2%) as it is a by-product of demolition waste which contains cement mortar. The water absorption of
recycled fine aggregates is 10 times of water absorption of natural fine aggregate.
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3. The water — binder ratio when recycled fine aggregate is used, can be controlled by using
plasticizer. The usage of 1% plasticizer to the mix controlled the water — binder ratio by 22.5% (from 0.80
to 0.62).

4. The strength of concrete produced from partial replacement of aggregates i.e. natural coarse
aggregates with recycled coarse aggregates and complete replacement of natural fine aggregate with
recycled fine aggregate, is high for 0%, 25% and 50% replacements which exhibit 98%, 97% and 96% of
strength of concrete produced with natural aggregates.

5. From the above study, it is evident that the usage of recycled aggregates from construction and
demolition waste can help in the reduction of usage of virgin materials up to 50% which preserve the virgin
materials for future generations.

From the results obtained, it can be concluded that the behaviour of reclaimed coarse aggregates
from construction and demolition waste does not show a huge difference in comparison with the natural
coarse aggregates and the usage of recycled fine aggregates in comparison with the natural fine aggregate
is a bit challenging and proper measures are to be taken to obtain the required result.

Hence the recycled materials when properly brought to reuse they serve various purposes:
¢ Reduce the usage of natural resources which take a lot of time to replenish.

¢ Protect the environmental degradation.

¢ Avoid the inconvenience caused due to its disposal.
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Abstract. Pervious concrete is a type of concrete mixture that is usually used in pavement with a high
range of interconnected voids between large aggregate particles. Herein, an experimental study was
conducted in order to figure out the effect of replacing (5%, 10% and 15%) of cement weight by the styrene-
butadiene rubber latex (SBRL), in addition to the impact of replacing (0%, 25%, 50%, 75% and 100%) of
natural coarse aggregates by recycled ones on the mechanical properties of the pervious concrete. The
focused parameters in this experimental study were divided into two parts, permeability indices (density,
voids ratio and water permeability) and strength indices (compressive, splitting and flexural tensile strengths
and concrete potential to degradation). Additionally, since the water permeability is the most important
property in the pervious concrete, relations between water permeability and the other mentioned properties
were deduced. Generally, it is noticed that the addition of SBRL positively affects the mechanical properties
of the pervious concrete. However, there is a slight decrease in permeability indices. It is observed that the
addition of 10% of SBRL to the pervious concrete with 75% recycled aggregate increased the 28 days
compressive, splitting tensile and flexural tensile strength by 70.8%, 49.4% and 29.7%, respectively. In
addition, the results showed a reduction in the hardened voids content, water permeability and potential to
degradation by 13.3%, 11% and 31.7%, respectively.

1. Introduction

Pervious concrete, also called permeable or porous concrete, is a type of concrete mixture with a
broad range of interconnected voids between large aggregate particles. These interconnected voids can
be achieved by minimizing or eliminating the fine aggregates from the mixture, as well as minimizing the
cement paste and water/cement ratio as possible [1-4]. The main property that distinguishes this type of
concrete is the high water and air permeability. This high permeability leads to many advantages such as:
(a) fast and easy recharge of the water ground level, (b) reduction of the noises from the cars’ wheels
friction with the roads, (c) elimination of the hot island phenomena in cities [2, 5, 6]. However, this increase
in the permeability and porosity leads to a significant reduction in the mechanical strength [6, 7].

Generally, recycling wastes became a matter of concern since it conserves the raw materials for the
future generations. However, using the recycled materials in new products consequently affects the
products’ properties. Regarding pervious concrete, it was found that the use of the recycled coarse
aggregates negatively affects the mechanical properties, meanwhile increasing the permeability and
porosity [6, 8, 9]. Nonetheless, some researchers found that replacing up to 30% of the raw coarse
aggregates with the recycled aggregate produces a negligible effect on the mechanical properties [10-13].
Some researchers even claimed that the percentage that has a non-pronounced impact on the mechanical
properties is up to 60% [6, 14, 15]. Meanwhile, there is a research work showing sensitivity of the
mechanical properties of pervious concrete to the recycled aggregate percentage [16].
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Many research works have been done to study and overcome the decay in the mechanical properties
occurring either due to high porosity or the addition of the recycled aggregates. It was found that reducing
the size of the coarse aggregate, decreasing the water-cement ratio or increasing the cement-to-aggregate
ratio subsequently enhance the strength properties of the pervious concrete [1, 15, 17]. Additionally, using
pozzolans (silica fume, fly ash, metakaolin, blast furnace slag) in the concrete mix showed remarkable
enhancement in the mechanical properties with an acceptable decrease in the pervious concrete porosity
and permeability [6, 18, 19]. However, all the mentioned solutions consequently lead to a reduction in the
workability of the pervious concrete, where it intrinsically has zero slump. This reduction of the workability
will lead to technical problems during the casting [20].

However, one of the best solution to overcome this decay in the mechanical properties, without
affecting the workability [21-23], is the addition of styrene-butadiene rubber latex (SBRL). Its addition
showed impressive results densifying the microstructure of the cement paste as well as helping in bridging
the micro-cracks in the cement paste with a polymer film [24, 25]. It was found that the best dose of the
solid latex is up to 10% of the cement weight [4, 15, 24], and even up to 15% in some cases [25]. However,
another study noted that when the polymer-cement ratio is above 10%, the mechanical properties are not
highly dependent on the apparent bulk density, and the flexural and compressive strength of the mortars
are not improved further with more polymer [24].

Here in this research work, an experimental investigation was conducted to observe the impact of
replacing 5%, 10% and 15% of cement weight by SBRL on the properties of pervious concrete with different
levels of recycled coarse aggregates (0%, 25%, 50%, 75% and 100%). The aim of this research is to
observe the permeability indices (density, voids ratio and water permeability) and strength indices
(compressive, splitting and flexural tensile strengths and concrete potential to degradation) of this type of
concrete. Also, deducing formulas for the water permeability and the other observed properties.

2. Materials and Methods

2.1. Experimental program

Table (1) shows 1m?3 concrete components of different 20 mixtures, which were designed according
to ACI-522R-10 with a 20% designed porosity. The control mixes are those that are without SBRL. Mixes
(6, 11 and 16), (7, 12 and 17), (8, 13 and 18), (9, 14 and 19) and (10, 15 and 20) are compared with 1, 2,
3, 4 and 5, respectively. Due to the high absorption of the recycled aggregate, a proper amount of water
that is equal to the first 10 min water absorption of the recycled aggregate during the mixing is added to the
water content [9]. Furthermore, the rolling ball test is conducted to make sure that the required workability
is achieved [26, 27]. The details of the required specimens for each experiment for each mixture are shown
in Table (2).

Mix number

Table 1. Concrete mixes’ components.

1‘2‘3‘4‘5

6‘7‘8|9|10|11

12|13‘14‘15‘16

17‘18‘19‘20

Styrene
butadiene
rubber later
(cement
replacement
ratio by
weight)
Coarse
aggregate
replacement
%
Water
content
(L/m3)

0%

0% | 2 | S0 | 759

% % 100%

107 110 112 115

5%

0% 25% | 50% | 75% | 100% 0%

105 107 110 112 115 105

10%

25% | 50% | 75% | 100% 0%

107 110 112 115 105

15%

25% | 50% | 75% | 100%

107 110 112 115

Water/binder
ratio
Coarse
aggregate
content
(kg/m3)

0.3

1430

Coarse
aggregate
nominal size
(mm)

9.5

Fine
aggregate
content
(kg/m3)

72

Cement
content
(kg/m?¥)

350
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Table 2. Quantity and dimensions of the specimens for each experiment for each mixture.

Experiment Num. of specimens Shape and dimensions

Fresh density and voids content 3 Cylinder, D =20 cm, H =20 cm
Hardened density and voids content Cylinder,D=7.5cm, H=15cm

Water permeability test (falling head 50x50cm? slab with a 10 cm
method) thickness

Compressive strength Cylinder, D =15 cm, H =30 cm
Splitting tensile strength Cylinder,D=7.5cm, H=15cm
Flexural tensile strength 15x15cm? beam with a 45 cm span

Degradation and potential resistance Cylinder, D=10cm, H =10 cm

© W w w w w

2.2. Concrete components

In this research, all the used components in casting the pervious concrete passed the acceptance
criteria experiments. Portland cement is categorized as Type | 42.5 N according to ASTM C150 [28], and
its properties are presented in Table (3). The natural coarse aggregate is crushed pink limestone with a
single size of 9.5 mm, specific gravity of 2.63 and water absorption of 1.4%.

The recycled coarse aggregate was extracted from debris of a 40~50 year old building using a drilling
and Los Angeles machine, and then sieved. According to the visual inspection, no visible cracks appeared
on the recycled aggregates, and the old mortar covered about 30~40% of the recycled aggregates surface
area. The building was in a dry environment during the operation period. The recycled coarse aggregate is
also crushed pink limestone with a single size of 9.5 mm, specific gravity of 2.4 and water absorption of
7.1%.

The Natural fine aggregate is siliceous sand with specific gravity of 2.69 and fineness modulus of
2.65.

The styrene butadiene rubber latex is a thick white material in a liquid state with specific gravity of
1.0, low viscosity, 54% liquid content and a P.H. value of 11.0.

Table 3. Properties of the used Portland cement.

Iltem Percentage

Calcium oxide (CaO) 63%
Silicon dioxide (SiO2) 21.3%
Aluminum oxide (Al203) 6.2%
Iron oxide (Fe203) 3.9%
Magnesium oxide (MgO) 2.5%
Sulfur trioxide (SOs) 1.7%
Potassium oxide (K20) 0.7%
Sodium oxide (Naz20) 0.5%
Loss on ignition (LOI) 2.5%

2.3. Methods of testing
2.3.1. Fresh concrete density and voids content

Samples of well-consolidated fresh concrete are placed in the standard measure, then the fresh
concrete density and voids content were calculated according to ASTM C1688 [29], as follows:

Df :%, (1)
m
where Dr represents density of fresh pervious concrete, Mm represents mass of the measure, Mc
represents mass of measure filled with pervious concrete and Vm represents volume of the measure;
T-Ms, @
VS
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where T represents the theoretical density, Ms represents the total mass of the pervious concrete

components (cement, water, aggregate and SBRL) and Vs is the absolute volume of the concrete
components (the sum of mass of each component divided by its specific gravity);

T-Dy
Vi =———-x100, (3)

where the Vs represents the voids ration of the fresh state of the pervious concrete.
2.3.2. Hardened concrete density and voids content

The hardened density and voids content were obtained by recording the mass of dried and
submerged specimens, then the hardened concrete density and voids content were calculated according
to ASTM C1754 [30] as follows:

Kd X A
= (4)
d°xL
where Dy, represents the density of the concrete, Kq represents a conversion factor that is worth 1273240

in Sl units, A represents the dry mass of the specimen and d represents the specimen diameter, and L
represents the specimen length;

Dy,

K x ( A- B)
PwxDp“xL
where V, represents the voids content of the hardened concrete, B is the submerged mass of the specimen
and pw is the water density and the rest of the variables are the same as in Eq. (4).

According to ACI 522R, the upper limit is 2000 kg/m? and the lower limit is 1600 kg/m? with voids
ratio ranging from 15% to 35%.

2.3.3. Water permeability test (falling head method)

The water permeability is described as the infiltration rate. A 30 cm diameter watertight infiltration
ring is placed and fixed on the surface of the concrete as shown in Fig. 1. Then, the consumed time to
infiltrate a known mass through the infiltration ring is measured. Afterwards, the infiltrate rate can be
calculated according to ASTM C1781 [31] as follows:

prM

— (6)
d? xt

where IR represents the infiltration rate, M represents the mass of infiltrated water, d represents the inside

diameter of the infiltration ring, t is the time required for the designated mass of water to infiltrate through
the concrete, and Kp represents a correction factor which is equal to 4 583 666 000 in Sl units.

IR=

According to ACI 522R, the upper limit is 1.2 cm/s and the lower limit is 0.2 cm/s.

E:

—a— 3() cm—=— 7 Infiliration

Ring

ala1,0bt. 0.1

Pervious Concrete

g 50 cm

Figure 1. Water Permeability test (falling head method).
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2.3.4. Compressive strength

The value of the uniaxial compressive stress that causes the failure of the material is determined,
then the ultimate compressive strength can be calculated according to ASTM C 39 [32] as follows:

-, 7
o= ()

where ¢ represents the compressive strength, P represents the ultimate loading and A represents the
cylinder area.

According to ACI 522R, the compressive strength should not be lower than 3 MPa.
2.3.5. Splitting Tensile strength

The compressing value that causes a compressed concrete cylinder on its side to crack is
determined. The splitting tensile strength can be calculated according to ASTM C496 [33] as follows:

E_ 2xP @®
Y o rxdxL

where Ft represents the concrete tensile strength, P represents the maximum loading, d represents
diameter of the cylinder and L represents the length of the cylinder.

According to ACI 522R, the splitting tensile strength should not be lower than 1 MPa.
2.3.6. Flexural tensile strength

A 15x15 cm? concrete beam with a 45 cm span is loaded at the one-third and two-thirds of its span
till failure as shown in Fig. 2. The flexural tensile strength can be calculated according to ASTM C78 [34].
The flexural tensile strength is expressed as modulus of rapture and is calculated as follows:

R PrL
bxh

where R represents modulus of rapture, P represents maximum applied load, L represents the beam span
length, b represents width of beam and h represents depth of beam.

©)

According to ACI 522R, the flexural tensile strength should not be lower than 1 MPa.

P/2 P2

AN AN

h—_l
L

e

Figure 2. Flexural tensile strength test.

2.3.7. Degradation and potential resistance

The ability of the pervious concrete to resist the degradation occurred from the abrasion and impact
is figured out through this test. A known mass of concrete cylinders with 10 cm diameter and 10 cm height
are inserted three at a time in the Los Angeles machine without the steel balls, then the Los angles machine
rotates 500 cycles. Afterward, the crushed samples are sieved, then the retained concrete on the (1-in.)
sieve is weighted. The degradation and potential resistance can be calculated according to ASTM C1747
[35], as follows:

Deg = x100%, (10)
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where A is the weight of 3 cylinders and B is the weight of the pervious concrete that retained on sieve size
(1-in.) after placing the 3 cylinders in Los Angeles device without balls and perform the test at a speed of
30.33 r/min.

According to ACI 522R, the upper limit is 95% while the lower limit is 19%.

3. Results and Discussion
3.1. Density

Fig. 3.1.1 and 3.1.2 present the relation between the density of the pervious concrete in (kg/cm3), recycled
aggregate proportion and SBRL replacement percentage, respectively. Generally, there is a decrease in
the density by the increase in the proportion of the recycled aggregate since the aggregate itself possess
more micro cracks because of the extraction process; the attached old mortar decreases the concrete
density as well. There is a subsequent increase by the addition of the SBRL. It is noticed that at the fresh
state the SBRL has almost a linear effect on the density: the addition of 5% SBRL to the pervious concrete
— whether with recycled aggregate or not — increases the density by about 4~5% as shown in Fig. 3.4.
Regarding the hardened pervious concrete density, it can be noticed that there is almost no difference
between concrete with natural aggregate and 25% recycled aggregate, as shown in Fig. 3.1.2.

FRESH COMCRETE DENSITY [kg/m™)
\
\
\
\

\
\
HARDENED CONCRETE DENSITY (kg/m-7)

STYRENE BUTADIENE RUBBER LATEX STYRENE BUTADIENE RUBBER LATEX

Figure 3.1.1. Density Figure 3.1.2. Density
of the fresh pervious concrete. of the hardened pervious concrete.

3.2. Voids content

Figs. 3.2.1 and 3.2.2 show the relation between the voids content of the pervious concrete and
recycled aggregate replacement proportion along with the SBRL for the fresh and hardened pervious
concrete, respectively. In general, an increase in the voids content is accompanied by the increase of the
proportion of the recycled aggregates, which contradicts (Zaetang, Y. et al.), where the authors noticed that
the addition of the recyceld aggregate has no signifcant effect [14]. At the same time, there is a decrease
in the voids content by the increase of the SBRL percentage. Same as for the density, there is no
pronounced difference between the results of pervious concrete with natural aggregate and 25% recycled
aggregate. It is observed that replacing 15% of cement weight by SBRL will result in voids ratio less than
15% except for pervious concrete with 100% recycled aggregate, wherein it is recommended in ACI 522R
that the voids content should not be less than 15%.
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Figure 3.2.1. Voids content
in the fresh pervious concrete.

3.3.

Figure 3.2.2. Voids content
in the hardened pervious concrete.

Water permeability test (falling head method)

Fig. 3.3 shows the relation between the water permeability of the pervious concrete and recycled
aggregate replacement proportion along with the SBRL for the fresh and hardened pervious concrete,
respectively. It is observed that the SBRL has a negative impact on the water permeability. At the same
time, increasing the recycled aggregate percentage in the mixture increases the water permeability. It is
observed that the addition of 15% SBRL decreased the water permeability of the pervious concrete with
(0%, 25%, 50%, 75% and 100% recycled aggregate) by (10.7%, 14.4%, 14.1%, 16.2% and 11.4%),

respectively as shown in Fig. 3.4.

“RMEABILITY {cmy/s)
=

WATER

1%

STYRENE BUTADICME RUBBER LATEX

Figure 3.3. Water permeability of the hardened pervious concrete.

3.4. Summary of the effect of styrene butadiene rubber latex
on the permeability parameters

Fig. 3.4 highlights the effect of SBRL on the permeability parameters of the recycled aggregate pervious
concrete. The figure emphasizes that the addition of the SBRL increases the density while reducing the
voids content and the water permeability. For example, replacing 10% of cement weight by SBRL increased
the fresh and hardened concrete density by 3.2% and 3.7%, respectively, wherein decreased the hardened
voids content and the water permeability by 8.3% and 9.4%, respectively for pervious concrete with 50%

recycled aggregate.
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Figure 3.4. Effect of SBRL on the permeability parameters
of the recycled aggregate pervious concrete.

3.5. Compressive strength

Fig. 3.5 presents a relation between the 28 days concrete compressive strength (MPa), recycled
aggregate replacement percentage and SBRL. Generally, it is observed that by the increase of the dose of
the SBRL there is a significant increase in the compressive strength of the pervious concrete. Additionally,
it is noticed that when 15% of cement weight is replaced by the SBRL, the difference between the
compressive strength of pervious concrete with 50% and 75% recycled aggregate vanishes. This is
attributed to the SBRL related densification in the interfacial transition zone between the aggregate and the
cement paste [24, 25]. Also, there is no significant deterioration or reduction in the compressive strength of
the pervious concrete as a result of replacing 25% of the natural aggregate with recycled ones.
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Figure 3.5. 28-day compressive strength of the pervious concrete.
3.6. Tensile strength

Figs. 3.6.1 and 3.6.2 show the impact of the SBRL on the 28 days splitting and flexural tensile
strength (MPa) of pervious concrete with different levels of recycled aggregates, respectively. Regarding
the splitting tensile strength, it is noticed that the concrete mixtures with 75% and 100% recycled aggregate
don’t meet the ACI 522R specifications. Additionally, it is observed that the occurred deterioration from the
introduction of the recycled aggregates to the concrete mix is reduced by the increase of the SBRL dose.
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Figure 3.6.1. 28 days splitting tensile strength Figure 3.6.2. 28 days flexural tensile strength
of the pervious concrete. of the 28 days pervious concrete.

3.7. Degradation and potential resistance

Fig. 3.7 shows the effect of SBRL on the pervious concrete with different levels of recycled
aggregates. The figure confirms that SBRL significantly enhances the abrasion resistance of the concrete.
Additionally, Fig. 3.8 reveals that when 10% of cement weight is replaced by SBRL, the degradation
potential is reduced by 31.7% for the concrete with 75% recycled aggregates.

DEGRADATION %
"
/
o
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Figure 3.7. Degradation of the pervious recycled aggregate concrete.

3.8. Summary of the effect of styrene butadiene rubber latex
on the strength parameters

Fig. 3.8 presents the effect of SBRL on the strength parameters of the pervious concrete with different
levels of recycled aggregates. Generally, its noticed that the addition of the SBRL significantly enhances
the mechanical properties even above the 10% dosage which agrees with (Shaker, F.A. et al.) [25] and
disagrees with (Wang, Ru. Et al.) [24]. It was noticed that the addition of 15% of SBRL to a pervious concrete
with 75% recycled aggregate increased the compressive strength, splitting tensile strength and flexural
tensile strength by 116.7%, 80.5% and 40.6%, respectively.
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Figure 3.8. Effect of SBRL on the strength parameters
of the recycled aggregate pervious concrete.

3.9. General relations between water permeability and other parameters

There are many works establishing relationships between porosity and other parameters [20, 26, 37,
40-41], while there were only a few attempts to find relations between permeability and other properties
with a degree of fit (R2) ranging from 0.53 to 0.91 [20, 36-39].

This section investigates a correlation between water permeability and other parameter, since it is
the main parameter in pervious concrete.

It is observed from Fig. 3.9.1 that the increase of the concrete density (D) in (kg/m3), is accompanied

by a consequent decrease in the water permeability (P) in (cm/s). The inferred formula has a very good
degree of fit (R2 = 0.9245) and is as follow:

D =-550.11P +2127.9. (11)

It is noticed from Fig. 3.9.2 that there is a direct polynomial relationship between the water
permeability (P) in (cm/s) and the voids content (V), where the inferred formula has a very good degree of
fit (R2 = 0.9232) and is as follow:

V =0.4476P? —0.2151P +0.1341. (12)
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Figure 3.9.1. Correlation between water Figure 3.9.2. Correlation between water
permeability and hardened concrete density. permeability and hardened concrete voids

content.
It is observed from Fig. 3.9.3 that there is an indirect exponential relationship between the water
permeability (P) in (cm/s) and the 28 days compressive strength (F¢) in (MPa), where the inferred formula
has a good degree of fit (R2 = 0.8024) and is as follow:

F, =111.32¢7%26P (13)

Abdo, Sh., Galishnikova, V.V., Fawzy, A.M.



Magazine of Civil Engineering, 108(8), 2021

Fig. 3.9.4 presents the inferred relationship between the water permeability in (cm/s) and the 28 days
tensile strength in (MPa), whether the splitting tensile strength (Ft) or the flexural tensile strength (Fp). It is
observed that there is an indirect exponential relationship between the water permeability (P) and the 28
days tensile strength (Fc), where the inferred formula between the water permeability and the splitting
strength has an excellent degree of fit (R2 = 0.9684) and is as shown in Eq. (4). In addition, the inferred
formula between the water permeability and the flexural tensile strength has an excellent degree of fit (R2
=0.9491) and is as shown in Eq. (5).
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Figure 3.9.3. Correlation between water Figure 3.9.4. Correlation between water
permeability and pervious concrete permeability and pervious concrete tensile
compressive strength. strength.
F, =—12.883P2 +10.062P —0.137, (14)
F, =—12.902P% +9.5825P +1.2625, (15)
Deg =1.845P —0.5046. (16)

It is observed from Fig. 3.9.5 that there is a direct linear relationship between the water permeability
(P) in (cm/s) and the pervious concrete degradation (Deg). The inferred formula has a very good degree of
fit (R2 = 0.8936), and is as follow:
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Figure 3.9.5. Correlation between water permeability and pervious concrete degradation.
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4. Conclusion

This study focused on the impact of replacing (5%, 10% and 15%) of cement weight by styrene
butadiene rubber latex in pervious concrete with different levels of recycled coarse aggregate (0%, 25%,
50%, 75% and 100%).

Thus, it was concluded that:

1. Replacing 25% natural aggregate by recycled aggregates produces next to no negative effect or
deterioration in the mechanical properties. Moreover, the deterioration caused by replacing up to 50% of
the natural coarse aggregate by the recycled ones is negligible, as the reduction in the mechanical
properties is less than 15%.

2. In case of casting mixtures with 75% or more recycled aggregate, it is recommended to use a
dose of 10% SBRL in order to meet ACI 522R specifications and to overcome the tensile strength
deterioration.

3. High permeability is accompanied by reduced density, compressive strength and tensile strength,
but improved voids content and degradation potential.

4. Although a 15% replacement the cement weight by SBRL is the best option, it was found that a
10% replacement is better both in terms of costs and compliance with ACI 522R specifications.

5. In case of using recycled aggregate, it is recommended to increase the mixing water by the
amount of the first 10 min absorbed water by the recycled coarse aggregates.
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Abstract. Today the road has become a necessity and an important factor in the economic and social
development of nations. Algeria knows the realization of many grandiose road projects that required large
quantities of noble materials such as aggregates and crushed sands and which unfortunately are becoming
increasingly rare. The inability of Algerian quarries to supply these materials is a reason for the valorization
of industrial waste and local materials that are in abundance. Among these materials, we find granulated
slag and dune sand. Our study presents valorization of these two materials through a formulation and
characterization of slag sand mixture composed of dune sand treated with different percentages of
granulated blast furnace slag, which acts as a hydraulic binder. The results obtained show that this
treatment improves the cohesion and mechanical properties of sand dune, which allows its use in road
engineering, particularly in the pavement layers.

1. Introduction

The industrials wastes valorization is work that aims on the one hand the protection of the
environment and on the other hand the rational and economic use of these materials in the field of civil
engineering. Among these wastes we find granulated blast furnace slag (GBFS) which serve to stabilize
and improve the mechanical properties of several soils including dune sands (DS) which present local
materials without resistance. Algeria has a large iron and steel complex that generates large quantities of
granulated slag. For example, the annual production of granulated slag is 430 000 tons [1].

The vast desert area of Algeria contains priceless quantities of dune sands. These sands cover about
60 % the surface of Algeria [2]. Granulated blast furnace slag (GBFS) is a by-product of the manufacture
of cast iron in blast furnaces, obtained by rapid cooling, and has been used as a building material since the
17t century [3]. Several research works were carried out for the valorization of (GBFS) and DS in the field
of civil engineering.

GBFS are used for soil stabilization [4—7] and for flexible and semi-rigid pavement layers [8—10]. The
GBFS is mixed with one or more sands to obtain slag sand (SS) intended especially for the base and
foundation road and highway layers. This slag sand can be manufactured in several countries which have
steel complexes which produce granulated slag such as India, China, USA, Japan, Russia, UK, Iran,
France, Turkey, Brazil,...etc.

In the cement industry, granulated slag is considered as an industrial by product with zero CO:
emissions because its substitution with clinker allows direct emission reduction of between 65 % and 95 %
[11], knowing that CO2 accounts for 82 % of the total greenhouse gas which is responsible of climate
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change [12]. For the concrete manufacture, Granulated Slag was widely used compared to others wastes
[13], it has been used as a basis material to improve the concrete strength [14].Many researchers,in their
studies, have shown that the strength of the granulated slag-based concrete is less affected by chemicals
product than the conventional concrete when exposed to an aggressive environment [15-20]. Granulated
blast furnace slags therefore have many qualities that make them interesting in several application fields.

Dune sands are generally treated and stabilized by cement and lime according to the literature [2].
However, very limited studies have focused on treating and stabilizing these sands with granulated slag for
use in road engineering.

This work is concerned with the technique of treating the dune sand by adding different percentages
of GBFS as hydraulic binders (GBFS+1 % lime). Initially, the materials used were identified and
characterized by conventional geotechnical tests and by mineralogical and chemical analyses. Then in a
second step, the study focused on the effect of hydraulic binders on the mechanical behavior in order to
determine the optimal mixture which presents the best mechanical properties making it potential candidate
for use in pavements layers.

2. Materials and methods
2.1. Materials
2.1.1. Granulated blast furnace slag GBFS

GBFS used in this study is a granulated blast furnace slag of fresh production and 0/5 mm
granulometry (Fig. 1) coming from the steel complex of El-Hadjar (Annaba, Algeria), obtained by rapid
cooling. It presents the main characteristics given in Table 1. Its reactivity coefficient a is 39. It satisfies the
criteria set by the Algerian catalog which specifies a minimum value greater than 20 [21]. Its X-ray diffraction
(XRD) analysis and Scanning Electron Microscopy (SEM) image are given in Fig. 2.

20 30 il
Fosstion [ Theta]

Figure 2. Scanning Electron Microscopy (a) and X-ray diffraction analysis (b) of GBFS

Figure 2 shows that the granulated slag is amorphous and it presents an amorphous halo angle of
around 26 = 30 ° which shows that GBFS is typically glassy. A small quantity of gehlenitemagnesian (G)
presents in the glass. This result is consistent with the results found in the literature [22-25]. It was also
observed from the SEM picture that the GBFS particles were angular in shape and the surface of slag is
rough.
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2.1.2. Dune Sand DS

The dune sand used is a fine sand of 0/1 mm granulometry from Boussaada region (Msila, Algeria).
It is siliceous considering its content of silica (SiO2) which is 97.10 %. According to the GTR 2000 soil
classification [26], dune sand belongs to class D1. It is characterized as permeable, incoherent, and poorly
graded sand. This suggests that dune sand alone will not be sufficiently compact, and subsequently its
immediate bearing index is not adequate [27, 28]. Therefore, a treatment of this sand with hydraulic binders
will be essential. The X-ray analysis shown in Fig. 3 reveals its very high quartz content.
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Figure3. DS X-ray analysis.

2.1.3. Crushed Sand CS

CS used is crushed quarry sand with a particle size of 0/6 mm; it is calcareous with carbonate content
(CaCOg) of 89 %.

2.1.4. Lime

The lime used in our study is a slaked lime which has a role of basic activator of the slag. It's coming
from the region of Ghardaia, Algeria. Its CaO content is greater than 50 %, it verifies the specifications for
its use for roads.

The physic-chemical characteristics of the different study materials are given in Table 1, their particle
size curves are represented in Fig. 4.

Table 1.Physico-chemical analysis of the used materials.

Material GBFS DS CS Lime
Density [g/cm?3] 2.8 2.65 281 2.58

Friability (%) 19 - 40 -

Blaine specific surface (cm?/g) 2057 - - 10165
Pistonsandequivalent (%) - 73.79 94 -
Methylenebluevalues - 0.4 0.5 -
Basicitymodulus 1.3 - - -
Finenessmodulus 3.21 0.88 4.2 -
CoefficientofuniformityCu? 3.39 1.97 14.75 -
CoefficientofcurvatureCc? 1.17 0.86 1.99 -

1CU = DlO / D60

21<Cc= (D30)2 I Dyg xDgg <3 ,whereD1o, D3o and Deo are diameters (in mm) corresponding
respectively to 10, 30 and 60 % passing percentages.
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Material GBFS DS CS Lime
CaO (%) 45.78 0.54 40.61 64.27
SiO2 (%) 34.99 97.10 5.94 2.85
CaCOs (%) - 3.39 89.65 -
Al203 (%) 9.79 0.71 8.85 0.56
MgO (%) 3.92 0.06 3.56 0.45
Fe203 (%) 0.67 0.39 3.25 0.27

The methylene blue values of crushed sand and dune sand indicates the absence of noxious clay
particles in these sands.

100

80

60 '

40

Passing (%)

20

0.1 ' ] - ' 10
Grain size (mm)
Figure 4. Particle size distribution curves of the used materials.

According to the granulometric curves, we find that our crushed sand is clean, well-graded sand and
its grain size curve reflects a continuous dimensional distribution, the uniformity coefficient (Cu> 2) confirms
the spread out curve of the granularity. On the other hand, the granulometric curve of dune sand represents
a tight granularity which is confirmed by the coefficient of uniformity value (Cu <2), so the dune sand is
clean sand as Sm class according to the GTR 2000 Soil Classification [26].

2.2. Methods

The present study deals with the effect of the addition of hydraulic binders (GBFS + 1 % lime) on the
mechanical properties of the studied sand. The different mixtures (DS+CS + GBFS + 1 % lime) called slag
sands (SS) were formulated, in the laboratory, with percentages of granulated slag (GBFS) ranging from
10 % to 30 %. In order to determine the optimal mixtures, various tests such as; compaction test, CBR test,
simple compression test and triaxial shear test were carried out to study the mechanical behavior of the
above-mentioned slag sand mixtures.

2.1.5. Slags and mixtures formulation methodology

A slag sand can be defined as the mixture (Fig. 5), carried out in a mixing plant, of one (or more)
sand (s), a certain percentage of slag (granulated or pelletized) and a basic activator such as lime at a
dosage generally around 1 %. It is mainly used for pavement foundations. The choice of the compositions
of the SS mixes is essentially based on the following two criteria:

1. The stability before compaction (immediate stability) of the mixtures is appreciated by their
coefficients of uniformity and curvature, the aim of which is to have continuous particle size curves. We
must verify that:

Cu :Dlo / DGO > 6, (1)

1<Cc=(D,,)?/ Dyg xDgy <3. )

2. The stability of compacted mixtures is assessed by the immediate bearing test. According to the
value of the immediate bearing index (IBI), we can classify the stability of our mixture:

IBI < 25, unstable mixture;
25 < IBI < 50, medium stability;

IBI > 50, stable mixture.
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Figure 5. Slag sand mixture.

Table 2 recapitulates the formulations adopted while respecting the conditions of immediate stability.

Table 2.The Cu and Cc values of the different SS mixtures.

Formulation GBFS (%) CS (%) DS (%) Lime (%) Cu Cc
1 0 20 80 0 4.8 1.7
2 10 30 60 1 6 17
3 15 37 48 1 6.4 1
4 20 33 47 1 6 1.2
5 25 27 48 1 6 1.12
6 20 22 48 1 8.4 1.15

2.1.6. Compaction test

The compaction is widely used in many geotechnical applications for improving soil compactness
[29]. The purpose of compaction is to increase the density of a soil. This consequently reduces its rate of
deformation and improves its bearing capacity.

In this respect, the different mixtures that have been formulated by combination of dune sand with
different percentages of GBFS were compacted to different water content in order to determine the
optimal water content and the maximum dry density by the modified Proctor test according to standard
NFP94-093 [30].

2.1.7. Californian Bearing Ratio (CBR) test and simple compression test

The CBR tests were carried out on samples of a mixture of slag sand, compacted in CBR molds,
under Proctor conditions, according to standard NF P94-078 [31].The aim of this test is to assess the ability
of a soil to support the traffic load. The test consists of punching slag sand mixtures compacted with energy
of 56 blows per layer in a CBR mold and at water contents corresponding to the optimum of the Modified
Proctor test. The test CBR is carried out in a CBR press (Fig. 6) without overload, to determine the
immediate bearing indices (IBI) of the mixtures.

Figure 6. CBR press.
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Cylindrical SS samples (Fig. 7) obtained by static compaction, where the mixture is put in a single
layer in a cylindrical mold with 50 mm in diameter and 100 mm in height with double piston, then statically
compacted at a speed of 1.14 mm/min, according to the standard EN 13286-53 [32]. This method of
compaction leads to a homogeneous distribution of compaction stress [33]. The samples were then
preserved in bags at a temperature of 202 °C until the date of the compression tests according to the
standard NF EN 13286-41 [34]. These tests were performed at age of 0, 7, 14, 28, 60 and 90 days.

Figure 7. Cylindrical slag sand samples

The compression test is widely used in pavement and soil stabilization applications [2, 33]. This test
is carried out, according to the standard EN 13286-41 [34], on cylindrical slag sand samples.

2.1.8. Unconsolidated undrained triaxial test

Triaxial shear tests were performed on non-treated sand (0 % GBFS) and slag- treated sand (SS)
samples. Triaxial shear tests have been used in most of the experimental programs reported in the literature
in order to access the influencing factors on the shear strength of treated soils, which simulated the general
construction conditions of a lot of engineering projects [35]. All slag sand mixtures were statically compacted
at the Proctor optimum prior their placement in triaxial apparatus (Fig. 8). The test is carried out with a fast
speed of 1 mm/min corresponding to an unconsolidated undrained test (UU) according to the standard NF
P94-074 [36].The measurement of the axial strain was conducted with a vertical displacement sensor
located on the top of pressure cell. The axial deviatoric force was measured by axial load sensor. Three

confining pressures 63 (100 kPa, 200 kPa, and 300 kPa) were applied.

Figure 8. The triaxial cell.
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3. Results and Discussions

3.1. Determination of Proctor characteristics

The results obtained by the modified Proctor test are shown in Fig. 9a. The evolution of the optimum
water content and the maximum dry density is shown in Fig. 9b.
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Figure 9. a) Modified Proctor curves according to the percentage of GBFS,
b) maximum dry density and optimum water content according to the percentage of slag (GBFS).

From Fig. 9b the density increases while increasing the GBFS content contrary to the optimal water
content which reaches it's maximum for 20 % slag and then decreases beyond this value. A similar result
was observed by [1].

3.2. Determination of the immediate bearing index (IBI)

Fig. 10 shows the increase of the immediate bearing index (IBI) with increasing of the percentage of
GBFS up to the value of 25 % then decreased. According to this result, we can say that our optimal mixture
is obtained for 25 % of GBFS added with respect to the bearing capacity of this sand.
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Figure 10. Immediate bearing index (IBIl) according to GBFS content.
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3.3. Effect of GBFS on the compressive strength of SS

Fig. 11 illustrates the evolution of the compressive strength as a function of the percentages of the
binder (GBFS) for different curing times (0, 7, 28, 60 and 90 days).

23 —&— o0 days
—»— a0 days
20 - —&— 28 days

—H— 7 days

—s— 0O days

Compressive Strength (bars)

0 5 10 15 20 25 30 35
GBFS (%)
Figure 11. Compressive strength according to GBFS content and curing times.

According to Fig. 11 the compressive strength increases proportionally to the percentages of the
added GBFS over time, without reaching a maximum. This result is similar to the result found by smaida
and al [2] on the treatment of dune sand with hydraulic binders. These remarkable mechanical
performances are due to the chemical role of the slag which consists in improving the microstructure of the
SS mixture by fixing the Portlandite (Ca (OH)2) released by the hydration of the slag. This hydraulic reaction
gives rise to a second additional calcium silicate hydrate (CSH), the phase responsible for the hardening
of slag sand over time.

3.4. The stress- strain behavior of SS

The deviatoric stress (4 = 61 — 63) versus axial strain (€1) curves obtained from the triaxial shear
tests on sand samples treated with 20 % GBFS are shown in Fig. 12. It was found that SS reveals a peaked
stress-strain curves with a peak strength increased with the increase in confining pressure.
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Figure 12. Deviatoric stress versus axial strain curves at 20 % GBFS.

The stress- strain behavior of slag sand can be described as initially rigid, linear up to a well-defined
limit point, beyond which the sand undergoes increasingly plastic deformations until failure. The same
behavior was observed in the result of Daheur [33].

Fig. 13 shows the maximum deviatoric principal stress ((max) according to GBFS content with various
confining pressures 100, 200 and 300 kpa.
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Figure 13. The maximum deviatoric principal stress according to GBFS content
with various confining pressures 100, 200 and 300 kpa.

By inspecting the curves presented in Fig. 13, it can be noted that the maximum constraint deviator
stress increases with the increase of the dosage in GBFS up to a value of 20 % then decreased.

3.5. Effect of GBFS on the friction angle and the cohesion of SS

Given the cohesive-frictional nature of soils treated with hydraulic binders, the shear strength can be
expressed as a function of the internal friction angle and of the cohesion. Table 3 gives the friction angle
and the cohesion as a function of the GBFS content. According to this result, the friction angle oscillates
between 35.7° and 41.4°. Given the value of the friction angle 38.9° for untreated sand (0 % GBFS) and
the value of 38.8° for sand treated with 30 %, we can say that the friction angle is not strongly influenced
by the GBFS content. On the other hand the cohesion increases with the increase in percentage of GBFS
and reaches a maximum value of 73.5 kpa for 25 % slag added.

Table 3. The cohesion and friction angle values as a function of GBFS.

GBFS (%) friction angle (°) Cohesion (kpa)
0 38.9 0
15 35.7 39.9
20 414 42.8
25 375 73.5
30 38.8 61.4

3.6. Use of slag sand in the foundation layer of a semi-rigid pavement

According to the comparative sizing study carried out on two types of pavement structure, the first
with an untreated sand foundation layer and the second with slag sand, we see that by using the slag sand
in the foundation layer (Fig. 14), we obtained a gain of 2 cm in thickness at the level of the gravel bitumen
base layer. This gain confirms the economic role of our material.

Asphalt concrete surface layver (6 crm)

Sand subgrade (40 cm)

Figure 14. Pavement structure made up of slag sand foundation layer.
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4. Conclusion

This article presents a feasibility study on the manufacture of a composite material based on dune
sand (DS) treated with granulated blast furnace slag (GBFS). It aims to characterize and to study the
mechanical properties of slag sand (SS) mixture prepared in the laboratory. The following conclusions can
be drawn from this study:

1. The results of our study allow to conclude that dune sand, which is a local material of low
mechanical performance can be improved with treatment with the recycled granulated slag to obtain high
resistances while increasing the percentage of slag.

2. Dune sand treatment with GGBF increases the density, bearing capacity, compression strength
and shear strength of the slag sand mixture which is suitable for road pavements;the percentages of added
GBFS play the role of a hydraulic binder which results in good compactness in the mixtures and
subsequently improves mechanical characteristics.

3.  With the increase in the percentage of GBFS, the maximum dry density increases. This result
is considered to be an indication of the improvement in the compaction characteristics of the sand stabilized
with activated slag.

4. The bearing capacity of the sand treated with GBFS is always better than those of untreated
sand (0 % of GBFS) and the maximum value of IBI is obtained for 25 % of GBFS which is 58.34 %.

5.  The compressive strength of the slag sand mixture increases with increasing GBFS content
over time without reaching the maximum; the value of the compressive strength increases from 10.94 bars
at 7 days to 15.65 bars at 180 days and it increases from 7.66 bars for untreated sand (0 % of GBFS) to
20.56 bars for 30 % of GBFS at 180 days of cure. Theseresults indicate that sand mixed with GGBS has
the potential to be used in road construction, such as in highway and road foundation layer materials.

6. These remarkable mechanical performances are due to the chemical role of the slag which
consists in improving the microstructure of the SS mixture by fixing the Portlandite (Ca(OH).) released by
the hydration of the slag. This hydraulic reaction gives rise to a second additional calcium silicate hydrate
(CSH), the phase responsible for the hardening of slag sand.

7. According to the triaxial shear test, our material has an elastoplastic behavior with a maximum
deviatoric principal stress for 20 % of slag.

8. The friction angle is not strongly influenced by the GBFS content. On the other hand the
cohesion increases with the increase in percentage of GBFS and reaches a maximum value of 73.5 kpa
for 25 % slag added.

9. Based on the results mentioned above, GBFS activated with hydraulic lime may be the
recommended additive for stabilizing the dune sands intended for use in roadways. A percentage of 20 %
and 25 % of activated slag are recommended to improve the mechanical properties of dune sand.

10. Finally, two optimal mixtures were determined to improve the characteristics of dune sand in
order to adopt it for use in pavement foundations. These mixtures are: (20 % GBFS +1 % lime +33 %
CS+47 % DS) and (25 % GBFS +1 % lime +27 % CS+48 % DS). Given the low cost of GBFS which is
approximately 3 $ per ton and DS which is in abundance, these mixtures have a double advantage of better
performance and lower cost.
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Abstract. A four-storey reinforced concrete (RC) building is seismically evaluated with the incorporation
of different irregularities. Three model systems have been considered, i.e., model I: (RC-infilled regular
frame in X and Y direction), model II: (RC-infilled plan irregular frame in X and Y direction), and model IlI:
(RC infilled vertical + plan irregular frame in X and Y direction). Adaptive pushover analyses have been
carried out to evaluate the seismic performance of the structure by using seismostruct software
incorporating inelastic material behaviour for concrete, steel, and infill walls. Infill walls have been
modelled as “double strut nonlinear cyclic models”. The most up-to-date seismic design includes the
nonlinearity in the structure through a response reduction factor (R). The ductility reduction factor and
overstrength factor are the main components of the response reduction factor. These seismic design
parameters were computed from the adaptive pushover analysis, and finally, the response reduction
factor has been calculated for all models and compared with the value recommended by IS 1893 part-1
(2016). The result shows that the evaluated R-factors are higher than the value recommended by the BIS
code. However, it is observed that R-values are higher than the corresponding values recommended in
the BIS code when the irregularity present in the structures.

1. Introduction

Buildings with masonry infill wall RC frames are the most common type of structures used for
multistory constructions all over the world. The presence of the infill walls increases the lateral stiffness
considerably. Due to the change in stiffness and mass of the structural system, the dynamic
characteristics change as well. In several moderate earthquakes, such buildings have shown excellent
performance during an earthquake. In the recent era, the earthquake loads imposed in the structure are
typically greater than the loads considered in the design. Most of the seismic design codes include the
nonlinear response of a structure through a response reduction factor/behavior factor (R). The majority of
the structures are designed using the equivalent static method, which is based on the use of the response
reduction factor. Different codes and guidelines specify the ‘R’ value for different types of moment-
resisting frame structures. However, IS 1893 Part-1: (2016) code does not give any specific explanation
on different issues namely, irregularities, structural & geometrical configuration, etc. Thus, the primary
focus of the present study is to investigate the actual response reduction factor of regular and irregular
structures.

Alguhane et al. [1] presented a study about an existing RC building in Madinah that is seismically
evaluated with and without an infill wall. Four model systems have been considered i.e. model- | (no infill),
model- IIA (strut infill-update from field test), model- 1IB (strut infill- ASCE/SEI 41), and model- IIC (strut
infill-Soft storey- ASCE/SEI 41). The response modification factor (R) for the 5 story RC building was
evaluated from capacity and demand spectra (ATC-40) for the studied models. From this study, the
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authors concluded that the R factor increase due to the presence of infill and it satisfy the requirement of
the code (SBC 301) but in the case of the bare frame, does not satisfy the requirement of the response
modification factor. Chaulagain H. et al. [2] studied the response reduction factor of existing reinforced
concrete buildings in Kathmandu valley. They concluded that the calculated R values of the buildings are
less than the values given by the BIS code. From the extracted results, the R-value is highly dependent
on the "column to beam capacity ratio". Motiani R. et al. [3] worked on the calculation of the response
modification factor for realistic RC moment frame buildings by using pushover analysis. In this research
study, they modeled 4, 8 & 12 storey reinforced concrete buildings as per guidelines provided by IS
456:(2000). The static pushover analysis has been used in SAP2000 software. From the detailed study,
the authors concluded that ultimately response reduction factor decreases with increases in the height of
the structure. The value of R is given by IS 1893 (2002) is improperly estimated. The actual value of R is
lesser than the values given by BIS code because, irregularity in structure, torsional effect, poor
workmanship, etc.

Brahmavrathan D. and Arunkumar C. [4] worked on the evaluation of the response reduction factor
of irregular i.e., stepped reinforced concrete frames. The stepped building form means the incorporation
of vertical irregularity. In this paper, three types of reinforced concrete three-dimensional framed
structures having an equal number of bays, but a different number of stories are considered. They
modeled 3, 6, and 9 stories for both OMRF and SMRF cases. The non-linear static pushover analysis of
the three stepped RC building models was carried out by using SAP 2000 software for both cases. The
authors concluded that the actual values of response reduction factor of stepped RC buildings are lesser
than the values recommended by the BIS code, the values of R decreases as the storey number
increases. Due to vertical irregularity R values decreases significantly so there is a need to consider the
irregularity in IS 1893 code and ductility factor depends on the optimum percentage of steel reinforcement
beyond its limit range of R values in decreasing trend.

Smyrou et al. [5] described the implementation of the "inelastic infill panel element" for masonry
infill panels within a fiber-element-based SeismoStruct program. They assessed analytical results
compared with experimentally obtained from the pseudo-dynamic test and also defined characteristic
values for material and geometrical properties of infill. Mohamed S. Issa and Heba M. Issa [6] worked on
the evaluation behavior factor of reinforced concrete moment resisting frame by using pushover analysis.
According to the researcher's statement, nonlinear dynamic analysis consumes more time and it's a
complex process but pushover analysis is the more popular and simple method to calculate the behavior
factor. In this research three different RC frames were studied i.e., 3 storey, 5 storey and 7 storey RC
frame with each of four different bays like 2 bays, 3bays, 4 bays, and 5 bays, and static pushover analysis
have been performed in the SesimoStruct program. From the effective study, the authors concluded that
Static pushover analysis is an efficient and practical method to study the nonlinear behavior of RC
structures as compared to other methods. As the height of the structure increases the behavior factor
decreases. The most suitable method to calculate the behavior factor is Uang 1991.

Many researchers did work on this important response reduction factor of the different RC frames.
From the analytical study, the value of R is more when the infill is considered in the frame so the R-value
is sensitive to the material & geometrical configuration of the structure. Also, the evaluated values of R for
the bare frames are lesser than the recommended value by the BIS code. The R-factor significantly
decreases by considering the opening in masonry infills, the height of the structure increases, and as the
seismic zone increases. The evaluated R-factor based on the "Miranda & Bertero relationship (1994) is
the most realistic as compared to other methods [7—-18]. In strong earthquakes, the structures experience
nonlinear behavior [19, 20].

In this study, the following principal objectives are adopted.
1. To evaluate the actual response reduction factor of RC-infilled regular and irregular frames.

2. To compare the response reduction factor of different RC-infilled frames with the values recom-
mended by the BIS code.

List of abbreviations:

R is the response reduction factor;
Rqis the ductility reduction factor;
R, is the Overstrength factor;

Rgis the redundancy factor;

V4 is the design base shear;
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Vy is the ideal yield base shear;

Apay IS maximum displacement;
Ay is the yield displacement;

L is the ductility;

X,iis the horizontal offsets;

Y,i is the vertical offsets;

dn is the diagonal strut length;

An is the dimensionless parameter;

h; is the equivalent contact length.

2. Methodology
2.1. Adaptive pushover analysis

This is the advanced version of pushover analysis in which the applied load is updated at every
single step of analysis. Researchers (Kalkan & Kunnath [21] and Gupta & Kunnath [22]) proposed to
consider higher mode effects in the seismic analysis. So this adaptive pushover analysis considers the
variation of dynamic properties & the applied load is updated with respect to input ground motion. In this
advanced pushover method, the spectral amplification part is used for updating the load vectors. In the
present study, the accelerogram time-history of the IS 1893 response spectrum & Chi-Chi earthquake
have been considered for spectral amplification as shown in Fig. 1 and Fig. 2 respectively. Source: Pacific
Earthquake Engineering Research Center (PEER) Strong Motion Database.
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Figure 1. 1S: 1893 Response Spectrum Curve.
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Figure 2. Chi-Chi Earthquake (date: 20 September 1999).
2.2. Response reduction factor

The response reduction factor is defined as the ratio of elastic strength to inelastic design strength.

In other word, R-factor is the seismic design tool which shows the level of non-linearity in the structure.

The recommended values of response reduction factor by 1S: 1893 (Part-1) — 2016 as shown in Table 1.
According to ATC-19 [23] the parameters related to the R factor can be mathematically expressed as:

R=Ry xR, xRg, (1)

where, R is the Response reduction factor, Rq is the ductility reduction factor, R, is the overstrength factor
and Rgis redundancy. But according to Indian seismic code provision, the response reduction factor can
be presented as shown in Fig. 3 and mathematically expressed in equation- 2 [2,9,14].

Elastic Strength

Ve bbb — —— — g — _
/ Rz
;:; Idealized envelope /
7oy, | T Actual Strength
z | 2R
073 Vepb— —— Curve Ro

| Actual Capacity
|

| Design Strength
Ve - - ‘lcuEnotenEl gy g

Top Displacement

Figure 3.Relationship between Response reduction factor(R),
over-strength factor (Ry), and ductility reduction factor (Ry).
Here the ductility is the ratio of maximum displacement (A, ) to the yield displacement (Ay) and

it has been calculated based on the reduced stiffness method [24, 25].The ductility reduction factor has
been calculated based on the expressions of Newmark and Hall (1982) [26]. The overstrength factor is

the ratio of the ideal yield base shear (Vy) to design base shear (V). In this study, redundancy is

incorporated into the overstrength factor.
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Table 1. Recommended values of Response reduction factor by IS: 1893 (Part-1) — 2016 [27].

Frame System Response Reduction Factor
Ordinary moment-resisting frame 3
Special moment-resisting frame 5

3. Results and Discussion
3.1. Model Description

In this study, three-dimensional 4-storey building with 3 bay frames in both directions i.e., X and Y
direction. Models are studied for regular and irregular structures with considered openings in masonry
infill. The buildings are designed for seismic zone ‘IV' and it has been modeled in SeismoStruct software
as follows:

1. RC-infilled regular frame in X and Y direction;
2. RC-infilled plan irregular frame in X and Y direction;
3. RC infilled vertical + plan irregular frame in X and Y direction.

The plan of the building is shown in Fig. 4 and Fig. 5 shows the models of the building. Material
and sectional properties are as shown in Table 2.Column & beam dimensions have shown in Table 3, 4.

These special moment resisting frames are rigidly connected at beam-column junction. Also
foundation of the structure assumed as a rigid connection in the present study.

The total seismic weight of the three models has been calculated manually as per the BIS code

and the design base shear has also been evaluated according to IS 1893 Part-1:2016 as:
Z1S
2

|
V, == —22 %W, (3
b R gx 3

S
whereV, is the design base shear, Z is the seismic zone factor, | is the importance factor, —2is the

design acceleration coefficient, W is the seismic weight of the structure.

The seismic weight of the RC-infilled regular frame is 9617.77 kN. Similarly, the seismic weight of
the RC-infilled plan irregular frame and RC infilled vertical + plan irregular frame is 7898.88 kN &
6041.25 kN respectively.

0.09xh
The time period of building with masonry infill is T as per IS 1893 Part-1:2016 (4)

Where, h is the height of building, and d is the base dimension of the building in the direction
earthquake shaking.
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Figure 4. a — Regular Plan of the building.
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Figure 4.b — Irregular Plan of the building.

Figure 5.a — RC-infilled regular frame. Figure 5.b — RC-infilled plan irregular frame.

Figure 5.c — RC infilled vertical + plan irregular frame.
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Table 2. Structural details of building.
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Frame structure

Special moment-resisting frame

Number of storey
Seismic zone
Floor Height
Bay length
Infill wall
Comp. strength of masonry
Modulus of Elasticity of masonry
Width of a strut with the opening in infill
Area of strut
Equivalent contact length (hz)
Horizontal offset (Xo)
Vertical offset (Yo)
Type of soil
Column size (mm)
Beam size (mm)
Slab Depth (mm)
Live load (kN/m?)
Material
Damping
Importance factor

4
v
3m
4 m in both direction
230 mm
3 MPa
1650 MPa
262 mm
60,260 sq. mm
20.37 %
5.62 %
7.5%
Medium stiff soil
300 X 450
250 X 450
150
3
M -25 grade concrete and Fe-415 reinforcement
5%
1.2

3.2. Inelastic Infill Panel Element (infill)

Each infill panel element is represented by four axial struts and two shear springs, as shown in
Fig. 6.“Double strut nonlinear cyclic model” was developed by the Crisafulli (1997) [28]. It accounts for
separately compressive and shears behavior of masonry and adequately represents the hysteretic
response. The presence of an opening in infill will directly affect the seismic performance of the
structures; the effect can be incorporated by minimizing the width (diagonal strut).

Wyo = (1-2.5A,)- X -W,, (5)

Where Wy, is the width of the diagonal strut with an opening in infill, Wy the width of the diagonal strut,
and Ar is the ratio of opening area to face area of infill. The Eq. 5 is valid for openings in walls ranging
from 5 % to 40 % [8]. In this paper, the opening size in infill is considered as 2.44 sqg. m, this implies that
approximately 20 % opening area is considered in the infill.
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Figure 6.(a) Masonry strut hysteresis, (b) Shear cyclic relationship,
and (c) Infill panel element configuration [28, 29].

Here, Xoi and Y, represent horizontal and vertical offsets respectively, Oy, is the diagonal strut
length, and h, is the equivalent contact length.

Figure 7.a Column Detailing. Figure 7.b Beam Detailing.

Table 3. Column dimensions and detailing.

Column Size(mm) Main Reinforcement Shear Reinforcement

4 nos. of 16 mm dia. at the

300 x 450 corner and two nos. of 8 mm Dia. @ 100 mm

All columns of

the building 16 mm on the longer side. cle
Table 4. Beam dimensions and detailing.
Beam Size(mm) Main Reinforcement Shear Reinforcement
All beams of 250 x 450 2 nos. of 16 mm diameter 8 mmDia.@ 100 mm
the building @ top as well as the bottom clc

3.3. Verification of masonry infill through experimental
and analytical by pseudo-dynamic loading
This example describes the modeling of a full-scale, four-storey building, which was designed
according to initial versions of Eurocode 8 (CEN, 1995) and Eurocode 2 (CEN, 1991). The structure was

tested at the ELSA laboratory under pseudo-dynamic loading using an artificial accelerogram derived
from the 1976 Friuli earthquake.
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The analytical results, obtained with the FE analysis program SeismoStruct, are compared with the
experimental results.

Figure 8. Four-storey 3D |nf|IIed frame tested byNegro et al. (1996) [29].

Structural Geometry: The model consists of eight (exterior) RC columns (0.4 x 0.4 m), one (interior)
RC column (0.45 x 0.45), T-section RC beams with different dimensions and infill panels.

Material Properties: The Mander et al. concrete model is employed for defining the concrete
material used for columns and beams. Menegotto-Pinto steel model is employed for defining the steel

material with the following properties: Es = 200000000 kPa; fy = 555000 kPa, p = 0.02.
3.4. Modeling and Loading

The RC columns and beams are modeled through 3D force-based inelastic frame elements
(infrmFB) with 4 integration sections. The number of fibers used in section equilibrium computations is set
to 200. The infill panels are modeled through a four-node masonry panel element (inelastic infill panel
element).

In order to run a nonlinear static time-history analysis, four time-history curves (one for each floor)
are loaded in the time-history curves.
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Figure 9. Artificial record generated from Friuli accelerogram — displacement histories.
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Figure 10. Model of building.
3.5. Results comparison

The comparison between experimental and analytical results is shown Fig. 11.

2500

2000 -
1500 -

1000 -

o A AN A

=
=
E-a Iu T T v T T
4 \'
g -500 -
g
=
-1000 -
-1500 - J
-2000 ~ s Experiment
2500 e Analysis
o] 1 2 3 4 5 6 7 8 9
Time [s]

Figure 11. Experimental vs. Analytical results.
3.6. Pushover Curves

The several seismic design parameters namely; strength, ductility, response reduction factor, etc.
are evaluated from pushover curves. The significance of masonry infills which play an important role in
the RC frame has been quantified. These pushover curves are as shown in Fig.12.
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Figure 12. Comparisons of Pushover Curves.
3.7. Base Shear
Base Shear
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Figure 13. Comparison of Base Shear.

As per the Fig. 13, base shear is lower in RC-infilled vertical +plan irregular frame as compared to
other frames. Averagely 25.98 % and 27.51 % base shear increases in RC-infilled plan irregular frame as
compared to RC-infilled vertical + plan irregular frame for 1S-1893 response spectrum and Chi-Chi
earthquake respectively. In the case of RC-infilled regular frame in x and y direction, there is a small
variation of base shear due to more symmetry as compared to others. The base shear is more in
RC-infilled regular frame as compared to other irregular frames due to the presence of regularity in the

structure.
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Figure 14.Comparison of Ductility.

As per the Fig. 14, the average ductility obtained is higher in RC-infilled plan irregular frame as
compared to other frames. Averagely 12.63 % and 33.87 % ductility increases in RC-infilled plan irregular
frame as compared to RC-infilled regular frame for 1S-1893 response spectrum and Chi-Chi earthquake
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respectively. In the case of both irregular frames, there is an average variation of ductility by 15.67 % and
38.41 % for 1S-1893 response spectrum and Chi-Chi earthquake respectively.

3.9. Ductility Reduction Factor

Ductility Reduction Factor
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Figure 15.Comparison of Ductility Reduction Factor.

The ductility reduction factor is evaluated based on the “Newmark & Hall” theory. As per the
Fig. 15, averagely 6.58 % and 20.98 % ductility reduction factor increases in RC-infilled plan irregular
frame as compared to the RC-infilled regular frame for 1S-1893 response spectrum and Chi-Chi
earthquake respectively. In the case of both irregular frames, there is an average variation of ductility
reduction factor by 9.53 % and 24.84 % for 1S-1893 response spectrum and Chi-Chi earthquake
respectively.

3.10. Overstrength Factor
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Figure 16.Comparison of Overstrength Factor.

As per the Fig. 16, the overstrength factor is higher in the RC-infilled regular frame as compared to
other frames due to less irregularity. Averagely 24.76 % and 25.38 %overstrength factor increases in
RC-infilled regular frame as compared to RC-infilled vertical + plan irregular frame for I1S-1893 response
spectrum and Chi-Chi earthquake respectively. In the case of irregular frames, there is an average
variation of overstrength factor by 3.73 % and 2.31 % for 1S-1893 response spectrum and Chi-Chi
earthquake respectively.

3.11. Response Reduction Factor
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Figure 17.Comparison of Response Reduction Factor.
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Using Equation (2) the R factor has been evaluated. As per Fig. 17, the response reduction factor
is higher in the RC-infilled regular frame as compared to other frames similar to the overstrength factor.
Averagely 25.37 % and 25.38 % R- factor increases in RC-infilled regular frame as compared to RC-
infilled vertical + plan irregular frame for 1S-1893 response spectrum and Chi-Chi earthquake respectively.
In the case of irregular frames, there is an average variation of R-factor by 5.32 % and 19.79 % for IS-
1893 response spectrum and Chi-Chi earthquake respectively. Similarly, Alguhane T.M. et al. [1]
presented the study about an existing RC building (irregular in plan and elevation) in Madinah city that is
seismically evaluated with and without an infill wall. In which the response reduction factor of the bare
frame is lesser than the specified code value (R-value- 2.5, Q factor-3 according to Saudi Building Code
SBC 301) by 18.4 %. However, including an infill wall in the frame system, increase the value of the
response modification factor (4.55) by 82 % and Over-strength factor (4.55) by 51.66 % as compared to
specific code value i.e., satisfying the code requirements.

4. Conclusions

After the interpretation of analytical results and comparison of values, the conclusions drawn from
this study are as summarized below:

1. The base shear values are larger in regular RC-infilled frames as compared to other irregular
frames.

2. Average ductility and ductility reduction factor are higher in RC-infilled plan irregular frame as
compared to other frames because there is no infill and structural members in some part of the frames, so
it allows higher drift.

3. The over-strength factor is significantly influenced by the redundancy of the frame. Also, as a
result of it, the response reduction factor of the RC-infilled regular frame is higher than the other irregular
frames.

4. The computed values of ‘R’ for regular and irregular RC-infilled frames evaluated by adaptive
pushover analysis are more than the value suggested by the BIS code. To note, after the incorporation of
different irregularities in the frames the computed values of ‘R’ also are more than the values given by
BIS code, because, infill plays an important role to maintain the overall structural integrity of the frames.

5. As per the present study, in the case of both irregular frames, the R-factor is more influenced by
the ductility reduction factor as compared to the overstrength factor due to maximum variation in the
ductility & ductility reduction factor.

6. Generally, the R-factor indirectly depends on the redundancy of structure. In the case of
irregular frames, R-factor is less in RC-infilled vertical + plan irregular frame as compared to RC-infilled
plan irregular frame due to less redundancy.

7. According to the present study, the evaluated response reduction factor (R) of different RC-
infilled frames is more as compared to the value given by BIS code.

8. As per the present study, R-factor is sensitive to material, geometrical & structural configuration
of the structure.
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Abstract. Experimental evaluation of the structural behavior of concrete-filled tubular (CFT) circular steel
columns under the combined effects of axial and cyclic lateral loads is costly and challenging. Therefore,
this study provides a nonlinear finite element analysis (NLFEA) of fourteen models for thermal shock
damaged CFT circular steel columns wrapped with various layers of carbon fiber reinforced polymer
(CFRP) composites at its end region, which represents the critical location in terms of the lateral load
capacity. Firstly, the column axial load was applied as the first loading step, and then the horizontal load
was applied at the top of the column as displacement-controlled loading to guarantee the descending part
of the load-displacement behavior. The intent is to confine the column end to avoid outward local buckling
of the CFT column and thus developing high strength, larger net drift and more energy dissipation. The
NLFEA models were properly calibrated and validated with reputable experimental results, followed by
conducting a parametric study to assess the influence of the number of CFRP layers and the impact of
thermal shock on the CFT circular steel column performance. For the modeled CFT circular steel column,
the use of five to ten layers of CFRP composites resulted in a significant performance enhancement.
However, the performance enhancements using 9 and 10 CFRP layers were comparable with 8 CFRP
layers. In addition, it was found that the column axial load level significantly affects the CFT circular steel
column behavior under lateral loading; better behavior as the axial load level increased. Strengthening of
any CFT circular steel column must be optimized through proper NLFEA modeling and the findings of this
study represent useful guidelines and methodology for the similar strengthening of CFT steel columns
damaged by thermal shock.

1. Introduction

In the outward direction, the local buckling has been a source of disturbance for practitioners in the
field of concrete-filled tubular (CFT) steel columns. In addition, such columns are always exposed, aside
from the axial load, to seismic forces and/or sideways winds, resulting in generating moments close to the
columns’ ends, in particular. That makes that region- the columns end- a risky one. Therefore, it is essential
to design highly-ductile, resistant-to-moment columns, able to in a way that is capable of undergoing lateral,
plastic deformation. Several researchers have investigated the performance of the steel CFT columns
[1-2].

Overloading structures and exceeding their ultimate loads, such as heavy trafficking on a bridge or
increasing the number of stories in a building, necessitates the structural elements to be reinforced and
repaired. To resolve the issue of overloading, the structural elements can be either reconstructed or
retrofitted, aiming to enhance the element's load capacity. However, the reconstruction process is not so
preferable because it is time-consuming and costly; this process may harm the nearby elements when
knocking down a structure due to the generated vibratory force. In contrast, the retrofitting process saves
time and more cost-effective, particularly for real old buildings. In some countries, such as India, the design
of most of the buildings does not abide by the standard seismic codes; therefore, such structures cannot
withstand strong earth shakes. So, these structures need to be retrofitted to increase their seismic capacity.
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There are many retrofitting columns; the steel and concrete jacketing and the fiber-reinforced polymer
(FRP). The FRP has been widely adopted worldwide because high in tensile capacity, not costly, non-
corrosive, and easy to shape and erect. There are many types of FRP materials available, namely: carbon
fiber-reinforced polymers (CFRP), glass fiber, reinforced polymer (GFRP), and aramid fiber-reinforced
polymer (AFRP). However, the FRP materials have a setback; as its mode of failure is de-bonding, the
FRP-concrete bond is sudden and brittle. A number of studies related to this field were conducted to
investigate the reinforced concrete (RC) columns' performance when they were subjected to loads,
concentrically and eccentrically [3]. It has been found that it is urgent to strengthen the damaged and
deteriorated RC columns due to the additional loads from earthquakes and other environmental situations.
The techniques of steel plate jackets and the RC jackets have been broadly used in strengthening the RC
columns. However, it has been observed that these techniques have several problems: they are time
consumers because of the slowness of the curing; they are material consumers because they require the
columns to be bigger, in addition to the material characteristics. To avoid such obstacles, a new method
was introduced at the beginning of the eighties of the last decade, which was to externally confine the
concrete columns with wraps of CFRP composite material. This technique has improved the strengthened
columns' ductility and load capacity because the CFRP materials are: cost-effective, time-saving, easy to
shape and erect, non-corrosive, and have an ultra-strength-to-weight ratio. To find a way to strengthen the
CFT columns further and avoid the outward local buckling, Alrousan et al. [4] suggested to confine the ends
of the columns with FRP. Furthermore, confining the ends of columns has enhanced the performance
quality of the internal concrete, particularly in the ends at which high stresses develop [4—6]. The method
of confining the CFT steel columns with FRP has been the focus of a number of experimental and
investigatory researches [7-13]. Among those, they were investigating the behavior of circular CFT
columns, confined with glass FRP, when exposed to 1) axial compression with the monotonic application
[6], and 2) cyclic axial compression [14, 15]. On the other hand, very few researches have been showing
to investigate the seismic behavior of FRP confined CFT steel columns [7, 8, 11]. These studies showed a
remarkable enhancement in the circular-shaped and square-shaped CFT steel columns' behavior quality
when confined with FRP.

It is common knowledge that the RC elements are subjected to severe harms or damages when
encountering very high temperatures. RC beams, for instance, when RC beams are exposed to excessive
degrees of temperatures beyond 250 °C, the concrete's and the steel's mechanical characteristics will be
altered, causing stresses to be redistributed; In consequence, their stiffness and toughness are lessened,
and they will suffer big deformations, permanently [16, 17]. At present, the CFRP sheets are being widely
utilized to rehabilitate the heat-damaged RC beams. That is because these sheets are non-corrosive, time-
saving, cost-effective, easy to shape, very applicable, and simple to install on the structural elements.
Several studies stated that the heat-damaged beams could- to an extent- re-gain their flexural capacity and
improve their behavior when they were bonded, from the external side, with sheets of CFRP. Nevertheless,
this is governed by a number of factors, namely: the element's resistivity to fire [18], the structure's ability
to withstand very high temperatures [19, 20], the type of fiber used [21-24], the type of analysis [25-29],
the energy integrity resistance [30], the utilized method of anchoring [31], the conditions of heating [32, 33],
the severity of the damage, the beam's geometry, and the utilized type of fiber sheet [34], in addition to the
adopted safety factors when reinforcing the bridges by CFRP [35].

RC structures (e.g., near-to-furnace, chimneys, rocket launcher sites, power plants) are frequently
exposed to consistent heating-cooling cycles. Such cycles endanger the structural stability and demand
certain requirements upon designing [36, 37]. It is of common knowledge that concrete can withstand heat
till 250-300 °C before it begins to weaken. Beyond 500 °C, the mechanical features of concrete decrease,
to a great extent. In addition, another cause of concrete weakening is rabid cooling, e.g., putting out a fire
attack with cool water, as this method produces a big difference in the temperature between the concrete
surface and its core, causing cracking of concrete due to the development of high superficial tensile
stresses. This is another form of damage of structures caused by the weakening of the aggregates' quality
and the adjoining paste due to the frequent, incompatible expansions and contractions. It must be
mentioned that several factors determine the severity of the damage, such as the structure's size, the sort
of the utilized cement and aggregates, the amount of moisture contained in concrete, the time and the
frequency the structure is exposed to heat, the cooling mechanism, and the attained maximum degree of
temperature [38]. To modify and strengthen the already standing concrete structures, various methods
have been utilized, for example RC jacketing, bolting steel plates, prestressed external tendons, and the
newly-developed FRP materials. The FRP composites technique has been adopted in various parts of the
world for its many features, namely: highly strong, ductile, resistant to corrosion, easy to shape and erect,
viable in many applications, high strength-to-weight ratio; keeping in mind that the majority of concrete
structures are subjected to damage because of steel corrosion, frequent cycles of freezing and thawing,
and dynamic loads [39, 40].
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For the past two decades, using CFRP materials to repair and strengthen the RC structures has
been a focus worldwide. Many researchers studied RC structures' behavior, CFT columns in particular
when externally reinforced by laminates of CFRP. It is worth noting that it is very complicated to examine
CFT columns' behavior when exposed to both axial and cyclic lateral loadings. This experiment requires a
high-capacity testing machine and a specially-designed setup, which are not easy to attain. The nonlinear
finite analysis (NLFEA) method has been utilized to validate the obtained test results, as this method can
produce close-to-real results. With adequate validation, the NLFEA method can be employed to examine
the reinforced-by-external-CFRP elements impacted by many parameters, such as the thickness of the
CFRP layers. What has made it urgent to conduct the study in hand is the severe shortage of information
about CFT columns' behavior damaged by thermal shock, which hinders further expansions in this field. In
this study, the NLFEA program was used to investigate the influence of externally confining the heat-
damaged CST columns, with CFRP materials, on the columns ductility and strength, aiming to obtain out-
of-the-box results.

Testing CFT columns under combined axial and cyclic lateral loading is a challenge since it requires
a special setup and testing machine with unique capacities. The availability of sound experimental test
results is considered priceless and can be used to create and validate robust NLFEA simulating the actual
ones. Therefore, this study presents an advanced NLFEA model for predicting seismic behavior and mode
of failure of CFRP-confined CFT circular steel columns. To simulate the real behavior of CFT circular steel
columns, experimentally obtained relationships for the mechanical characteristic of concrete were
incorporated in the simulating process [41], along with suitable models for the various components of the
CFT circular steel columns, including concrete, steel tube, and testing conditions. The first step, in this
paper, includes the validation of the CFT circular steel model against the published experimental results by
Yu et al. [41] and then was expanded to consider the effect of the number of CFRP layers (zero (control),
five, six, seven, eight, nine and ten layers) subjected to room temperature (un-damaged) and thermal shock
(damaged). The theoretically generated data included stress contours, horizontal load-displacement
hysteretic loops, lateral load, net drift capacities, horizontal displacement-steel strain responses, horizontal
displacement-CFRP strain responses, stiffness degradation, performance enhancement factor, and energy
dissipation. In all simulations, realistic constitutive laws for materials, reasonable interface models, and the
reliable verified factors were adopted.

2. Methods
2.1. Experimental Work Review

Fig. 1 shows the specimen's geometric details and a schematic diagram of the experimental test set-
up [41]. The CFT column is 318 mm in diameter and 1625 mm in the height of 1625 mm connected rigidly
to a stiff, reinforced concrete footing that is 1500 mm long, 1400 mm wide, and 550 mm thick. The steel
tube used in all specimens is 3 mm thick with a diameter to thickness ratio of 106. The confinement at the
column end (500 mm) was provided using a CFRP jacket to allow full plastic hinge formation and developing
a high toughness and ductility.
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Figure 1. Test set-up details (dimensions are in mm) [41]: (a) Schematic diagram of test set-up,
(b) Cross-section and lateral displacement history, and (c) Column wrapped with a CFRP jacket.
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2.2. Description of NLFEA Program

Nonlinear finite element analysis (NLFEA) has been used in this study for its reliability and efficiency
in analyzing complicated structures before being executed, saving by that costs, effort, and time. This
method also detects design error, assesses the structural stresses and strains at various loads in addition
to the resultant deflections, and permits the possibility of making any necessary modifications. Also, the
NLFEA facilitates the ability to examine the effectiveness of a given parameter on the structure. To fulfill
the purposes of this study, fourteen full-scale, strengthened-with-CFRP models were constructed and
examined. The support was roller at the top of the column to allow for relative drift while kept fixed at the
other end. Firstly, the column axial load was applied as the first loading step, and then the horizontal load
was applied at top of the column as displacement-controlled loading to guarantee the descending part of
the load-displacement behavior. In order to avoid sudden failure or on other word solution divergence as
well as obtain stable analysis process, this loading was applied incrementally by providing more load sub-
steps within a loading step. The steps can be divided automatically by ANSYS but the number of sub-steps
must be previously inserted.

2.2.1. Description of Non-linear Finite Element Analysis (NLFEA)

The concrete material is not homogenous, brittle, and does not exhibit the same behavior in
compression and tension. The SOLID 65 element has the capability to predict the concrete’s response by
employing a smeared crack approach in terms of ultimate uniaxial compression and tensile. In the cylinders,
the compressive strength before the thermal shock was 36.6 MPa, while it was 9.8 MPa after the cylinder
was thermally shocked and damaged [42]. The cylinder's tensile strength before being thermally shocked
was 3.75 MPa, while it was 1.25 MPa for the damaged-by-thermal-shock ones. For this study, the Poisson's
ratio was set to 0.2, and so was the shear transfer coefficient. Fig. 2(a) shows the stress-strain relationship
for unconfined concrete, which describes the post-peak stress-strain behavior.

Also, the SOLID45 element has been used for its capability to interpret all directions and its efficiency
in the simulation of the circular tubes of steel and the steel plates. In addition, the elastic, linear stress-
strain behavior was utilized with the following settings: The Young’s modulus of 203 GPa, ultimate stress
of 353 MPa, the yield stress of 271 MPa, and a Poisson’s ratio of 0.30. In the specimens that had been
simulated, the steel was presumed to have the same fully elastic-plastic behavior in both tension and
compression. The steel, used for reinforcement, had: A Poisson's ratio of 0.3, the yield stress of undamaged
beams of 410 MPa, damaged beams’ yield stress of 0.78 of the yielding stress, an elastic modulus of
undamaged beams of 200 GPa, and 0.6 of the elastic modulus for the damaged ones [43]. Fig. 2(b)
demonstrates the relationship between the stress and the strain in its ideal form. The steel plates' material
was presumed linear and elastic, having a Poisson ratio of 0.3 and an elastic modulus of 200 GPa. On the
other side, the CFRP material was presumably orthotropic material, having: a thickness of 0.17 mm, tensile
strength of 3800 MPa, the elastic modulus of 230 GPa, and an ultimate tensile strain of 0.0169, as
illustrated in Fig. 2(c).
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Figure 2. Stress-strain curves for: (a) unconfined concrete [42],
(b) steel reinforcement [43], and CFRP composite.

Trnax = K To f- 0.33\/TC, [11]

7 =7,=1 for NWAC
7,=0.90 for LWAC
v, =125 for LWAC
a, =a, =1 for Control
a,=0.75 for Damage
a,=1.20 for Damage
k,=0 for Control
k;, = 0.625k, for Damage
k,, =0 for Control
k,, =5.5k, for Damage

Stage(l): 7 = ro\/sE
) R ERLA

7, = a7 K BB T

Bond Stress (t)

In(2k,,)
0.3k, -1

i
Sy =2 Koy B BT Smax=KaoSo

<—  Contol Specimen ——f
< Damaged Specimen .l
Slip (S)
Figure 3. CFRP to concrete bond-slip model [42].

The CONTA174 element had been employed to design the zone of contact between the CFRP
laminates and concrete. In this study, the utilized model of the stress-slip bonding, located between the
heat-damaged concrete and the CFRP plates, had been suggested by Haddad and Al-Rousan [42], as
depicted in Fig. 3. In order to investigate the performance of the RC control specimen, a simulation of a full-
scale column was carried out, as illustrated in Fig. 4. Also, the density of the mesh was specified by
conducting a convergence study. For more accuracy, the CFRP-concrete bonding was presumed Perfect.
Fig. 4 illustrates a FEM of the meshing of the CFT specimens. The applied load had been split into a group
of increments, or steps, of the load. The Newton-Raphson equilibrium iterations were employed to avail
convergence at each load step's end, between the tolerance limits, with a value of 0.001 for a load
increment of 0.35 kN.
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() (b)

Figure 4. Typical finite element meshing of the Column:
(a) Without CFRP jacket and (b) With CFRP jacket.

Table 1. NLFEA configuration of confined CFT columns with CFRP composites.

N?Jﬁlggr NumblgrygISCFRP gﬁmg; r; Urllj-:;r;gggd/ CFRP strengthening configuration

0 CFTO-UD None
5 CFT5-UD five layers of CFRP
6 CFT6-UD six layers of CFRP

1 7 CFT7-UD Un-damaged seven layers of CFRP
8 CFT8-UD eight layers of CFRP
9 CFT9-UD nine layers of CFRP
10 CFT10-UD ten layers of CFRP
0 CFTO-D None
5 CFT5-D five layers of CFRP
6 CFT6-D six layers of CFRP

2 7 CFT7-D Damaged seven layers of CFRP
8 CFT8-D eight layers of CFRP
9 CFT9-D nine layers of CFRP
10 CFT10-D ten layers of CFRP

Note: C: Column, UD: un-damaged, D: Damaged
2.2.2. Investigated Parameters

In Table 1, different configurations of strengthening techniques are illustrated. All the columns were
labeled as follows: CFTXX-UD/ D, where: CFT for the type of column, the XX stand for the number of CFRP
layers installed, and UD/D (un-damaged/damaged). Two control CST columns were included: an un-
damaged one designated as (CFT0-UD) and a damaged one labeled as (CFTO-D). The remaining
specimens, 12 CFT columns, were reinforced-in-shear with sheets of CFRP, as follows: CFT5-UD and
CFT5-D had five layers of CFRP (with a thickness of 0.85 mm); the CFT6-UD and CFT6-D had six layers
of CFRP (thickness of 1.02 mm); the CFT7-UD and CFT7-D had seven layers of CFRP (thickness of
1.19 mm); the CFT8-UD and CFT8-D had eight layers of CFRP (thickness of 1.36 mm); CFT9-UD and
CFT9-D had nine layers of CFRP (thickness of 1.53 mm), and the CFT10-UD and CFT10-D had ten layers
of CFRP (thickness of 1.7 mm). The finite element modeling groups are detailed in Table 1.

2.2.3. Validation Process

By inspecting Fig. 5, a remarkable agreement has been noticed between the results of the load-drift
hysteresis obtained from the NLFEA and Yu et al. [41]. A confined-by-six-CFRP-layers CFT column (labeled
as LCFT-6C-106-F, according to Yu et al. [42]) was examined. Again, there was a significant agreement in
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the results regarding the modes of failure and the deformed shapes (Fig. 6). The NLFEA is recommended,
by many designers, to conduct additional testing and analysis to enhance the awareness of the behavior
of the circular, damaged-by-thermal-shock, confined-by-CFRP CFT steel columns when undergoing
simultaneous axial and lateral cyclic loading. Consequently, fourteen NLFEA models were constructed
using calibrated models, aiming to assess the impact of the number of the erected CFRP layers (5 to 10
layers) and the existence of the thermal shock (with/ without).

‘ NLFEA-LCFT-6C-106-F ‘ 125

100
e
=,
= Z
k: < i
e 2
[ S -129-190 -J5 [-50/ -2 5 /10Q 125
] -
- 5
-125
Lateral displacement (mm) Lateral displacement, mm
(a) (b)

Figure 5. Validation of the FEA results: (a) Yu et al. [41] test result and (b) LCFT-6C-106-F.

ANSYS

R16.0

Local buckle

(b) Tubular Colum___uncc;nflned
Figure 6. Deformed shapes of the FEA: (a) Yu et al. [41] test Result and (b) LCFT-6C-106-F.
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3. Results and Discussion

In brief, Table 2 demonstrates the experimental results obtained from testing fourteen NLFEA models
and how the study parameters have impacted them. The designation of the specimens has been explained
in section 2.3. The obtained results included: the net drift, the maximum horizontal load, the strain of steel,
the strain of the CFRP laminates, the degradation of stiffness, the enhancement factor of performance, and
the amount of energy dissipated.

Table 2. NLFEA results of all models.

: Maximum Maximum Maximum .
N?Jﬁlézr Dseg?grlgt?(r)]n horizontal net drift, horizontal load, st.eel Maxs'?r];i?’ E;:RP
mm kN strain, pe
CFTO-UD 102.8 102.5 1623
CFT5-UD 115.8 113.9 1648 Rupture
CFT6-UD 121.9 119.3 1674 8245
1 CFT7-UD 131.7 127.8 1700 8093
CFT8-UD 138.7 134.5 1719 7380
CFT9-UD 144.0 138.4 1734 6786
CFT10-UD 147.7 140.8 1745 6269
CFTO-D 56.6 87.1 1392
CFT5-D 63.7 96.0 1432 Rupture
CFT6-D 67.1 104.4 1460 7191
2 CFT7-D 72.4 112.5 1496 6814
CFT8-D 76.3 118.9 1526 6089
CFT9-D 79.2 122.4 1551 5482
CFT10-D 81.2 125.7 1560 4953

Note: yielding strain for steel is 1335 pg, and CFRP ultimate strain is 8500 pe.
3.1. Horizontal load-displacement hysteretic loops

Each model's stresses (of the concrete, CFRP, and steel) had been attained. Fig. 7 contours of the
specimens' stresses are demonstrated for CSTO-UN (control beam) and CST08-UN (un-damaged, 8 CFRP
layers), showing the spots at which the stresses were condensed, particularly at the specimen's bottom
end. Fig. 8 illustrates the horizontal load-displacement hysteretic loops for the un-damaged columns, while
the loops of the damaged ones are depicted in Fig. 9. Both figures showed, explicitly, the influence of the
layers of CFRP in improving the behavior of the CFT column and enhancing its: capacities of lateral load
and net drift, in addition to the increase in the energy dissipation.

ANSYS ANSYS

R16.0 K160

CFRP: 5 Layers | CFRP: 8 Layers

(@)
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Figure 7. Sample stress contours: (a) CFRP, (b) Concrete, and (c) Steel tube
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Figure 8. Horizontal load-net drift hysteresis loops for the un-damaged CFT column strengthened
with (a) without CFRP, (b) 5 Layers of CFRP, (c) 6 Layers of CFRP, (d) 7 Layers of CFRP
(e) 8 Layers of CFRP, (f) 9 Layers of CFRP, and (g) 10 Layers of CFRP.
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Figure 9. Horizontal load-net drift hysteresis loops for the damaged CFT column strengthened
with (a) without CFRP, (b) 5 Layers of CFRP, (c) 6 Layers of CFRP, (d) 7 Layers of CFRP,
(e) 8 Layers of CFRP, (f) 9 Layers of CFRP, and (g) 10 Layers of CFRP.

3.2. Lateral Load and Net Drift Capacities

Referring to Table 2 and Fig. 10 and 11, the following points have been noticed: 1) a considerable,
disproportionate increase in the lateral net-drift of the un-damaged columns, while it was not as much in
the lateral load capacity; 2) the number of installed CFRP layers has a considerable, positive impact on the
capacities of lateral load and lateral net-drift; as installing more layers of CFRP increased both capacities,
though not with the same rates; 3) the CFRP layers had no significant effect when installing less than 5
layers of them; 4) installing 8, 9, or 10 layers of CFRP had the same influence on the column behavior; 5)
the maximum strain of the steel tube was slightly affected by each of the numbers of CFRP layers and the
thermal shock; and, lastly, 6) the maximum strain of the CFRP reduced when the number of its layers was
increased. Hence, it can be concluded that installing 5 to 8 layers of CFRP strengthened the CFT circular
steel column, resulting in improving the lateral load capacity and the net drift.
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Figure 10. Effect of number of CFRP layers on the maximum horizontal net drift.
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Figure 11. Effect of number of CFRP layers on the maximum horizontal load capacity.
3.3. Horizontal displacement-steel strain responses

The behavior of the CFT columns had been examined by utilizing the data of the steel tube strain.
The graph of the steel tube strain vs. the emerging deflections is plotted in Fig. 12. It is worth mentioning
that un-damaged CFT columns have a higher steel tube strain capacity than the damaged ones, as depicted
in Table 2 and Fig. 12. To examine the influence of the study parameters on the steel strain, the steel
reinforcement was modified as per the yielding value of strain, as illustrated in Fig. 13. Considering Fig. 13,
it is apparent that the increase in the number of CFRP strips results in enhancing the strain of thermally-
damaged steel tubes enhanced by 5 % for O strips, 8 % for 5 layers, 10 % for 6 layers, 12 % for 7 layers,
15 % for 8 layers, 16 % for 9 layers, and 17 % for 10 layers of CFRP. As for the un-damaged columns, the
increase was: 22 % for O layers, 24 % for 5 layers, 26 % for 6 layers, 28 % for 7 layers, 29 % for 8 layers,
30 % for 9 layers, and 31 % for 10 CFRP layers. Also, the increase in the number of the CFRP layers from
5 to 8 layers enhanced the strain of the steel tubes proportionally. However, increasing the layers from 8 to
10 had no significant effect. So, it can be concluded that 8 layers of CFRP are the best configuration.
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Figure 12. Steel strain CFT column: (a) Damaged and (b) Un-damaged.
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Figure 13. Effect of investigated parameters on maximum steel strain.

3.4. Horizontal displacement-CFRP strain responses

Figure 14 illustrates the graphical representation of the horizontal displacement in the reinforced-
with-CFRP CST columns against the CFRP material's strain responses. The graph has two parts: 1) covers
the horizontal displacements range from 0 to 10 mm, 2) is from 10 mm to failure. Fig. 14 indicates that a
slight increase in the horizontal displacement results in a rapid boost in the CFRP strain. Nevertheless, a
big boost in the horizontal displacement has resulted in a very slight increase in the CFRP strain. Fig. 15
also indicates that increasing the number of CFRP layers in damaged columns has resulted in a reduction
in the CFRP strain, by 0 % (rupture) for 0 layers, 15 % for 5 layers, 20 % for 6 layers, 28 % for 7 layers,
64 % for 8 layers, and 42 % for 10 layers. All the percentages are of the ultimate strain value of the CFRP
composite, provided by the supplier (efu), for damaged columns. As for the un-damaged columns, the
minimum reduction percentages in the CFRP strain were: 3 % for 5 layers, 5 % for 6 layers, 13 % for 7
layers, 20 % for 8 layers, and 26 % for 10 layers. Further, increasing the CFRP layers from 5 to 8 enhanced
the strain of the steel tube in a proportional manner; whereas, the use of 9 or 10 layers had the same
influence of 8 layers. That explicitly means that 8 layers is the best number of CFRP layers. On the other
side, the thermal shock reduced the strain of CFRP material by 28 %. Finally, less than 5 layers of CFRP
did not affect the strain behavior of CFRP.
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Figure 14. CFRP strain CFT column: (a) Damaged and (b) Un-damaged.
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Figure 15. Effect of tested parameters on maximum CFRP strain.
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Figure 16. Stiffness degradation: (a) Damaged and (b) Un-damaged.
3.5. Stiffness degradation

In every cycle, the stiffness values were computed to determine the degradation; then, the obtained
values were plotted graphically against the number of cycles of the CFT column (Fig. 16). Considering
Fig. 16, the graph shows a very sharp slope for the damaged columns, where it became less and less sharp
for the un-damaged ones because the intact concrete fully confined the footing-column zone. Also, neither
the stiffness nor the number of cycles was significantly affected by the CFRP reinforcement technique. On
the other side, the thermal shock reduced the initial stiffness, the number of cycles, while it enhanced the
sharpness of stiffness degradation because of the rise of the column's compressive stress. Further, the
thermal shock reduced the stiffness degradation by approximately 60 %, with respect to un-damaged
columns.

3.6. Performance Enhancement Factor and Energy Dissipation

Table 3 demonstrates the increase in the lateral load capacity and net drift, referred to as load and
displacement factors. They were modified in accordance to the control column CFTO-D. Every specimen's
performance factor was computed by using the expression (load factor x displacement factor), to obtain a
more accurate evaluation of the improvement. Compared to CFTO-D, the damaged models had a
performance factor of nearly 1.25 when using 5 CFRP layers. By raising the number of the CFRP layers
from 5 to 10, the performance factor increased, in a proportional manner, by almost 0.20. On the other
hand, the obtained results showed no significant effect on less than 5 layers. Energy dissipation is a critical
factor in seismic design. It is defined as the quantity of the energy dispersed by a structural element. It is
strongly related to ductility, as they are directly proportional to each other.

As illustrated in Table 2, increasing the number of CFRP layers in un-damaged models resulted in a
significant rise in the dissipated energy, where the increase was not as much in the damaged ones. It is
noted that the modified energy dissipation gets along, to a limit, with the majority of the experimented cases,
in terms of the performance enhancement factor. This is perfectly logical because when the performance
factors have been computed, both the strength of the samples and their displacement are given the same
weight. It must be stated, at this point, that it is possible to compute for the performance enhancement
factor, in some cases, by assigning different ratios of weight to ductility and strength. To elaborate, when
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focusing on ductility, it can be given a ratio of 0.75 % of weight, while the strength is given a ratio of 0.25 %
of the weight and the other way around.

Table 3. Performance improvement factor and energy dissipation.

Group Specimen Strength Displacement Performance . Er.1erg.y Normalized
Number ~ Designation Factor (SF) Factor (DF) Factor dissipation, Energy

(SF*DF) kN.mm DISSlpatlon

CFTO-UD 1.82 1.18 2.14 12020 2.14

CFT5-UD 2.05 1.31 2.68 13120 2.33

CFT6-UD 2.15 1.37 2.95 16604 2.95

1 CFT7-UD 2.33 1.47 3.41 19656 351

CFT8-UD 2.45 1.54 3.78 21918 3.89

CFT9-UD 2.54 1.59 4.04 24721 4.41

CFT10-UD 2.61 1.62 4.22 26364 4.69

CFTO-D 1.00 1.00 1.00 5619 1.00

CFT5-D 1.13 1.10 1.24 6086 1.08

CFT6-D 1.19 1.20 1.42 7995 1.42

2 CFT7-D 1.28 1.29 1.65 9511 1.69

CFT8-D 1.35 1.37 1.84 10654 1.90

CFT9-D 1.40 141 1.97 12019 2.14

CFT10-D 1.43 1.44 2.07 12941 2.30

The models that had been reinforced with the same number of CFRP layers were subjected to a
comparative study to be able to measure the impact of the axial load level on the behavior of CFT circular
steel columns. The un-damaged columns had a performance enhancement factor of 2.16 with 5 CFRP
layers, 2.08 with 6 layers, 2.07 with 7 layers, and 2.05 with 8 layers, 2.05 with 9 layers, and 2.04 with 10
layers. Checking these numbers shows that the value of the enhancement factor of performance, for the
un-damaged columns, was around 2.0, and it was almost constant, regardless of the number of the installed
CFRP layers.

3.7. Comparison of NLFEA with other results

Comparing the results obtained from NLFEA with Valipour and Foster [2], both methods showed a
close resemblance of the results when subjecting concrete-filled steel (CFS) specimens to the nonlinear
static and cyclic analysis. Further, the experimenting methods employed the modified fiber element
technique and the total stiffness of secant to consider the material nonlinearity at section level and force
interpolation concept. The impact, of each of the size and the confinement of steel tubes, on the ductility
and the strength of concrete has been considered, too. Furthermore, the modeling methods had
investigated the impact of local buckling, in steel tubes, on the structural strength and had the same
findings.

4. Conclusions

This study presents an advanced NLFEA model for predicting seismic behavior and mode of failure
of CFRP-confined CFT circular steel columns. The numerical results obtained by NLFEA model were firstly
verified using experimental results obtained by Yu et al. [41]. Then, a parametric study was carried out
using this NLFEA model to investigate effect of the number of CFRP layers (zero (control), five, six, seven,
eight, nine and ten layers) subjected to room temperature (un-damaged) and thermal shock (damaged).
The following conclusions are drawn based on the findings of this study:

1. Forthe modeled CFT circular steel column, the use of 5 to 10 layers of CFRP composites resulted
in an increase in the lateral load and drift capacities and consequent performance factor and energy
dissipation.

2. The structural lateral performance of CFT circular steel columns can be significantly enhanced
through wrapping with CFRP composites.

3. The use of 9 and 10 CFRP layers did not add measurable enhancement over what was achieved
with 8 CFRP layers, indicating that the optimum number of CFRP layers for the studied CFT circular steel
column is 8.
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4. The influence of the un-damaged column is significant and indicates a better performance than

damaged columns.

5. The performance enhancement is dependent on the CFT steel column properties, thermal shock,

and the number of wraps of CFRP composites, but in a non-proportional fashion. This dictates that the
strengthening of any CFT circular steel column must be optimized through proper FEA modeling.

6. The findings of this study represent useful guidelines and methodology for a similar strengthening

of CFT steel columns.
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Abstract. A complete response investigation on behavior of conventional sliding bearings applicable to
seismic-isolated structures has not yet been fully realized, while use of such bearings is a common
practice. A Full Structural Response Investigation (FSRI) comprising energy dissipation, bearing’s
effective and post-yield stiffness, displacements, story drifts, shear forces, accelerations and time
instants for peak responses has been carried out on a ten-story RC building model with varied
superstructure stiffness, and isolated by flat and curved surface sliders under different types of
earthquakes. Disregarding some of the responses mentioned above FSRI can result in poor control of
seismic isolation, since all the responses are observed to be affected by the type of earthquake and
bearing’s slider surface. Furthermore, the findings demonstrate that seismic isolation may not provide
all desired responses, and in some situations, some responses may need to be of first priority owing to
their beneficial effects.

1. Introduction

Seismic isolation is about decoupling a structure from the ground so that seismic loads cannot
be transmitted to the superstructure when an earthquake occurs. Since twentieth century, seismic
isolation has been adopted as a strategy and accepted design technique for protecting structures
against earthquake hazards. Isolators decouple a superstructure from its substructure that is in turn
resting on the ground and reduce the superstructure’s natural frequency by dissipating energy from
seismic load. Existing seismic isolators include mainly elastomeric and sliding bearings. The latter has
greater durability feature and is more preferred for large deformations, and more attractive due to its
mechanism to restore force by gravity action and ability to be designed independent of the
superstructure’s effective mass, hence easy to model [1-3]. Sliding bearing systems are displacement
dependent for passive energy dissipation, and are based on simple principle of friction. The main
advantage of these isolation systems is the possibility to control a wide range of frequencies and the
maximum acceleration transmitted to the superstructure using the coefficient of friction [2—4].

The sliding bearing systems are subdivided into pure friction (PF) systems, flat surface sliding
bearings and Friction Pendulum Systems (FPS). PFs are the first innovations in isolation by friction:
they depend on friction coefficient with sliding occurring when excitation force exceeds the frictional
force [5, 6]. PFs have been reported to be effective for buildings with no overturning moments [6]. Flat
surface sliding bearings are free sliding with no restoring force, simple and economical [7-10].
Furthermore, these bearings have low coefficient of friction that ranges from 0.1 to 0.15 and less than
0.02 for unlubricated and lubricated bearings, respectively [11]. Flat sliding bearings differ from the
curved surface bearings in that their restoring force is provided by adding springs in the system, while
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the spherical surface provides restoring force for the curved FPS [12]. FPS were invented in order to
solve the problems exhibited in pure friction systems regarding permanent displacement by provision
of a restoring force mechanism [13, 14]. FPS operate based on the principle of the pendulum motion
and like PF systems, they also depend on the friction coefficient [15].

Over the last years, innovations in various FPS have been developed to enable multiple
performance of the bearing system in seismic isolation using curved surface bearings and identified by
the number of effective pendula and sliding regimes. The first being the single FPS invented back in
1980s [16, 17]. Later on, authors in [18] modified equation of single FPS to describe a smooth transition
of breakaway to minimum sliding coefficient of friction. This bearing is characterized by a single sliding
surface, but it is challenged by resonance, thus rendering it ineffective for some structures as the
isolated structure can collapse [14, 19, 20]. To solve this problem, double FPS was invented with two
effective pendula and three sliding regimes to improve relative displacement capacity and isolator
flexibility [12, 21]. Researchers in [22] modified the double FPS by developing triple FPS with three
effective pendula and five sliding regimes. A significant number of researchers have additionally
reported various advantages of triple FPS over double FPS such as greater strength and stiffness in
response to change in displacement and velocities, increased energy dissipation capacity and adaptive
behavior [22—-28].The latest innovation is the quintuple friction pendulum isolator, an innovation of Lee
et al. [29], with five effective pendula and nine sliding regimes. The added number of pendula as well
as the sliding regimes have added advantage of adaptability, but made its behavior too complex to
model [29]. These systems have been reported to show great performance, though not fully developed
as they still lack experimental studies [3]. The study of Mokha et al. [7] on flat sliding bearings showed
a good agreement between numerical and experimental results when experimentally derived

parameters of Umax = 0.12, Uyip = 0.0389, and o = 15.75 s/m under bearing pressure of 3.45 MPa

were adopted. Also a study by Xu et al. [18] on static friction of curved sliders under low to moderate
earthquakes showed that for isolators with low friction coefficients, an increase of breakaway-to-
minimum ratio from 1 to 4 induced moderate changes in bearing shear forces, superstructure drift and
floor accelerations, while for moderate and high isolators’ friction the breakaway-to-minimum ratio of 2
introduced no significant changes.

Poornima and Babu [30] reported that for a 15 story RC building, FPS were the best in seismic
isolation in comparison with Lead Rubber Bearings (LRB) and high damping rubber bearings. They
concluded that FPS with damping ratio of 0.05 and friction coefficient from 0.03 to 0.06 could increase
isolated building period by 37.97 % and top floor displacement by 29.05 %, while decreasing story
acceleration, story shear and story drifts by 56.31 %, 63.828 % and 44.15 %, respectively. However,
previous study on a 5 story RC building by Pokhrel et al. [31] had reported that both LRB and FPS can
reduce base shear force, inter-story drifts and top floor acceleration by 50 %, and adding that while
LRBs were the best in reducing elastic base shear as well as inter-story drifts, FPS showed greater
control of isolator displacement for adopted bearing characteristics and wider hysteresis loop under far-
fault earthquakes.

To date, there have been appreciable modifications of sliding bearings, and a substantial number
of existing researches seem to have been mainly focusing on modified bearings (double, triple, and
quintuple FPS), with less literature on the conventional (flat and single curved) bearings despite of their
greater economic advantages [7, 9], and hence their potential applicability in developing countries.
Furthermore, the existing literature on conventional sliding bearings seem to have been partially
developed in terms of Full Structural Response Investigation (FSRI) on the behavior of both bearings
and isolated superstructure when exposed to near and far-fault ground motions. Most importantly,
studies that fully examine seismic isolation behavior in terms of FSRI (energy dissipation, top and base
floor displacements, story drifts, superstructure accelerations, base shear force and accelerations,
isolator’'s effective and post-yield stiffness variation, optimal control of bearing’s hysteretic behavior,
and control on the time instants for the occurrence of structural peak responses) under different types
of earthquakes seem to have not yet been conducted. The authors of this study believe that in order to
gain insights on effective performance of seismic isolation under different types of seismic loads, it is
necessary to conduct studies that are pertinent to FSRI. In this regard, the main purpose of this study
was to control the responses of a 10 story RC building model isolated by conventional sliding bearings
and exposed to both near and far-fault earthquake ground motions, by applying FSRI to ensure a full
seismic response control on the above building. In addition to the governing equations for flat and
single-curved surface sliders, the study also attempted to formulate an improved equation for curved
slider having its stiffness as a tenth of the first story structure and compared its results with ones from
the existing curved slider equation.
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2. Methods

In order to achieve the objectives of this study, equations governing the dynamic behavior of
superstructure and substructure were first defined. Furthermore, a numerical study on seismic response
control of a 10 story RC building model isolated by flat and curved surface sliding bearings was
conducted by using the aforementioned equations.

2.1. Governing Equations

The equation governing a dynamic motion of any structure that is fixed at its base and exposed
to a dynamic load can be written as:

M nxnunxl + Cn><nLj nx1 KnxnU nx1l = -M nxn Rn><1 {Ug } . (1)

For a dynamic motion of a structure isolated at its base, the governing differential equations can
be expressed as:

0 e o)
[R0] [RTMR+M, ] - Uy, 0[S maymay )
fl0 u* 0" MR .
+ |:(D :| U —_ . Uglx]_,
0 [Kb] (m+1)(m+1) bJ(m+1) REMR+My, (M+1)xL

WhereU,, = ¢,,,,mU ;Xn and ¢ is the modal matrix of fixed base superstructure normalized with
respect to mass, and is used to find the diagonal matrices:

,@T MO =1, QT KJ = 0)2, ﬂTC,@ = 2Ewm, where o is diagonal matrix of natural frequencies of

* .k %
fixed base structure, & is diagonal matrix of damping ratio of fixed base structure, U ,U ,U are

model displacement, velocity and acceleration vectors relative to the base, m is the number of
eigenvectors retained in the analysis, & is modal damping ratio and i is natural frequency of fixed
base structure for mode i, M is the diagonal superstructure mass matrix, C is superstructure damping
matrix, K is the superstructure stiffness matrix, R is influence matrix, My is diagonal mass matrix of
rigid base, Kp is resultant stiffness matrix of elastic isolation elements, Cp, is resultant damping matrix

of viscous isolation element, Uy, Ub, Ub are vectors of base displacement, velocity and
accelerations relative to the ground respectively, U'g is vector of ground acceleration, f is vector

containing forces mobilized in the nonlinear elements of the isolation system. Equation (2) has been
adopted in 3D-BASIS Software by Tsopelas et al. [32]. However, for simplicity and easy solution by 4t
order Runge-Kutta algorithm, this equation can also be expressed as shown below:

a) The equation governing a dynamic motion of superstructure can be written as:

M nxnU nx1 + C:n><nl'j nx1 KnxnU 1 = -M nxn Rn><l {Ug + Ub} J ®3)

Where n is the number of floors, M., is the diagonal superstructure mass matrix, Cpp, Ky

are the superstructure damping and stiffness matrices respectively, and U4, U, Unxl are vectors

of superstructure displacement, velocity, and acceleration for n floors, respectively.

From equation (3), Unxl can be expressed as:

L.J'n><1 = _(M nxn Rn><1 (Ug +Ub ) + CnxnU nx1 + KnxnU nxl)/M nxn - (4)

Then, Equation (4) yields

Un><1 = _(Ug +Ub ) _(CnxnU nx T KnxnU nxl)/M nxn * ()
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b) The equation governing a unidirectional dynamic motion of base structure can be expressed
as:

RenM iy {{U}nxl Roa {Ub +U, }1><1} " Mbm{ub +Ug }1><1 "

+Cb1x1{ub}1xl+ Kblxl{ub}lx1+{ f }lxl :O,

(6)

Where, RlTxn is the transpose of the influence matrix, 1x1 is the index representing a one by one
matrix or simply a single value (for each time step) when unidirectional motion is considered.

Rearranging Equation (6),
T . T . .
RinMnUnsa + R M Ry {Ub +Uq }M+ Mp 1aUb pa + 78)
a
+Mp1qU g 1a +ChraUbpa + KphaUpsa + fra =0.

Equation (7a) can be rearranged such that Ub 11 s easily obtained:
R MR + M
1xn M nxn R + Mp1a

Up1a =

A
T .. T .. .. .
_(RlngnxnUnxl + RenMnnRnal g 1a + Mp 1Y g 1a + ChpaUbpa + KppaUpra + flxl)
By '

(7b)

Then, the base floor acceleration for each time step can be solved as:
" 1
Uprq=Ay" *Byp. (7c)

The superstructure mass, stiffness and damping matrices can be formulated as:

m, 0 0 0 0 0
Om 0 00 O
0 0 m 0 0 0
[Mn<n] = 0 0 0 0o 0/ ®
0 0 0 0 0
(0 0 0 0 0 m]
Tko+ky  —k, 0 0 0 0]
k&, kyt+k; -k O 0 0
0 ks  kstk, ks O 0
[Knn] = 0 0 k. .0 ©)
0 0 0 e kg
0 0 0 0k, k|

In this study, the superstructure damping matrix [Cnxn] was calculated from [I\/Inxn] and

[Knxn] based on Rayleigh formula [4, 33], which is defined as shown in Equation (10).
[Cnxn] =0Qq [Mnxn]+a1[Knxn]- (10)

To obtain the coefficients oy and 0.y, Equation (11) can be used [34].
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W J

J
where W;, W;j and &;, ﬁj are natural frequencies and damping ratios of the non-isolated structure with

1

i and J" modes respectively. The damping ratios at i and j" can be assumed as shown in [4].

The hysteretic behavior of sliding bearings has been modelled by a substantial number of
researchers using Bouc-Wen model for dynamic analysis of bilinear and non-linear hysteretic systems

[6, 32].This model is adopted in this study for hysteretic force ( f ) of flat and curved bearings.

For flat surface sliding bearings:

fy =uWzZ,. (12)
For single curved surface sliding bearings:
w

f, =—U, + uWZ,. (13)
eff

Apart from Eq. (12) and (13), a new formulation typical to Eq. (13) is formulated as shown in
Eq. (14) where the isolator stiffness is directly related to the first story stiffness through the value KC.

Eq. (12)—(14) are all adopted and compared to examine their effectiveness. Particularly, Eq. (14) is
compared with the existing Eq. (13) to examine its possible applicability for other structures with same
properties as one investigated in this study.

fy = KUy +uWZ,. (14)
Where:

—ol|

]J(L'I)zpmax _(Mmax _Hmin)e , (15)

f, is hysteretic force in X-direction, L is the coefficient of friction, o is a constant and the parameters
X y! u p
Lmin and Upax describe the friction coefficients at essentially zero and high velocities, respectively,

Reff is the radius of curvature, W is the total weight of the structure calculated as:

(Z, Zymi+ Mb)x g, where, g is the gravity acceleration and mi is the mass at the it floor; K,

is the tenth of the first story stiffness, and ZX is a hysteretic component of the unidirectional Wen’s
non-linear model and can be derived from Equation (16).

. . . 2 . .
2, =| AUt -UpZ§ (¥ 5|gn(UbXZX)+B)}/Uy, (16)
where A, Ys B are dimensionless quantities, X stands for the base motion in X-direction, U y is the yield

displacement. The idealized hysteretic behavior of the aforementioned bearings is shown in Fig. 1.

Force K K
Bearing Material uN $ 2
o — ) _
Spherical Sliding I
Surface \ 1
g
- 8
Displacement ™ |
Friction Pendulum Bearing \ J

DISPLACEMENT
a) b)
Figure 1. Idealized force-displacement relations: a) curved, b) flat surface sliding bearings.
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In this study, Eq. (5) and (7c) derived from the general equations of superstructure and base
motion respectively, and Eq. (12) through (16) were solved by 4™ order Runge-Kutta algorithm in
MATLAB environment. The detailed procedures involved in this algorithm can be found in [34].

2.2. Numerical Study

Responses of 10 story structure model under four input parameters and three earthquake ground
motions were investigated with respect to flat and curved surface sliding bearings defined by
Equations (12)—(14). The earthquakes were sourced from PEER strong ground motions [35], then
filtered and corrected using Seismosignal Software(SS). The characteristics of these earthquakes are
summarized in Table 1. It is important to mention that various kinds of excitations have been proposed
to investigate dynamic behavior of isolated structures, such as the use of blasts [36] and micro tremors
[37], however, this study focused on the use of near and far-fault earthquakes occurred in the past. The
engineering data used for the above structure are shown in Table 2. Additionally, structural masses
lumped at each floor, story height of 3 m for each floor and overall damping ratio of 5 percent are

assumed for the investigated structure. The values of Ky, My and C, are assumed equal to ones of
the first story stiffness, mass and damping, respectively. Kc is taken as the tenth of the first story

stiffness, for each input. Yield strength of the isolator is computed as Uy = Fy/Kb , and the friction

parameters adopted are: [pyip = 0.02, Wpax = 0.15, Ry =0.435m, A=1,=0.1,and y =0.9. Itis

important to note that these friction parameters and data shown in Table 2 for Input 2 have been
previously adopted in [23]. The response quantities of interest investigated are: Energy Dissipation
Capacity (EDC), Maximum Isolator Displacement (MID), Maximum Isolator Force (MIF), top floor
displacements, story drifts, base floor shear force and accelerations, isolator’s effective and post-yield
stiffness variation, peak story accelerations, peak story shear forces, optimal control of bearing’s
hysteretic behavior (by checking the relationship among MID, MIF and EDC), and control on the Time
Instants (TIs) for the occurrence of structural peak story displacements under the aforementioned
earthquakes.

Table 1. Characteristics of used earthquakes.

Earthquake Component  PGA (m/s?)  PGV(m/s) PGD(m) Te(s) Type Duration (s)

Elcentro NS 3.42 0.32 0.09 2.88 LP 56.52
Duzce EW 8.05 0.63 0.12 0.96 NF 55.85
Kobe NS 8.03 0.92 0.18 1.10 NF 49.93

PGA, PGV, and PGD are peak ground acceleration, velocity and displacement respectively, Te: predominant period, NF:
Near Fault, LP: Long period, NS: North-South direction, EW: East-West direction

Table 2. Input parameters.

Story 1 Story 2 Story 3 Story 4 Story 5 Story 6 Story 7 Story 8 Story 9 Story 10
Input m 400000 520000 520000 520000 520000 520000 520000 520000 520000 520000
1 k 2187e5 800e5 800e5 800e5 800e5 800e5 800e5 800e5 800e5 800e5
Input m 8385063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063
2 k  10.75e9 8.78e9 6.80e9 5.65e9 4.90e9 4.38e9 4.01e9 3.12e9 3.50e9 3.33e9
Input m 8385063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063
3 k 10.75e11 8.78ell 6.80ell 5.65e1l 4.90ell 4.38ell 4.0lell 3.12el1 3.50ell 3.33ell
Input m 8385063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063 8285063
4 k 10.75el2 8.78el2 6.80el2 5.65el12 4.90el2 4.38el2 4.01el2 3.12el12 3.50el2 3.33el2

Abbreviations: m: mass of superstructure (in Kg), K: stiffness of superstructure in (in N/m)

Insights on the inputs shown in Table 2 demonstrate that both mass and stiffness values are kept
equal under Input 1 for all floors except for 15t story floor. On the other hand, Input 2 has the same story
mass but varied story stiffness. Furthermore, Input 3 and 4 are of similar trend as Input 2 except that
their story stiffness are 102 and 10° times the story stiffness of Input 2, respectively. Existing literature
demonstrates that superstructure stiffness can be increased through retrofitting and strengthening
[38-40], use of shear walls and braced frames [41, 42], as well as central core, tube and double tube
systems. That is, increasing superstructure stiffness is important because the current building industry
is toward larger floors, longer spans and taller buildings, all of which may require sufficient structural
stiffness against both axial and dynamic loads. In this regard, the story stiffness was increased to
examine the effect of superstructure stiffening on behavior of the used bearings.
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3. Results and Discussion
3.1. Top Floor Displacements

Floor displacement control is vital, as very large and dangerous superstructure displacements
can occur in earthquake-prone areas [43], hence damaging sensitive equipment in buildings, especially
those located in NF zones where long period earthquakes can occur [44]. Under moderate earthquakes

like Elcentro, the top floor relative displacements (Utop) are observed to be equal for all equations

under each input as can be seen in Fig. 2. That is, (Utop) are observed to be approximately 0.28,

0.13, 0.0041 and 0.00044 m for Inputs 1, 2, 3 and 4 respectively.
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Figure 2. Top floor displacements under equations (12) to (14) (from top to bottom) — Elcentro.

Similar trends are also observed for Kobe earthquake, where (Utop) of approximately 0.4, 0.5,
0.0075, and 5.78e~* m are obtained for Input 1, 2, 3 and 4, respectively under Equations (12)—(14).
Based on this observation, Input 1 is the most favourable as it results in reasonably reduced (Utop)
for a 10 story structural model compared to other inputs. This shows the importance of using equal

stiffness for all floors in reduction of (Utop) under strong earthquake by approximately 10 %.

Like Elcentro and Kobe earthquake, Duzce is also observed to result in similar trend of (Utop)
with approximately 0.2, 0.2, 0.0073, and 6.0279e~* m for Input 1, 2, 3 and 4, respectively. However,

using similar story stiffness values under Duzce and Elcentro result in unwanted long-lasting (Utop)

peaks over nearly the entire duration of each earthquake (Fig. 2, 4), which can cause substantial cracks
in structural components of the superstructure. Deep insights on this unwanted behavior can be found
referring to Table 4, where the time instants of the occurrence of maximum story peaks are observed
to alter significantly between story 5 to 6 and 9 to 10 under Duzce and 7 to 8 and 8 to 9 under Elcentro,
and hence outlining that use of similar superstructure stiffness may be unreliable in controlling
superstructure displacements when such earthquakes occur. Furthermore, the pronounced long-lasting

(Utop) peaks over the entire duration of Elcentro and Duzce lead to suggesting that PGA alone may

not characterize the earthquake severity, since those two earthquakes have significantly different PGA
values as can be seen in Table 1.
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Figure 4. Top floor displacements under equations (12) to (14) (from top to bottom) — Duzce.

From the above results, it can be noted that Equations (12)—(14) perform similarly and equally in

reducing top floor displacement (Utop) for each used input. Besides, under all three earthquakes it is

seen that the resulting (Utop) are smaller when moderate LP earthquakes like Elcentro are used,

rather than strong NF ones like Kobe. However, though Duzce is also classified as a strong NF

earthquake, this earthquake and Elcentro are observed to result in comparable (Utop) as can be seen

in Fig. 2 and 4. This may be interpreted as Duzce having a single PGA at around 10 s, followed by a
sharp decrease in PGA and thereafter levelling off all along until its final duration time, a nature that is
far different from Kobe's which has successive peak fluctuations over 8-13 s interval of time.
Additionally, this shows that some NF earthquakes may behave like LP moderate ones, regardless of

their PGA.

Under all earthquakes, the increase in stiffness leads to decrease in (Utop), and all the

earthquakes tend to result in approximately similar displacement profiles as stiffness becomes large,

which indicate that (Utop) of very stiff superstructure may not significantly be affected by the

magnitude of the earthquake. Further observation shows that LP moderate & NF with smaller PGV
earthquakes tend to cause the structure with varied story stiffness perform better than the structure with
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constant story stiffness in terms of (Utop) reduction, contrary to NF with higher PGV earthquakes
where the effect is less pronounced. Looking at the resulting maximum (Utop), it can be seen that
Equation (12) results in the smallest (Utop) under all earthquakes for Inputs 1 and 2, thus making flat

slider the most effective in terms of (Utop) reduction for less stiffened superstructure.

Table 3. Structural responses under all inputs and all earthquakes.

EARTHQUAKE KOBE DUZCE ELCENTRO

SLIDER Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)

lJb max 3.6113 3.2088 3.5292 3.6556 2.7416 3.09 1.0847 0.9479 0.9804

Inputl UtOP 0.3746 0.403 0.3792 0.209 0.2682 0.235 0.2743  0.2825 0.2771
I:sb max  1.44e06 1.28e6 1.41e6 1.45e6 1.10e6 1.24e6 4.34e5 3.79e5 3.92e5

L‘J‘b max 11.8702  9.3349 15.5153 8.1562 6.3273 7.5064 5.8244 3.9769 5.0927

Input2 UtOP 0.4881  0.5276  0.5067  0.2227  0.2443  0.2382  0.1224  0.1386 0.1288
I:sb max 9.26e7 7.83e7 9.05e7 6.76e7 5.31e7 6.29e7 4.56e7 3.33e7  4.13e7

L‘J‘b max 0.9279 0.9252 1.3921 4.067 4.0562 3.4225 2.4584 2.448 1.9813

Input3 UtOP 0.0075 0.0075 0.0076 0.0073 0.0073 0.0075 0.0041 0.0041 0.0041
I:sb max 7.63e6 7.63e6 7.22e6 3.20e7 3.19e7 2.62e7 1.99e7 1.99e7  1.58e7

L‘J‘b max 0.1731 0.1728 0.1701 0.7988 0.7974 0.6317 0.8018 0.8031 0.7074

Input4 UtOP 5.78e-4 5.78e-4 5.84e-4 6.03e-4 6.03e-4 6.08e-4 4.38e-4 4.36e-4 4.4e-4
Fsb max 1.45e6 1.45e6 1.42e6 6.70e6 6.69e6 5.30e6 5.78e6 5.79e6  5.57e6

Abbreviations: U.bmax is base floor acceleration, Utop is top floor displacement, Fsbmax is base shear

force.

3.2. Base Floor Accelerations and Base Shear Forces

Looking at the resulting maximum base shear forces (Fsb max) in Table 3, it can be seen that

for very high stiffness all the used equations result in approximately equal Fsb max Values of 1.9e” and
5.7e8 N for Elcentro, 7.6e® and 1.4e® N for Kobe, 3.2e” and 6.677e8 N for Duzce under Inputs 3 and 4,
respectively. Similarly, approximately equal meax values of 2 and 0.8 m/s? for Elcentro, 1 and 0.2 m/s?

for Kobe, 4 and 0.7 m/s? for Duzce are observed under the respective inputs. On the other hand, it can
be seen that for all the used equations, the smaller the base acceleration the smaller the shear force,

as expected [45]. Focusing on moderate stiffness, Input 1 is observed to result in smaller Fsb max than
that from Input 4 for all the equations and earthquakes. Besides, Input 2 results in the highest value of
Fsymax for all used equations and earthquakes, whereas Input 1 results in the least. This reveals that
Input 1 can be the most effective in terms of Fsb max reduction compared to other inputs. Additionally,
it can be seen that Equation (13) results in the smallest base shear force for Input 1 and 2, whereas
Equation (14) results in the smallest force in all other inputs and earthquakes.

Focusing on the resulting maximum base accelerations (U.bmax) in Table 3 and Fig. 5, it can

be seen that all equations perform equally in reducing or increasing accelerations for each input. It is
clear that all equations result in meax of approximately 1, 2 and 0.8 m/s? for Inputs 1, 3, and 4

respectively, except for Input 2 where Equation (13) reduces meax more than the other equations.
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Figure 5. Base floor & Input accelerations under equations
(12) to (14) (top to bottom) —Elcentro.

On the other hand, Input 1 results in slightly smaller Fsbmax than that of Input 4 for all equations,

and when Input 1 and 3 are used, Equation (13) tends to result in the smallest Fsb max Compared to

both Equation (12) and (14) as seen in Table 3. This indicates that Equation (13) can be more effective
for structures with moderate stiffness than Equation (12) under NF earthquake ground motions. Further

observation from Fig. 5 and 6 shows that Input 2 amplifies meax under both Kobe and Elcentro

earthquakes while keeping meax from Duzce approximately equal to Duzce acceleration, except for
Equation (12) where a slight amplification of nearly 0.1 m/s? is observed as can be seen in Table 3 and
Fig. 7. Contrarily to Input 2, Input 1 is observed to result in the most desirable meax values of

approximately 3.6113, 3.2088 and 3.5292 m/s?; 3.6556, 2.7416, and 3.09 m/s?; 1.0847, 0.9479 and
0.9804 m/s? from Equations (12), (13), and (14) under Kobe, Duzce and Elcentro earthquakes,

respectively. This makes Input 2 less viable in terms of meax reduction, though was proven to perform
better than Input 1 in terms of superstructure story displacements control.
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On the other hand, a drastic increase in stiffness of the superstructure leads to drastic decrease
in relative meax up to a value smaller than 1 m/s? as seen under Input 3 and 4 in Table 3. However,

increasing stiffness can hinder reasonable isolator displacement as shown in Fig. 5, 6, 7, and Table 3.
This is also confirmed by observing a substantial reduction of EDC, despite of the resulting reduced
accelerations, hence indicating that stiffer systems can perform well in reducing the relative base shear
forces and accelerations but poorly in dissipating sufficient energy as it will be shown in section 3.4.
Overall, Input 1 and 3 can result in more benefits when considering shear forces, energy dissipation
and base acceleration, but the former input can lead to large displacements for some earthquakes as
explained in the previous section 3.1.

In order to make the isolator perform effectively by reducing ubmax and dissipating sufficient
energy, Input 1 can be adopted for all investigated equations over other inputs. By prioritizing Input 1,
it is clear from Table 3 that Equation (13) results in the smallest meax of approximately 3.2088,

2.7416, 0.9479 m/s? under Kobe, Duzce, and Elcentro, respectively, as compared to Equations (12)
and (14) which result in 3.6113 and 3.5292 m/s?, 3.6556 and 3.09 m/s?, and 1.0847 and 0.9804 m/s?,
under the same respective earthquakes, thus making Equation (13) the most effective for the
investigated structure. For example, deep insights under Duzce earthquake show that approximately

55.8, 65.5and 61.6 % meax reduction are observed from Equation (12), (13), and (14), respectively,
making Equation (13) the most effective.

3.3. Time Instant for the occurrence of story floor displacements

The Time Instants (TIs) for which the maximum floor displacements take place are examined and
the observed values are shown in Table 4. Investigating the TlIs for which the peak responses take
place can provide insights on the rigid body motion behavior of the superstructure. For instance, authors
in [20] observed that under Elcentro earthquake, a six story building isolated by FPS resulted in a Tl of
4.51 s for the superstructure displacements. In this study, under NF earthquakes like Kobe with Inputs
1 and 4, the maximum displacements from all used equations are observed to simultaneously occur at
nearly 10 and 8.5 s, respectively. Besides, the displacements under Inputs 2 and 3 are observed to
result in negligible differences of approximately 1 s in the first four floors and 2 s in the last three floors,
respectively. Under Elcentro, Input 2 results in TIs of approximately 8 s. Similarly, Inputs 3 and 4 result
in Tls of approximately 3.66 and 4.4 s. However, Input 1 tend to alter Tls significantly with a difference
of 6s longer for 8™ floor compared to other floors, thus showing lack of rigid motion behavior and making
this input ineffective for the studied 10 story building when moderate LP earthquake occurs. Similar
trends when Input 1 is adopted are observed even when strong earthquake like Duzce (NF, but with
smaller PGV than Kobe’s) is used with a substantial difference in Tl between the first and last five floors,
whereas the remaining Inputs 2, 3, and 4 cause the Tls to happen at reasonable values for all floors of
nearly 12, 11, and 11 s respectively. Overall, the type of earthquake ground motion and input parameter
are observed to influence the Tls, and therefore, for full control of structural responses under dynamic
loads, TIs should be investigated.
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Table 4. Time Instants for the occurrence of story floor displacements.

Earthquake KOBE DUZCE ELCENTRO
Slider ST Eq(l2) Eq.13) Eq.(14) Eq(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)
ST1 10.3 10.3 10.3 12.6 12.6 12.6 6.3 6.3 6.3
ST2 103 10.3 10.3 13.1 13.1 13.1 6.4 6.4 6.4
ST3 103 10.3 10.3 13.2 13.2 13.2 6.4 6.4 6.5
ST4 10.3 10.3 10.3 13.2 13.2 13.2 6.5 6.5 6.5
input 1 ST5  10.4 10.4 10.4 13.2 13.2 13.2 6.5 6.5 6.5
ST6  10.3 10.3 10.3 214 214 214 6.5 6.5 6.5
ST7 103 10.3 10.3 21.4 21.4 21.4 6.5 6.5 6.5
ST8  10.2 10.2 10.2 215 215 215 125 125 12.5
ST9 101 10.1 10.1 215 215 215 6.8 6.8 6.8
ST10 10.1 10.1 10.1 12.1 12.1 12.1 6.8 6.8 6.8
ST1 105 10.5 10.5 11.8 11.8 11.8 8.1 8.1 8.1
ST2 105 10.5 10.5 11.8 11.8 11.8 8.1 8.1 8.1
ST3 105 10.5 10.5 11.8 11.8 11.8 8.1 8.1 8.1
ST4 105 10.5 10.5 11.9 11.9 11.9 8.1 8.1 8.1
Input 2 ST5 121 12.1 12.1 11.9 11.9 11.9 8.1 8.1 8.1
ST6 121 12.1 12.1 11.9 11.9 11.9 8.1 8.1 8.1
ST7 121 12.1 12.1 12.5 12.5 12.5 8.0 8.0 8.0
ST8 12.1 12.1 12.1 12.5 12.5 12.5 8.0 8.0 8.0
ST9 121 12.1 12.1 12,5 12.5 12.5 8.0 8.0 8.0
ST10 122 12.2 12.2 12.5 12.5 12.5 7.9 7.9 7.9
ST1 8.5 8.5 8.5 10.8 10.8 10.8 3.7 3.7 3.7
ST2 85 8.5 8.5 10.8 10.8 10.8 37 37 37
ST3 85 8.5 8.5 10.8 10.8 10.8 37 3.7 37
ST4 8.5 8.5 8.5 10.8 10.8 10.8 3.7 3.7 3.7
Input 3 ST5 8.5 8.5 8.5 10.8 10.8 10.8 3.7 3.7 3.7
ST6 8.6 8.6 8.6 10.8 10.8 10.8 37 37 37
ST7 86 8.6 8.6 10.8 10.8 10.8 37 3.7 37
ST8 10.5 10.5 10.5 10.8 10.8 10.8 3.7 3.7 3.7
ST9 105 10.5 10.5 10.8 10.8 10.8 3.7 37 3.7
ST10 105 10.5 10.5 10.8 10.8 10.8 3.7 3.7 3.7
ST1 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST2 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST3 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST4 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST5 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
Input 4 ST6 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST7 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST8 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST9 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4
ST10 85 8.5 8.5 10.8 10.8 10.8 4.4 4.4 4.4

3.4. Force-Displacement Relationship of Flat and Curved Sliding Bearings
(EDC, MID, & MIF)

Control on the hysteretic loop shape and size and parameters of the isolator is vital as it has
been reported that these mainly affect the responses of base-isolated structure [46]. Looking at
Elcentro, EDCs from all equations vary significantly for Inputs 1 and 2. For instance, EDCs resulting
under Input 2 from Equation (12), (13) and (14) are 5.13e7, 2.30e’ and 3.61e7J, respectively.
Furthermore, under the same inputs and equations, maximum isolator force (MIF) are approximately
2.39¢7, 8.08e7, and 6.13e” N respectively. From this observation and considering the fact that high EDC
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with small MIF leads to effective performance of the bearing [47], it is clear that flat slider defined by
Equation (12) has the highest performance followed by Equation (14) and lastly the Equation (13). On
the other hand, owing to very high superstructure stiffness from Inputs 3 and 4, approximately similar
behavior is observed for Equations (12) & (13), except for Equation (14) which results in smaller EDC
and higher MIF, performing seemingly poor as compared to other equations.

Focusing on the combined hysteresis loops from Inputs 1 and 2 in Fig. 8b, 9b, 10b, it can be
observed that smaller superstructure stiffness used for Input 1 causes the isolator to similarly result in
smaller isolator stiffness, whereas larger superstructure stiffness from Input 2 similarly results in larger
isolator stiffness. That is, the more the superstructure stiffness is the more the isolator stiffness. This
observation is used to compare the behavior of Equations (13) and (14) defined for curved surface
slider, and in order to have deep insights, Inputs 2, 3, and 4 are shown in the same Figure. Referring
to the above stiffness variation trend under Inputs 1 and 2, it can be observed from Inputs 2, 3, and 4
that Equation (13) tends to deviate from the expected behavior (i.e. the more the superstructure
stiffness the more the isolator stiffness) by resulting in hysteresis with almost similar isolator stiffness
as one of Equation (12). However, the reality is that Equation (13) was expected to continue increasing
isolator stiffness as superstructure stiffness increases but it is observed to underestimate isolator
stiffness for higher superstructure stiffness from Inputs 3 & 4, whereas Equation (14) keeps its
conservative behavior, hence rendering the latter equation more effective. In this way, priority is given
to Equation (14) rather than Equation (13) in the rest of discussions related to stiffened superstructure
(Inputs 3 & 4).

Looking at EDC from Table 5 and Fig. 8 for Elcentro earthquake, Input 2 results in the highest
EDC and MIF followed by Input 3. Similar to Elcentro, EDCs under Kobe from all sliders governed by
Equations (12), (13) and (14) are observed to vary significantly based on both the slider and input type.
For instance, under Input 2 EDCs of 7.84e7, 5.84e7, and 8.72e” J are observed from Equations (12),
(13) and (14), respectively as shown in Table 5 and Fig. 9. This indicates that the proposed Equation
(14) can result in more energy dissipation than other equations, thus rendering it more effective than
the existing curved slider formula denoted by Equation (13). However, similarly to Elcentro, for
structures requiring high story stiffness (represented by Inputs 3 and 4), the proposed formula can
perform better than the existing equation as can be seen in Fig. 9. Furthermore, under Input 2 the MIFs
are observed to be 2.98e7, 2.14€8, and 1.42e8 N for Equations (12), (13) and (14), respectively. This
indicates that flat slider can perform better in reducing MIF. A comparative perspective on both EDC
and MIF demonstrates that flat surface slider can be the most effective for the studied building in terms
of EDC and earthquake force reduction during NF Kobe earthquake. Considering other inputs, it is seen
that for all equations, Input 2 results in the highest EDC followed by Inputs 1, 3 and 4, respectively.
Duzce earthquake is, furthermore, observed to have similar trends as the ones from the previously
investigated Kobe and Elcentro earthquakes (see Table 5 and Fig. 10).
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However, it is important to note that for all earthquakes, Equation (14) resulted in higher EDC
than Equation (13) for Inputl and 2, and approximately similar EDC for Input 3 and 4, indicating that
under the former inputs Equation (14) overestimates EDC as can been seen in Table 5. From this
observation, the proposed formula can be reliable only when the increase in superstructure stiffness is
expected. On the other hand, Equation (12) is observed to result in higher EDC than Equation (13) for
Input 1 and 2, and nearly equal EDC for Input 3 and 4, indicating that under the former inputs, flat
surface slider defined by Equation (12) can have better performance than curved one. Furthermore, a
comparative perspective on EDC and MIF indicates that Input 1 and 2 can perform better as these
inputs are capable of keeping both EDCs and MIF in a comparable range, while EDC and MIF from
Inputs 3 and 4 are observed to differ significantly as seen in Fig. 8, 9, 10 and Table 5.
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Further observations demonstrate that Equations (12) and (14) result in conservative hysteresis
loop shapes from all inputs and earthquakes even when the story stiffness is increased up to e11 and
el2, contrarily to curved surface slider defined by Equation (13), which tends to lose its stiffness trend
as superstructure stiffness increases as can be seen Fig. 8b, 9b, 10b. In fact, curved slider from
Equation (13) is observed to almost act as flat slider as the superstructure stiffness becomes large
under Inputs 3 and 4. Similar observations are also made when NF earthquakes with high PGA like
Kobe and Duzce are used, thus demonstrating that the conservative behavior of Equations (14) remains
true under different types of earthquakes. Overall, for all earthquakes, flat slider is observed to be the
most effective in both EDC and MIF reduction under all input parameters, followed by curved slider
defined by Equation (14) under Inputs 3 and 4 or the curved slider defined Equation (13) under Input 1
and 2 in both EDC and MIF reduction.

Table 5. Energy Dissipation Capacity, Maximum Isolator Force and Displacement.

EARTHQUAKES KOBE DUZCE ELCENTRO
SLIDER TYPE Eq.(12) Eqg.(13) Eq.(14) Eq.(12) Eq.(13) Eg.(14) Eq.(12) Eq.(13) Eq.(14)
EDC (J) 3.25e6 1.29e6 1.99e6  3.02e6 7.34e5 1.85e6 5.39e5 4.00e5 4.72e5
Inputl  MIF (N) 1.45e6 7.66e6 2.79e6 1.47e6 5.90e6 2.69e6  1.15e6 3.58e6 1.63e6
MID (m) 0.08 0.05 0.08 0.09 0.04 0.07 0.03 0.02 0.03
EDC (J) 7.84e7 5.84e7 8.72e7 6.02e7 2.74e7 4.62e7 5.13e7 2.30e7 3.61le7
Input2  MIF (N) 2.98e7 2.14e8 1.42e8 2.67e7 1.34e8 8.47e7  2.39e7 8.08e7 6.13e7
MID (m) 0.13 0.09 0.11 0.08 0.06 0.06 0.05 0.03 0.04
EDC (J) 6.97e5 6.95e5 6.15e5 4.26e5 4.24e5 3.39e5 9.95e5 9.92e5 8.30e5
Input3  MIF (N) 1.85e7 7.99e7 9.73e7 1.87e7 2.03e7 1.08e8 1.86e7 1.92e7 6.28e7
MID (m)  8.19e-4 8.18e-4 7.36e-4 0.001 0.001 8.4e-4 4.93e-4 4.92e-4 4.17e-4
EDC (J) 3.73e4 3.73e4 3.34e4 1.95e4 1.95e4 1.68e4 4.52e4 4.52e4 3.84e4
Inputd  MIF (N) 1.81e7 1.82e7 8.36e7 1.82e7 1.82e7 6.83e7  1.83e7 1.83e7 5.85e7
MID (m)  6.70e-5 6.70e-5 6.09e-5 5.16e-5 5.15e-5 4.7e-5 4.16e-5 4.16e-5 3.77e-5

Looking at Fig. 11 and Table 5, Input 1 results in MID of approximately 0.03 m for both Equation
(12) and (14), while for the same equations Input 2 results in MID of approximately 0.04 m under
Elcentro. Additionally, Equation (13) results in approximately 0.02 and 0.03 m under Input 1 and 2,
respectively. From this observation together with the observed base shear forces and base
accelerations, Equation (13) can be the more effective than Equation (12) under Elcentro earthquake

as it results in the smaller MID and reasonable meax under Input 1 and 2. Similar suggestions can
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also be made for Duzce which is observed to result in MID of 0.09, 0.04 and 0.07 m under Input 1, and
0.08, 0.06 and 0.06 m under Input 2 for Equation (12), (13) and (14) respectively. Overall, curved slider
defined by Equation (13) results in the smaller MID under Input 1 and 2, while flat slider results in the
highest values followed by the proposed Equation (14) under all earthquakes, thus making Equation
(13) the most reliable in terms of MID reduction under Inputs 1 & 2.

On the other hand, it can be seen that under Inputs 1, 2, 3 and 4, Kobe earthquake resulted in
approximately 3,3,2,1.6; 2.6,2,1.6,1.6; and 3,3,1.8,1.6 times larger MID than Elcentro’s under Equation
(12), (13) and (14), respectively. Not surprisingly, strong earthquake results in higher MID than
moderate earthquake as expected. Furthermore, as story stiffness increases, differences in MID from
the two earthquakes become less pronounced; demonstrating that MID of conventional sliding bearings
used to isolate stiffened superstructure may not significantly be affected by the earthquake magnitude.

Focusing on stiffened systems, Inputs 3 and 4 are observed to result in approximately equal
values for both Equation (12) and (13) with nearly 8e~ and 7e-° m, respectively, whereas under Duzce
nearly equal MID are observed for all equations of approximately 0.00005 and 0.001 m, respectively.
On the other hand, under Elcentro these inputs result in approximately similar MID values of 4.9e~* and
4.2e-5 m for Equation (12) and (13), while (14) results in slightly smaller MID of approximately 4.2e~*
and 3.8e~> m under Inputs 3 and 4 respectively. These small displacements explain the inefficiency of
the isolator to dissipate much energy, though their corresponding base floor accelerations and shear
forces were observed to reduce significantly in Section 3.2. It is, therefore, necessary to mention that
in situations where reduced base accelerations and shear forces are of first priority, stiffened
superstructure can be adopted.

Kobe earthquake
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Figure 11. Variation of EDC, MIF, and MID under Equations: a) (12), b) (13), c) (12).

Looking at the results of EDC, MIF, and MID in Fig. 11 under all inputs, all earthquakes tend to
result in similar trends for each equation. Additionally, Equations (12) and (13) demonstrate that, for all
types of earthquakes, the increase in superstructure stiffness decreases MIF to a certain value,
thereafter levelling off such that further increase leads to negligible changes in MIF. The same holds
for Equations (14) under Kobe and Elcentro, except under Duzce where an increase in MIF is observed
as stiffness increases from Input 2 to 3, and further increase leading to decrease in MIF. Further
observations show that increase in story stiffness leads to decrease in both MID and EDC for all
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earthquakes as can be seen particularly considering Inputs 2, 3 and 4, where only story stiffness is
increased while keeping the same story mass.

Overall, a comparative perspective from Fig. 11 demonstrates that Input 2 has higher EDC than
Input 1 while the latter has smaller MIF, thus making the former possess desirable properties than the
latter when dissipation is prioritized. Besides, both Input 1 and 2 can perform better as these inputs are
capable of keeping EDC, MIF and MID responses in a comparable range while these responses from
Inputs 3 and 4 are observed to alter significantly, with almost zero values of MID and EDC as can be
seen in Fig.11 and Table 5.

3.5. Effective and Post-yield Stiffness

In order to maintain the hysteretic behavior of the bearing and define the isolation period in such
a way that resonance is avoided, it is important to control the stiffness of the isolator. Effective stiffness

(Keff ) and post-yield stiffness (Kp) of the isolator are compared for each input and equation to

provide insights on the behavior of isolator in terms of its consistency in keeping desirable hysteretic
behavior under horizontal loading. Looking at the isolator stiffness variation under Kobe earthquake, it

can be seen from Table 6 and Fig. 12 that Input 1 results in Keﬁ and Kp of approximately 1.65e7
and 7.69e6, 1.45e8 and 1.38e8, and 3.62e7 and 2.65e7 N/m; while K and Kp under Input 2 are

2.38e8 and 1.17e8, 2.28e9 and 2.15e9, and 1.25e9 and 1.13e9 N/m, for Equation (12), (13) and (14),
respectively.

Table 6. Effective and post-yield stiffness under various sliding bearings and earthquakes.

EARTHQUAKES KOBE DUZCE ELCENTRO
TYPE OF
Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)
SLIDERS
Keff 1.65e7 1.45e8  3.62e7 1.47e7 1.47e8 3.63e7 3.62e7 1.74e8 6.07e7
Inputl
K p 7.69e6 1.38e8 2.65e7 6.51e6 1.44e8 2.68e7 1.22e7 1.67e8  3.66e7
Keff 2.38e8  2.28e9 1.25e9 3.47e8 2.42e9 1.37e9 4.99e8 2.68e9 1.53e9
Input2
K p 1.17e8  2.15e9 1.13e9 1.62e8  2.21e9 1.17e9 2.12e8 2.31e9 1.22e9
Keff 2.39e10 2.57el0 1.33e11 2.07el0 2.23e10 1.31ell 4.20e10 4.34el0 1.56ell
Input3
K p 5.15e8 6.88e9 1.15el11 4.27e9 5.92e9 1.14ell 8.79e¢9 1.01el0 1.20ell
Keﬁ 3.14e11 3.15ell 1.42e12 3.07ell 3.07ell 1.41el2 5.46ell 5.49ell 1.67el2
Input4

5.67e10 5.86el0 1.16el2 7.64el0 7.67el0 1.19el2 9.63el0 9.64el0 1.21el2

)
©

With similar interpretation as above for other earthquakes, it can be observed that Kp is
consistently less than Ky as expected for all equations and earthquakes. Additionally, both Kp and
Keff are observed to increase as the stiffness of the superstructure increases. Thus, Input 1 has the

least values of Keff and Kp due to its lowest superstructure stiffness while Input 4, which has the

highest superstructure stiffness, has the highest isolator stiffness.
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Figure 12. Effective and post-yield stiffness variation under various bearings and inputs.

The above observations are in agreement with the previously observed isolator displacement
trends, which are found to be smaller for Inputs 4 and 3 compared to other inputs due to the presence

of very high K and Kp that prevent and limit the isolator flexibility, and hence leading to small MID.

It is, furthermore, of paramount importance to indicate that this prevention of isolator flexibility results
in small EDC as previously discussed. Under all studied earthquakes and inputs, it is also important to

note that Equation (12) results in the smallest Keff and Kp , followed by Equation (14) and Equation

(13), respectively. This makes flat surface slider possess the best performance in terms of minimizing
Keff and K p:as well as providing desirable MIDs, followed by curved slider defined by Equation (14)

and lastly by (13). This shows again that Equation (14) can be more effective than (13) in terms of
isolator stiffness control, particularly for stiffened superstructure where the proposed equation has
previously shown tremendous behavior over the existing equation (13). On the other hand, comparing
Elcentro results with Kobe's, it can be seen that the latter earthquake results in smaller stiffness values
indicating that NF earthquakes will lead to larger MID, owing to their ability to reduce the isolator
stiffness as compared to moderate earthquakes like Elcentro. Furthermore, authors in [46] reported that
high isolator stiffness can increase superstructure accelerations for NF earthquake, and high post-yield
stiffness leads to limited lateral displacement capacity [45], which is in agreement with the observed
increased acceleration under Kobe earthquake when Input 2 (which results in higher isolator stiffness
than Input 1) is adopted, hence showing the importance of controlling the isolator effective and post-
yield stiffness.

3.6. Superstructure Story Drifts, Shears and Accelerations

Typical story drifts, peak story acceleration and shears are shown in Table 7 for Input 2. It can
be seen that the maximum story drifts occur at the first story as previously reported by Hassan and Pal
[48]. Furthermore, peak story accelerations are observed to be similar for all investigated equations,
and found to be reduced by approximately 34, 50, and 39 % (in comparison with fixed base structure)
under Kobe, Duzce and Elcentro, respectively. Similar reductions are also observed in terms of peak
story shear forces as can be seen in Table 7. From this observation, conventional sliding bearings can
have their best performance under earthquakes with NF such as Duzce (with small PGV) and LP
moderate like Elcentro, outlining that behavior of these bearings is significantly influenced by the type
of earthquakes.
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Table 7. Peak story acceleration and shear, and story drifts.

Kobe Earthquake Duzce Earthquake Elcentro Earthquake
Slider Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14) Eq.(12) Eq.(13) Eq.(14)
PSA (%) 33.699 50.303 38.964
PSF (%) 33.676 50.303 38.965
SD1 0.12 0.14 0.18 0.13 0.09 0.10 0.08 0.05 0.07
SD2 0.06 0.06 0.06 0.03 0.03 0.03 0.02 0.02 0.02
SD3 0.07 0.07 0.07 0.03 0.03 0.03 0.02 0.02 0.02
SD4 0.06 0.06 0.06 0.04 0.04 0.04 0.02 0.02 0.02
SD5 0.06 0.06 0.06 0.04 0.04 0.04 0.02 0.02 0.02
nput2 SD6 0.08 0.08 0.08 0.02 0.02 0.02 0.02 0.02 0.02
SD7 0.07 0.07 0.07 0.01 0.01 0.01 0.02 0.02 0.02
SD8 0.07 0.07 0.07 0.05 0.05 0.05 0.02 0.02 0.02
SD9 0.05 0.05 0.05 0.04 0.04 0.04 0.02 0.02 0.02
SD10 0.04 0.04 0.04 0.02 0.02 0.02 0.01 0.01 0.01

Abbreviations: PSA, PSF are peak story acceleration and shear forces respectively, SD: story drift

4. Conclusion

In this study, effectiveness of conventional sliding bearings (flat and curved surface sliders) as
seismic-isolators was examined. The study also attempted to improve the existing equation for curved
sliding bearing by directly relating the isolator stiffness to the first story stiffness of the investigated
structure. Four different input parameters reflecting the superstructure stiffness variation were adopted
for a 10 story RC structure model isolated by flat and curved bearings and its structural responses were
examined under LP moderate and strong NF earthquake ground motions. To achieve this, Full
Structural Response Investigation (FSRI) was applied as a new and desirable strategy to fully
investigate the behavior of isolated structures when exposed to seismic-loads, as this can provide a
whole picture of the isolated structure behavior. Key findings after applying the FSRI are as follows:

1. Allinvestigated bearings perform similarly and equally in reducing Utop for each used Input.

Utop is smaller when moderate earthquake is used than when strong one is adopted, though the nature

of Duzce (with smaller PGV than Kobe’s) makes it behave as Elcentro, indicating that earthquake’s
PGV (along with PGA) needs consideration when investigating seismic isolation systems. Increase in

stiffness leads to decrease in Utop’ and all the earthquakes tend to result in approximately similar
displacement profiles for stiffened superstructure, indicating that for such superstructure the Utop may

not significantly be affected by the earthquake type. Flat surface slider can be the best in Utop control

for less stiffened superstructure. On the other hand, both flat and curved bearings are observed to
possess equal ability in reducing peak story accelerations and shear forces, and in keeping similar story
drifts, except for the first story where moderate Duzce earthquakes tend to render curved slider
performance better.

2. Stiffening of superstructure can lead to reduction of base shear forces and accelerations, but
affect the bearing flexible, hence causing small isolator displacements, which lead to less EDC. This
provides insights about how setting priorities during design is vital as seismic isolation may not be able

to provide all desirable FSRI responses. For example, in situations where Uy, reduction and

increased EDC are of first priority (rather than reduced Utop)* equal stiffness for all floors can be

adopted for the investigated bearings, as varied story stiffness leads to amplification of meax despite

of its best performance in reducing Utop Furthermore, curved surface slider results in the smallest
meax for all earthquakes, thus making it the most effective in reducing meax-

3. Strong NF earthquakes are found to result in higher MID than LP moderate earthquake as
expected. As story stiffness increases, differences in MID from both earthquakes become less
pronounced. This demonstrates that MID of conventional sliding bearings may not significantly be
affected by the earthquake magnitude when the superstructure is stiffened. Focusing on the observed
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Tls, type of earthquake and Input parameters are observed to significantly affect Tls, hence should be
examined when investigating the performance of seismic isolation systems.

4. Having a comparative perspective on the results of EDC, MIF, MID under all Inputs, all
earthquakes tend to result in similar trends for each slider. Additionally, results from flat and curved
sliders demonstrate that the increase in superstructure stiffness decreases MIF to a certain value
thereafter levelling off so that further increase leads to negligible changes in MIF. The same holds for
the proposed formula under Kobe and Elcentro, except under Duzce where an increase in MIF is
observed as stiffness increases from Input 2 to 3, and further increase leading to decrease in MIF. Flat
surface slider is found less reliable in terms of MID reduction under Inputs 1&2, though it is observed
to perform better in terms of EDC increase and MIF reduction. Therefore, in situations where reduced
MID is prioritized, curved slider has more beneficial effects.

5. Kp is observed to be consistently less than Keff as expected under all equations and

earthquakes, and both increase as the superstructure stiffness increases. Flat surface slider results in
the smallest Ky and Kp rendering it the most effective. Furthermore, the proposed formula can be

more effective in terms of isolator stiffness control, particularly for stiffened superstructure. Using similar
story stiffness under Duzce and Elcentro result in unwanted long-lasting Utop peaks over nearly the

entire duration of each earthquake, which can cause substantial damage of sensitive equipment in the
building.

6. The formulated equation is tested and found reliable only when the superstructure is stiffened,
owing to its conservative behavior over a wide range of superstructure stiffness, and ability in controlling
seismic isolation responses. In this case, this equation can even perform much better than the existing
Equation, which underestimates isolator stiffness due to its conservative inability. On the other hand,
flat surface slider can have better performance than the curved one, when less stiffened superstructure
is adopted, and comparable performance, when superstructure stiffness increases.
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Abstract. This paper study the feasibility of reusing waste iron powder (WIP) in mortar as both natural fine
aggregate (NFA) and cement replacement material. Within this context, the physical and mechanical
properties of mortar made with five percentage replacements of 0 %, 25 %, 50 %, 75 %, and 100 % for
NFA by WIP and 0 %, 2.5 %, 5 %, 7.5 %, and 10 % for cement by fine waste iron powder (FWIP) are
studied at 7, 14 and 28 days. Cube, briquette, and prism specimens for compression, tension, and flexural
strength, respectively, tests were used. It is found that the workability decreases, and the density of mortar
increase with the increased replacement percentage of NFA by WIP. The compressive, tensile, and flexural
strength of mortar made with WIP are significantly higher than NFA. The maximum increase in strength of
mortar is observed for 75 % WIP, which is 30 % for compressive, 35 % for tensile, and 37 % for flexural
strength, respectively, relative to the control at 28 days. Conversely, when FWIP is used as a cement
replacement material, all strength decreases with an increase in FWIP. The maximum decrease in strength
is observed for 10 % FWIP, which is 40 % for compressive and tensile, and 16 % for flexural strength,
accordingly, relative to the control at 28 days. The results presented in this study demonstrate that, to some
extent, WIP and FWIP can be used in concrete/mortar production. Successful application of these waste
materials may add economical benefit in the production of sustainable building material as well as conserve
the natural aggregates.

1. Introduction

The demand for natural fine aggregate (NFA) is increasing as the activities of the construction
industry in building infrastructures keep booming. Nevertheless, the demand for other construction
materials such as steel, iron, and cement are also increasing, thereby leading to significant waste
generation. The use of waste materials generated from the steel industry in concrete can serve to resolve
the disposal problem being encountered [1], reduce the demand for NFA, and produce a sustainable
building material. In Bangladesh, natural river sand is mainly used as fine aggregate, which is limited and
mostly extracted from the riverbed by dredging, resulting in a threat to the environment. In a developing
country like Bangladesh, numerous megaprojects are ongoing, which are made with concrete. Therefore,
it is expected that there will be a significant amount of depletion of NFA. Hence, it is necessary to find
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possible alternative raw construction materials that could be used as fine aggregates in the concrete
industry. Moreover, it is recorded that the amounts of aggregates used in concrete production the world
yearly (estimated at more than 10-11 billion tons 20 years ago), there is great potential for reuse of wastes
as aggregate replacement [2—4]. Besides, cement as a binder is an essential material for concrete, and the
production of this material produces a lot of carbon dioxide gas in the air, resulting in negative environmental
impacts and risks to human life. Therefore, this study investigates the utilization of waste iron powder (WIP)
in mortar as both fine aggregate and cement replacement material.

The WIP is the industrial byproduct generated from the workshops, steel mills, and factories in
powder form [5], which is not commonly used and is hazardous material to human health since it can be
easily inhaled [6]. WIP can be used as a partial or full replacement of NFA in concrete/mortar. The literature
shows that using WIP has better mechanical properties, cost-effective, and environment-friendly. Ghannam
et al. [6] investigated the mechanical properties of concrete made with five percentage replacements (0 %,
5 %, 10 %, 15 %, and 20 %) of sand by iron powder. An increase in compressive and flexural strength was
observed for the concrete replacing up to 20 % of sand with iron powder. It was found that iron powder had
increased the compressive as well as the split tensile strength of concrete, which is about 25 % higher
when fine aggregate was replaced entirely by iron powder [7]. Tayeh and Saffar [8] found that the
incorporation of iron powder decreased the compressive strength of mortar, which is inconsistent with the
results found in Satyaprakash et al. [7]. The authors explained that the reduction in strength could be due
to the small voids appearing on the internal texture of the mortar specimen, which may affect the strength
of the mortar.

Furthermore, the replacement of NFA with iron fillings resulted in significantly higher abrasion
resistance of concrete. Enhancement of mechanical properties compared to normal concrete was also
observed for concrete made with recycled scale and steel chips [9-10]. Similarly, Ismail and Al-Hashmi [11]
observed an increase in compressive and flexural strength when 20 % of sand was replaced with waste
iron, which is 17 % and 28 % for compressive and flexural strength, respectively, higher than the reference
concrete. Other researchers found that the compressive strength of concrete containing iron filings was
higher than plain concrete. Besides, the presence of iron filings enhances the ductility of the concrete [12].
Kumar et al. [13] investigated the effect of partial/full replacement of sand by iron ore tailing as fine
aggregate on the compressive and flexural strength of reinforced concrete. The compressive strength was
increased up to 40 % replacement of sand by iron ore tailing, while there was an enhancement of flexural
strength for all percentages of sand replacement (10, 20, 30, 40, 60, 80, and 100 %). Similarly, the
compressive strength of concrete was increased up to 20 % replacement of sand by iron powder, which is
7.4 % higher than the reference concrete [14]. The increase in compressive strength was also observed up
to 45% replacement of sand by iron slag as fine aggregate, which is about 23.3 % higher than the reference
concrete [15]. Olutoge et al. [16] investigated compressive, splitting tensile, and flexural strength of concrete
made with iron as a replacement for sand. The authors found that the mechanical strength was increased
up to 20 % replacement of sand by iron fillings, which is 13.5 % for compression, 1 % for splitting tensile,
and 4.8 % for flexural strength, respectively, higher than the reference concrete. While above that
replacement, the mechanical strength was decreased. Conversely, a decreasing trend of compressive
strength was observed with the increasing addition of steel scale waste by Furlani and Maschio [17].

Yunhong et al. [18] investigated the effect of iron tailings on the compressive strength of concrete as
supplementary cementing material as four different replacements of cement (10 %, 20 %, 30 %, and 40 %).
It was found that as the replacement of cement was increased, the compressive strength was decreased.
Similarly, it was found that the increasing content of iron tailing powder has a negative effect on the
mechanical strength of autoclaved aerated concrete, and the finer iron tailings can effectively enhance the
strength of concrete blocks [19]. The enhancement of mechanical strength could be increased by
incorporating mineral admixtures such as fly ash, blast furnace slag, and silica fume in cement with WIP
[20-22].

Though several studies have been carried out to investigate the mechanical performance of
concrete/mortar made with WIP, some researchers found that WIP enhances the mechanical properties,
while other researchers found opposite behavior. To the authors' knowledge, more research is needed to
clarify the real effect of WIP as a replacement of NFA and fine waste iron powder (FWIP) as a replacement
of cement on the mechanical properties of concrete/mortar. In Bangladesh, this WIP is not commonly used
due to the lack of research data. Therefore, the lack of research data, limited information, and knowledge
on the mechanical performance of concrete/mortar made with WIP as a replacement for NFA and FWIP as
a replacement for cement motivate this research work. Within this context, comprehensive experimental
studies are conducted on the possibility of using WIP as fine aggregate and cement replacement. The
physical and mechanical (i.e., compressive, tensile, and flexural strength) performances of mortar made
with five percentage replacements of 0 %, 25 %, 50 %, 75 % and 100 % for NFA by WIP and 0 %, 2.5 %,
5%, 7.5 % and 10 % for cement by FWIP are studied here. Additionally, the experimental results are
compared with the existing results available in the literature.
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2. Materials and Methods
2.1. Materials

Natural river sand passing through a sieve size of 4.75 mm (ASTM standard No. 4 sieve) was used
as fine aggregate. The waste iron powder (WIP) is an industrial byproduct generated from the workshops,
steel mills, and factories in powder form was used as a replacement for natural fine aggregate (NFA). This
byproduct is left largely unused and is hazardous to human health. The WIP image as a fine aggregate and
fine waste iron powder (FWIP) as supplementary cementitious material (SCM) is shown in Fig. 1 a & b,
respectively. The microscopic morphology of the WIP through the Scanning Electron Microscopy (SEM)
was performed. The SEM test was carried out on the surface of WIP, which was dried at 100 °C for 24 h,
and the test was performed using JEOL JSM-7600F Schottky Field Emission Scanning Electron
Microscope. The SEM image of WIP is presented in Fig. 1c. Both fine aggregates (NFA and WIP) were
sieved in the laboratory using the ASTM standard sieves [23]. The grading curves of both NFA and WIP
are compared with the upper and lower limits recommended in the ASTM C33 standard [24] are shown in
Fig. 2.

Figure 1. The WIP as fine aggregate (a) and FWIP as supplementary cementitious material (b),
and SEM image of WIP (c).

It is observed that both fine aggregates are within the limits of the ASTM C33 [24] standard that
ensures a lower void in the mortar mix. It is also interesting to see that the particle distribution of both WIP
and NFA are almost the same. Moreover, the specific gravity and absorption capacity of both fine
aggregates (NFA and WIP) were tested as per ASTM C128-15 [25]. The specific gravity, fineness modulus,
and absorption capacity of the NFA and WIP are 2.56, 3.10 and 5.9, respectively, for NFA and 4.31, 3.15
and 2.6 for WIP, accordingly.

The chemical composition of WIP and cement was determined by X-ray fluorescence (XRF) analysis.
The results of the XRF analyses are presented in Table 1. The chemical composition of the WIP has an
agreement, as reported by Ghannam et al. [6]. As expected, the Fe203 content of WIP is significantly higher,
resulting in higher specific gravity than natural sand (4.31 for WIP and 2.56 for NFA).
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Table 1. Chemical compositions of cement and waste iron powder.

Chemical composition Cement [%] WIP [%]
SiO2 24.90 8.46
Fe203 3.96 87.46
Al2O3 7.52 0.87
K20 1.00 0.28
CaO 53.43 1.08
TiO2 1.18 0.08
MgO 2.52 0.32
Na20 0.27 0.27
SOs 4.77 0.88
P20s 0.21 0.17
Cr203 0.08 0.13
100 ——i
80
s 60
S 40 i -E-ASTM Upper Limit
—8—Natural fine aggregate
20 ——Waste Iron Powder
_____ . -2-ASTM Lower Limit
° 0.1 1 10

Sieve opening [mm]

Figure 2. Grading curve of natural fine aggregate and waste iron powder,
and comparison with the upper and lower limits recommended in the ASTM C33 standard [24].

2.2. Experimental programs and test procedures

The weight basis mix design with water to cement ratio of 0.45 is used for all mortar mixes, and
superplasticizer (SikaPlast®-204 TH) as chemical admixture was used (0.5 % by mass of total cement) to
ensure the workability of fresh mortar. In order to investigate the effect of NFA replacement by WIP, five
different percentage replacements (0, 25 %, 50 %, 75 %, and 100 %) of NFA are replaced by WIP.
Concerning the cement replacement, the FWIP was passed through a sieve size of 75 pum (#200 sieve)
and used to replace cement at five different replacement levels (0 %, 2.5 %, 5 %, 7.5 %, and 10 %). The
mixture proportions of the mortar mixes for the replacement of NFA and cement are summarized in Tables
2 and 3. The workability of the fresh mortar mixes was studied by measuring the slump values of fresh
mortar, and the temperature of the fresh mortar mixes was monitored by using a digital thermometer before
pouring the steel molds.

Cube specimens (50 mm) for compression, briquette specimens for tension, and prism specimens
(40 mm x 40 mm x 160 mm) for flexural strength tests were made and tested as per ASTM C109 [26],
ASTM 307 [27], and ASTM 348 [28], accordingly. The evolution of compressive, tensile, and flexural
strength as a function of the mortar age is investigated at 7, 14 and 28 days. A total of 270 specimens (135
for NFA and 135 for cement replacement) were made and tested to attain the goal of the study. 24 h after
casting, all the mortar specimens were demoulded and cured underwater (20 = 2 °C) until the day of the
tests. Moreover, the dry density of mortar specimens was measured on the same specimens used for
mechanical tests.
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Table 2. Mixture proportion of mortar mixes for replacement of NFA by WIP.

Fine Aggregate [Kg/m?3]

Mix ID Cement [kg/m?] Water [kg/m3]

NFA [kg/m?] WIP [Kg/m3]
WIP 0 % 504 1512 0 227
WIP 25 % 504 1134 642 227
WIP 50 % 504 756 1283 227
WIP 75 % 504 378 1925 227
WIP 100 % 504 0 2567 227

Table 3. Mixture proportion of mortar mixes for replacement of cement by FWIP.
Binder [Kg/m?]

Mix ID C[:fgr?rﬁg]t FWIP [Kg/m?] NFA [kg/m?] Water [kg/m?]
FWIP 0 % 504 0 1512 227
FWIP 2.5 % 491 13 1512 227
FWIP 5 % 479 25 1512 227
FWIP 7.5 % 466 38 1512 227
FWIP 10 % 454 50 1512 227

3. Results and Discussion
3.1. Performance of mortar made with WIP as replacement for NFA

3.1.1. Fresh properties of mortar

The workability of different mortar mixes is evaluated by measuring the slump value of fresh mortar
at the time of placing and presented in Table 4. It is observed that the workability of mortar decreased with
the increasing replacement percentage of natural fine aggregate (NFA) by waste iron powder (WIP). This
behavior could be linked to the highly angular and rough surface texture of WIP (see Fig. 1c). In contrast,
the NFA is round in shape (rolling effect), resulting in the reduction of the flowability of the mortar made
with WIP due to better interlocking in the mix. The reduction in the flowability could also be linked to the
temperature of the mortar at the time of placing. As shown in Table 4, as the temperature of the fresh mortar
increases, the workability of the mortar decreases due to the higher heat of hydration of cement paste.

Table 4. Slump and temperature of fresh mortar made with five mortar mixes.

WIP 0% 25% 50 % 75 % 100 %
Slump [cm] 24 22 19 17 16
Temperature [°C] 23 26 28 29 31

3.1.2. Mechanical properties

The compressive strength of mortar made with five different percentage replacements (0 %, 25 %,
50 %, 75 %, and 100 %) of NFA by WIP was recorded at 7, 14, and 28 days and presented in Fig. 3a.
Three cubic mortar blocks were tested for every data set, and then the average value was calculated. It is
clearly seen that mortar made with WIP as fine aggregate has significantly improved the compressive
strength at all curing ages compared to the control mortar (100 % NFA). None of the specimens show lower
compressive strength as compared to the control specimen. For example, the average compressive
strength of mortar measured at 28 days of 0 %, 25 %, 50 %, 75 %, and 100 % are, respectively, 38.5 MPa,
41.9 MPa, 47.9 MPa, 49.9 MPa, and 48.2 MPa. This behavior could be linked to the higher rough surface
(see Fig. 1c), higher density, and higher strength of WAP than NFA. By the visual inspection, it has been
observed that the WIP is highly sharp in shape and has a rough surface texture than NFA. Probably, this
sharp and rough surface provides a better bond between cement and WIP that provides higher strength.
While NFA is round in shape, thus provides a weak bond, i.e., a weak interfacial transition zone between
sand particle and cement paste, resulting in lower compressive strength.
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Figure 3. Compressive strength ( fc') of mortar tested at 7, 14,

and 28 days (a), and normalized fc’ of mortar measured at 28 days is compared
with results found in the literature (b), respectively.

To gain a deeper understanding the role of different percentage replacement of NFA by WIP on the
compressive strength of mortar, normalized compressive strength at 28 days is calculated by dividing the

strength of mortar made with 100 % NFA (i.e., fJ WP%/ f] WiP=0%) and compared with the results found

in the literature [6-9, 17], see Fig. 3b. The maximum increase in compressive strength is observed for 75 %
WIP mortar, which is about 70 %, 40 %, and 30 % at 7, 14, and 28 days, respectively, higher than 100 %
NFA mortar. It is observed that the experimental results are in good agreement with the results found in the
literature [7-9].

The tensile and flexural strength of mortar mixes made with different percentage replacement of NFA
by WIP is presented in Fig. 4a and 5a, respectively. The normalized tensile and flexural strength at 28 days
are compared with the results found in the literature and presented in Fig. 4b and 5b, respectively. It is seen
that the tensile and flexural strength increases with the increasing percentage of WIP for all curing ages,
which is in good agreement with the results of the compressive strength. The maximum increase in tensile
and flexural strength is observed for the mortar made with 100 % WIP and 75 % WIP, respectively. The
increase in tensile and flexural strength of mortar for all curing ages are on average 20 % and 38 %,
respectively, higher than the mortar made with 100 % NFA. These results are consistent with the results
available in the existing studies [6—8]. As described previously, these higher tensile and flexural strengths
of mortar made with WIP could be linked to higher strength, higher angularity, and excellent surface
roughness (see Fig. 1c¢), which ensured better bonding between cement paste and WIP than NFA. Itis also
noted that the WIP provides additional tensile strength to the mortar that prevents the formation of cracking,
resulting in higher tensile and flexural strength. These experimental results demonstrate that the NFA could
be replaced by up to 75 % with WIP since above that replacement, the flexural and compressive strength
decreases, but not below the strength of the control mortar (mortar made with 100 % NFA). The reduction
in strength of mortar made with 100 % WIP could be attributed to the small voids appearing on the internal
texture of the WIP (see Fig. 1c) and lower workability (see Table 4) that could increase the porosity of
mortar and consequently reduce the strength.
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Figure 4. Tensile strength (ft') of mortar tested at 7, 14, and 28 days,

and normalized ft’ of mortar mixes measured at 28 days is compared
with other results found in the literature (b), respectively.
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Figure 5. Flexural strength (ff’ ) of mortar performed at 7, 14, and 28 days,

and normalized ff' of mortar mixes performed at 28 days is compared
with other results found in the literature (b), respectively.

This high strength (compressive, tensile, and flexural) of mortar made with WIP provides a better
future direction for sustainable construction building materials. For example, in Bangladesh, the
ferrocement technique is commonly used to retrofit the structure due to the availability of materials and
cost-effectiveness [29-30], where the strength of mortar and bond between mortar and parent concrete
play an important role. Based on the results presented in this paper, this high strength mortar (= 50 MPa or
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7250 psi) could be used in the ferrocement technique/repair work, which will not only provide higher
strength as well as a better bond among mortar, ferrocement steel wire mesh, and parent concrete. It also
demonstrates that this mortar will provide higher ductility due to its higher tensile and flexural strength of
iron that will prevent the brittle collapse of the structures and save the people inside the structure during
extreme external loads, such as earthquake, wind, blast, and fire. Furthermore, the durability performance
of ferrocement is also depended on mortar properties due to its lower net cover of mortar, higher surface
area of the steel wire mesh (i.e., higher risk of corrosion), the higher porosity and permeability of mortar
due to lower strength (i.e., higher penetration of water, higher corrosion) [29].

3.1.3. Dry density

The evolution of the dry density of mortar made with WIP as a function of time is presented in Fig. 6a,
and the normalized dry density measured at 28 days are compared with the results found in the literature
and presented in Fig. 6b, respectively. As expected, with an increase in the percentage replacement of
NFA by WIP, the dry density of mortar increases. The average density of mortar made with 0 %, 25 %,
50 %, 75 % and 100 % WIP are 2240 kg/m?3, 2434 kg/m?, 2759 kg/m3, 2791 kg/m3 and 3298 kg/m?,
respectively, at 28 days. The highest density is observed for the mortar made with 100 % WIP, which is
about 10-40 % higher for all curing ages than the mortar made with 100 % NFA. This higher density of
mortar made with WIP is directly linked with the higher specific gravity (4.31 for WIP and 2.56 for NFA) and
better interlocking between WIP and cement paste than NFA. The higher density of mortar made with WIP
is in agreement with other researchers [8, 9]. It is noted that the compressive, tensile, and flexural strength
of mortar made with WIP is significantly higher as compared to the mortar made with NFA, which could be
another reason for the higher density of mortar made with WIP than NFA.
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Figure 6. Dry density (p) of mortar tested at 7, 14, and 28 days,

and normalized p of mortar mixes performed at 28 days is compared
with other results found in the literature (b), accordingly.

3.2. Performance of mortar made with FWIP as replacement for cement

The compressive, tensile, and flexural strengths of mortar were investigated using different
percentage replacements (0 %, 2.5 %, 5 %, 7.5 %, and 10 %) of cement by fine waste iron powder (FWIP).
To fall into the size range of the cement, the FWIP was passed through a sieve opening of 75 um (#200
sieve). The compressive, tensile, and flexural strength of mortar made with partial replacements of cement
by FWIP were performed at 7, 14 and 28 days and are presented in Fig. 7. For every data set, three
specimens were tested, and then the average value was calculated.

It is found that the replacement of cement by FWIP decreases the strength of mortar for all curing
ages. For example, the average compressive strength of mortar measured at 28 days of 0 %, 2.5 %, 5 %,
7.5% and 10 % of FWIP are, respectively, 38.5 MPa, 34.2 MPa, 29.4 MPa, 27.4 MPa and 22.4 MPa.
Almost similar behavior is observed for tensile and flexural strength of mortar made with FWIP. The
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decrease in strength of mortar at 28 days as partial replacement of cement by FWIP is 10-40 % lower for
compressive and tensile strength, and 4-16 % lower for flexural strength than the mortar made with 100 %
cement. This reduction of mechanical strength is in agreement with the literature [19-22]. It is noted that a
lower reduction in flexural strength is observed as compared to tensile and compressive strength when
cement is replaced by FWIP. Probably, FWIP does not have cementitious as well as pozzolanic behavior
(i.e., lower amount of calcium silicate hydrate, CSH), which could explain the lower strength of this mortar.
However, incorporating mineral admixtures such as fly ash, blast furnace slag, and silica fume in cement
with FWIP could enhance the mechanical strength of mortar. In the literature, it was found that the concrete
made with iron tailing powder, cement, and mineral admixture such as slag and fly ash enhances the
mechanical properties as well as microstructure of concrete [20-22, 31-33].
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Figure 7. Compressive (a), tensile (b), and flexural (c) strength of mortar made
with FWIP as replacement of cement tested at 7, 14, and 28 days, respectively.

4. Conclusions

This paper dealt with the compressive, tensile, and flexural strength as well as dry density of mortar
made with five different percentage replacements of 0 %, 25 %, 50 %, 75 %, and 100 % for natural fine
aggregate (NFA), and 0 %, 2.5 %, 5 %, 7.5 % and 10 % for cement by fine waste iron powder (FWIP). The
cube, briquette, and prism specimens were made to perform compression, tension, and flexural strength of
mortar at 7, 14, and 28 days. Based on the results presented herein, the following conclusions can be
drawn:

I.  The use of WIP as a replacement for NFA in mortar shows significantly higher compressive,
tensile, and flexural strength, which is 30 % for compression, 35 % for tensile, and 37 % for flexural
strength, respectively, higher when NFA is replaced by 75 % WIP. By contrast, adding FWIP (passed
through sieve opening of 75 um) as partial replacement of cement decreases the compressive, tensile, and
flexural strength of mortar.
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II.  Lower workability is noticed for the mortar made with WIP than NFA, which could be attributed to
the highly angular and rough surface texture of WIP than NFA as well as better interlocking, which reduces
the mobility of fresh mortar.

Ill.  Anincreased dry density is observed with the increasing replacement percentage of NFA by WIP.
This higher density of mortar made with WIP is directly linked with the higher specific gravity (4.31 for WIP
and 2.56 for NFA) and better interlocking between WIP and cement paste than NFA.

IV. From the experimental results of the five mixes, this study implies that WIP can be used up to
75 % replacement of NFA as fine aggregate since WIP is stronger, higher angular, and has an excellent
sharp surface texture, which provides better mechanical performances. In contrast, to produce low strength
and ultra-low strength mortar, FWIP could be used as partial replacement of cement since the reduction of
strength is about 40 % for compression and tension, and 16 % for flexural strength lower compared to
100 % cement mortar at 28 days.

V. The outcome of this research will encourage iron waste producers to continue collecting and
storing these hazardous materials, which are cost-effective, enviro-friendly, and sustainable construction
building materials.
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Abstract. Char layer is an important parameter for the fire-resistance design of timber. The char-layer
insulates the inner layer (core) from high temperature to prevent further damage due to fire. This paper
assesses the post-fire properties of tropical solid and laminated timber originating from Indonesia. The
species are white teak, bayur, rajumas, and sengon. The timber was exposed to fire at time interval of 30,
45, and 60 min. The temperature growth was set according to ISO 834 standard heating curve. The result
shows that the average of charring rate of species with greater density and longer time of exposure is
smaller than that of species with smaller density and shorter time of exposure. The charring rate of tropical
solid and glulam timber has a linear inverse relationship to the density at each time of exposure. The
average experimental data linear regression suggests that tropically sourced timber with a density of more
than 400 kg/m? meets the charring rate of European standard. However, all experimental results agree with
the Australian standard. Furthermore, according to post-fire mechanical properties examination, the solid
timber core shows increased strength after fire; meanwhile, a strength decrease exists in glulam core.

1. Introduction

Wood is one of the preferred construction materials because of the advantages offered such as high
stiffness and strength-to-weight ratio, eye-pleasing, and renewable resources, relatively compared to other
construction materials. Therefore, the tendency of using wood has been continuing to increase, both for
structural and industrial purposes [1-4]. However, due to the natural substance, several challenges must
be considered in wood application especially the behavior of being exposed to elevated temperature. Wood
is a combustible material consisting of cellulose, lignin, and hemicellulose. The basic form of those
compositions is carbon, hydrogen, and oxygen which are combustible when there is room temperature
increase excessively [5-9].

When the temperature rises and starts from 150 °C, the surface of the wood structures will
experience a degradation thermal process (pyrolysis). As the temperature increases, the outside part of
wood decomposes into a char layer. The char layer does not have any strength or stiffness, but it acts as
an insulating material to inhibit further degradation to the inner layer (core). The char-layer insulates the
core from high temperature to prevent further damage due to fire. Char-line is a boundary between
pyrolysis, the thermal degradation of wood, and the actual char. This interface is generally characterized
by a temperature of 300 °C [10]. The depth of charring is measured from the outer surface of the
undamaged cross-section to the char-line position. The growth of charring depth during a fire is called the
charring rate. Within fire safety design, the charring rate is the significant factor for calculating the remaining
strength of the core, that is an intact cross-section of the timber [11, 12]. Some methods have been
established to calculate the residual strength of timber to sustain load continuously after a fire. The concept
of calculation is based on a reduction in the cross-sectional area in which the char layer has no strength
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[10, 13-15]. The thickness of the char depends on wood species, density, moisture, permeability,
composition, or direction of fire [11]. Char layer of wood species from the tropical country is discussed in
this paper. Studies on solid and lamination timber with species which widely used in many western countries
have been conducted by many researchers [6, 11, 16—21]. Char-layer thickness of pine wood, which is
commonly used for construction in Portugal has been determined. It is found that after 30 minutes exposed
to high temperature, char thickness of 1 cm existed on the top surface of specimens. For this position, the
temperature was investigated around 250-300 °C [11]. In addition, a study on the mechanical properties of
Parica wood from the cultivated forest in Brazil was conducted. At the highest temperature level (230 °C)
caused a decrease of 35 % of the compression strength at ambient temperature and a decrease in the
strain as well. The exposure of the specimens to high temperatures resulted in changes in the wood color,
internal and externally, which were more pronounced at temperatures above 150 °C [18]. Furthermore, the
charring rate of seven species of tropical wood has been examined under fire by [17]. The species are
azobe (lophira alata), afzelia (afzelia bipindensis), balau (shorea spp.), bilinga (nauclea diderrichi), meranti
(shorea rubro), merbau (intsia), and wenge (millettia laurentti). The woods are the type of hardwood which
frequently being used in construction. The density of wood determines the behavior during the fire and the
new model of charring is proposed. The charring rate model of tropical woods are compared to various
standards such as EC5, however, the standards are not entirely satisfactory the tropical wood charring
rates. Due to the limited study provided on the charring rate of tropical hardwood species, therefore, more
research on the tropical wood charring rate is on demand.

There are various species of tropical wood. Indonesia has a forest potential of around 4,000 types of
wood. Among them have been widely studied. The physical and mechanical properties of 15 tropical wood
species that were commonly used in Indonesia have been reported [22]. The wood ranging from softwood
to hardwood. The hardwood is widely used in construction meanwhile softwood to be used in structural
should be associated with hardwood in form of glued-laminated timber (glulam). One of the research on
the properties of tropical glulam wood at ambient temperature has been conducted by [23]. However, there
is limited research is available on the tropical wood species of solid and glulam timber at high temperature
and the charring rate is not covered yet in the Indonesian national code for timber structures design [24].
Therefore, the properties of solid and glulam produced from some local woods after a fire are discussed in
this paper.

2. Methods
2.1. Charring Rate Determination

A national code for wood structures must consider the fire resistance required for a structure when
a fire occurs, both in the form of a protective material (insulation) and in the analysis of dimensions. Fire
resistance in wood is based on standard fire test procedures and allows identifying the amount of time for
the structure to carry enough load [13]. Eurocode 5 provides notional charring rates for multi-face exposure
of solid and glulam hardwood which are 0.7 and 0.55 for the density of 290 kg/m® and 450 kg/m?3
respectively. In addition, the code sets a linear interpolation that may be used to obtain the charring rates
of solid hardwoods for densities between 290 and 450 kg/m? [14].

Similar to Eurocode 5, the Australian standard gives a charring rate of woods which depends on the
density. The relationship between the density and charring rate as given by Eq. 1.

2
B=0.4+ [%] , (1)

where 3 is the charring rate of wood (mm/min) and p the density of the wood (kg/m3) [25].

Another standard provides a charring rate based on the timber type and species. British standard
(BS 5268) states that the value of the notional charring rate for hardwood is 0.5. Meanwhile according to
Forest Research Institute Malaysia, Malaysian tropical wood of balau and merbau possess a charring rate
of 0.3 and 0.33 respectively [17]. In this paper, the charring rate of some tropical solid and glulam timber is
calculated based on the depth of charring and the time of exposure experimentally.

2.2. Materials

The main materials used in this research were tropical woods obtained from the area of West Nusa
Tenggara Region-Indonesia that has just been cut down and free from defects. The species are commonly
found as well in South-East Asia Region and India. Solid and glulam timber were used in this study. Species
of hardwood, which were white teak wood, bayur, and rajumas are the types of wood that are often used
by the community in the form of a solid structure [22] and these solid woods were used in the previous
study of pyrolysis and charring depth [26, 27]. Meanwhile, sengon is a softwood that is often used as the
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inner lamina in glulam timber [23]. Therefore, white teak wood, bayur, rajumas, and sengon were
considered as the specimens in the form of solid and glued laminated timber. The average physical
properties and mechanical properties of these materials are shown in Table 2. The properties of the wood
presented in Table 1 are obtained experimentally according to Indonesian National Code for timber
structures [24] and were measured at 12—-15 % moisture content.

The mechanical properties of the woods indicate that the quality of the woods between E15-E26,
according to National Standard [24]; therefore, these local woods are considered to be strong and stiff to
be utilized as building structure materials. The average density of white teak wood: 0.462, bayur: 0.407,
rajumas: 0.381. This indicates that these woods are included in the category of wood with moderate weight
because of the specific gravity of the wood in the ranges from 0.36 to 0.56. Meanwhile, sengon is
recognized as softwood with an average density of 0.282.

Table 1. The average of physical and mechanical properties of wood.

Compressive  Tensile Shear Bending

Species SgFr)g\(;:g/C strength strength  strength  strength
(MPa) (MPa) (MPa) (MPa)
White Teak (Gmelina arborea) 0.462 28.3 65.51 5.53 53.19
Bayur (Pterospermum 0.407 39.25 41.54 5.47 56.76
Rajumas (Duabanga mollucana) 0.381 32.53 53.95 4.46 48.92
Sengon (Paraserianthes falcataria) 0.282 23.86 26.2 5.27 37.34

The size of the specimens for high temperatures was 80 mm by 120 mm by 500 mm in thickness,
width, and length, respectively [11]. Solid timber was produced from hardwood (S-1: white teak wood, S-2:
bayur, and S-3: rajumas). Meanwhile, the glulam timber consisted of sengon as the core lamina and the
face laminas were the hardwoods. All laminas were constructed with parallel fiber orientation. Laminas with
a thickness of 40 mm were used for three-layer construction (G-1: white teak-sengon-white teak; and G-2:
rajumas-sengon-rajumas). The number of specimens was three pieces for each variation of solid and
glulam timber. The cross-section of the specimen can be seen in Fig. 1. The adhesive was applied to bond
the laminas according to the technical standards specified by the manufacturer. The cold press was applied
for 24 hours at 1 N/mm?2 pressure, followed by conditioning for 1 week and finishing. The average specific
gravity of G-1 and G-2 was 0.401 and 0.357 respectively. The average of shear strength and modulus of
rupture (MoR) of glulam is presented in Table 2.

120 mm

Figure 1. Solid and glulam cross section.

Table 2. The average of mechanical properties of glulam timber.

Glulam Shear strength MoR
specimen (MPa) (MPa)
G-1 5.38 26.39
G-2 5.37 25.98
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2.3. Fire Experiments
The heating periods were in the interval of 30, 45, and 60 min. The temperature growth is according
to standard furnace test which is regulated on an international basis by ISO 834 [14]. The temperature-time
relationship given in Eqg. 2 and Fig. 2. The standard curve gives temperatures of 842 °C at 30 min, 902 °C
at 45 min, and 945 °C at 60 min and 1049 °C at 120 min.
T =345log (8t +1)+ 20, )
where T is temperature ( °C) and t is time period of fire (minute).
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Figure 2. Temperature growth curve according to 1ISO 834 [14].

Fig. 3 shows the experimental fire test set up in the laboratory. The furnace is equipped by four
burners, however, to meet the temperature growth required by the code, only two burners have been set
up. The positioning of the wood in the furnace allowed the wood surface exposed to fire in the lateral
direction. During the fire, the furnace was locked and two thermocouples were attached to control the
temperature inside the furnace. After being exposed to elevated temperature, the depth of char layer and
pyrolysis zone was investigated in five different points of the specimens by cutting the cross-section of the
timber at 1 cm, 2 cm, 3 cm, 5 cm, and 25 cm apart from the top surface of the specimen as shown in Fig. 4
[11]. To determine the residual strength, the char layer was removed. The intact cross-section was then set
for mechanical properties examination.

Figure 3. Fire test set up.
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25

Figure 4. Char position observation [11].

3. Result and Discussion
3.1. Depth of charring

During the fire test, the solid and glulam timbers were exposed from lateral sides. The heating
temperature inside the furnace reached 900 °C, 970 °C, and 1000 °C after 30 min, 45 min, and 60 min
respectively. The maximum temperature on each heating was higher the those of the standard. The
maximum temperature ratio between the experimental and the standard was 1.07, 1.07, and 1.06
respectively for 30 min, 45 min, and 60 min period of exposure.

To examine the depth of char, the timber was cooled to room temperatures naturally. Calculation of
the charcoal depth was done by measuring the average thickness of the char laterally from each side. The
cross-section that closer to the top surface of the specimen and with longer time interval of exposure
experiences thicker char layer as shown in Table 3 and Fig. 5.

Table 3. Average depth of charring.

. Time Distance from top surface (mm)
Species )

(min) 10 20 30 50 250

30 6.33 0.00 0.00 0.00 0.00

S-1 45 12.24 5.90 0.00 0.00 0.00
60 21.30 10.08 7.50 6.96 6.36

30 9.51 0.00 0.00 0.00 0.00

S-2 45 19.13 13.23 5.74 0.00 0.00
60 35.88 22.41 16.08 16.62 10.01

30 11.25 6.51 0.00 0.00 0.00

S-3 45 23.72 14.80 11.52 10.67 0.00
60 40.56 24.88 16.49 14.84 11.86

30 8.01 7.77 7.23 5.76 4.69

G-1 45 16.79 14.19 9.45 9.05 8.24
60 28.50 26.46 35.45 28.49 22.11

30 14.19 12.69 8.16 7.68 6.64
G-2 45 29.16 24.84 19.76 15.28 13.43
60 47.52 42.69 38.28 31.92 28.86
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Figure 5. Charring depth at some positions.

In general, the char thickness increases due to increased fire exposure time. Less char thickness is
observed in solid wood than glulam wood. White teak wood (S-1) does not show a significant char layer
after 30 min exposure, even after exposure of 45 min, the char-layer is at the position of 10 and 20 mm
from the top surface. Similar to S-1, bayur (S-2) shows a char layer only at a position nearby top surface
after 30 min exposure, and no char-layer is found anymore beyond the position. And from 45 to 60 minutes
of exposure, the char-layer is found until the position of 20 mm and 250 mm respectively from the top
surface. For species S-3, char begins to exist at 30 min of fire and continued until the distance of 20 mm
from the top, and it becomes thicker until exposure time of 45 and 60 min, where char is found up to position
of 50 and 250 mm from the top surface.

Charcoal formation behavior in glulam is more severe compared to solid wood. G-1 glulam wood
shows a thinner char-layer than G-2 because the resistance behavior to fire of white teak is better than
rajumas wood. Even the G-2 glulam char has covered all wood surfaces after the time of 45 minutes. The
surface area of the total cross-section turns into char was found up to a position of 20 mm from the top
surface.

3.2. Charring rate

Calculation of the charring rate is evaluated at the position of 10 mm from the top because this
condition generates the worst effect of fire. Table 4 shows the charring depth and charring rate of the
species along with the density. In general, both for solid and glulam timber, the greater density shows lower
charring depth and charring rate as suggested by many studies [10, 17, 25]. For solid timber, white teak
has the greatest density presents the lowest charring rate. Meanwhile, glulam timber with density bigger
than 400 kg/m3show smaller charring rate than the glulam with a density of less than 400 kg/m3.

Table 4. Charring rate.

Average char

Spesies Density Fir_e exposyre depth Char re?te
(kg/m3) Time (min) (mm) (mm/min)
30 6.33 0.211
S-1 462 45 12.24 0.272
60 21.30 0.355
30 9.51 0.317
S-2 407 45 19.13 0.425
60 35.88 0.598
30 11.25 0.375
S-3 381 45 23.72 0.527
60 40.56 0.676
30 8.01 0.267
G-1 401 45 16.79 0.373
60 28.50 0.475
30 14.19 0.473
G-2 357 45 29.16 0.648
60 47.52 0.792
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Fig. 6 reveals that the development of char is almost constant from the initial (30 min) to final (60 min)
heating time found in the species with greater density (solid wood: S-1 and S-2). Conversely, for the species
with lower density (solid wood: S-1 and glulam wood: G-1 and G-2), the charring rate at the heating time of
45 min to 60 min develops faster than those charring rate at the heating time of 30 min to 45 min. The wood
density not only determines the value of the charring rate but also influences the development of the
charring rate itself over the fire exposure time. This finding agrees with [25], where the charring rate after a
fire exposure of 60 min is greater than that after a fire exposure of 45 min due to increasing temperature
inside the wood.

o
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o
w

Charring rate (mm/min)

0.1
20 30 40 50 60 70

Time of exposure (min)

—8—51 --8--S2 —@ 53 —&—G1 —A—G-2

Figure 6. Development of charring rate.

In addition, the result shows that the average of charring rate of species with greater density and
longer time of exposure, is smaller than that of species with smaller density and shorter time of exposure,
for example species S-1 with a density of 462 kg/m® and exposure time of 60 min has a charring rate of
0.355 compared to species S-3 with a density of 381 kg/m? and exposure time of 30 min shows a charring
rate of 0.375. Wood with a density greater than 400 kg/m? has more fire resistance over the fire exposure
time. After a fire exposure of 60 min, the charring rate of solid and glulam timber has the inverse order to
the density. The charring rate order of solid wood: S-1 < S-2 < S-3 and the density order: S-1 > S-2 > S-3.
Similarly, for glulam timber, the order of charring rate: G-2 < G-1 and the order of density G-1 > G-2.

The value of charring rates are approaching with the finding of [17], where the tropical hardwood
species, balau and merbau with the density range of 500—1000 kg/m? show the charring rate of 0.3 and
0.33 respectively. In this research, the hardwood species which has the largest density (S-1) show about
the same value of the charring rate (0.355).

3.3. Influence of density on charring rate

Many researchers have been published the relationship between wood density and the charring rate,
however, there are a few related to tropical wood. Fig. 7 presents the relationship between the density of
timber and the charring rate of solid and glulam timber.
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Figure 7. Relationship between density and charring rate.
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A linear shape is obtained from the experimental result for the relationship between density and
charring rate in all heating period of exposure (solid line), which is inline as stated in EN 1992-1-2 that a
linear interpolation may be used to obtain the charring rates of solid hardwoods for densities between 240
and 450 kg/m? [14]. Due to the nearly linear character of the curves of the average charring rates for the
exposure time of 30, 45 and 60 minutes, the charring rate presented in that figure is the charring rate at 60
minutes (dashed line) [10]. The following linear regression (Eq. 3—6) is obtained for 30, 45, and 60 min and
the average of 30, 45, and 60 min exposure time.

Charring rate(3o) = (—2.385x density) +1.286, (3)
Charring rate(45) = (—-3.490 x density) +1.851, (4)
Charring rate(60) = (—-4.082x density ) +2.218, (5)
Charring rate(average) =(—0.003x density)+1.785. (6)

Eurocode 5 recommends charring rates according to timber type for fire safety in building design. It
is recommended a charring rate of 0.70 mm/min for solid and glulam hardwood for the density of 290 kg/m3
and a charring rate of 0.55 for the density of more than 450 kg/m3 [14]. Australian standard gives the
relationship between the density and charring rate in a quadratic relationship and similar to Eurocode 5, it
also reveals the negative relationship between density and charring rate. Fig. 8 illustrates the comparison
of the experimental data of charring rates with Eurocode and Australian standard. The experimental
regression which is discussed earlier is also attached in this figure.

Compared to European standard recommendation, in general, the solid and glulam timber are safe
except timber with the lowest density (solid: S-3 and glulam: G-2) result in unsafe conditions due to higher
charring rate. The average experimental data linear regression suggests that tropically sourced timber with
a density of more than 350 kg/m®meets the charring rate of European standard. However, according to the
Australian standard, all experimental result agrees to the standard.
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Figure 8. Comparison charring rate with other standard.

3.4. Post-fire mechanical properties

To investigate the properties of wood after elevated temperature can be approached by several
methods. Principally, the concept is the same which is the char has no strength [14]. To examine the
residual strength, the char layer was removed completely. The core was the inner part which was not
affected by the fire due to the char insulation. The mechanical properties testing was conducted for the
specimens which were affected by 60 min fire exposure because it was considered as the most severe
condition of the timber. This core was prepared to determine the representative of the mechanical properties
Shear test was conducted on solid timber which required a small specimen size which enables to be
obtained from the post-fire timber to observed post-fire shear strength. Meanwhile, the flexure test was
conducted to glulam specimens. The same cross-section of intact specimens as the char removed cross-
section was provided in advance as a comparison. Fig. 9 shows post-fire shear strength compared to the
actual one.
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Figure 9. Shear strength comparison.

Itis clearly can be seen that solid timber shows an increase in the shear strength after combustion.
The timber gained strength around 1.3 times on average compared to the previous strength. The biggest
increase occurred in S-3 which has the smallest density. The increase in properties in wood is assumed to
be similar to wood given a heating treatment to improve its properties. The heat treatment usually does not
exceed a temperature of 200 °C [1], [28], so it is assumed that the cores experience such temperatures
because the inside core is protected by the char layer; thus, the properties of the core increase. Conversely,
in the case of the glulam residual cross-section, there is a decrease of flexural load about 22.11 % and
18.45 % for G-1 and G-2 respectively after high temperature exposure. The decrease is assumed due to
the bonding between the lamina being worsened after the fire [20].

4. Conclusion

The experimental procedures conducted in this paper are for assessing the post-fire properties of
solid and glulam timber from tropical wood species. The following points can be drawn.

a. The wood density not only determines the value of the charring rate but also influences the
development of the charring rate itself over the fire exposure time.

b. The average of charring rate of species with greater density and longer time of exposure is smaller
than that of species with smaller density and shorter time of exposure

c. After a fire exposure of 60 min, the charring rate of tropical solid and glulam timber have the
inverse order as the density. The charring rate of solid wood in increasing order: white teak < bayur <
< rajumas and the density in decreasing order: white teak > bayur > rajumas. Similarly, for glulam timber,
the charring rate in increasing order: white teak-sengon-white teak < rajumas-sengon-rajumas and the
density in decreasing order: white teak-sengon-white teak > rajumas-sengon-rajumas.

d. Alinear relationship is obtained between wood specific gravity and charring rate at each exposure
temperature

e. The average experimental data linear regression suggests that tropically sourced timber with a
density of more than 400 kg/m? meets the charring rate of European standard. However, according to the
Australian standard, all experimental result agrees to the standard.

f. According to post-fire mechanical properties examination, the solid timber shows increased
strength after fire; meanwhile, glulam timber does not.

References

1. Ramage, M.H., Burridge, H., Busse-Wicher, M., Fereday, G., Reynolds, T., Shah, D.U., Wu, G., Yu, L., Fleming, P., Densley-
Tingley, D., Allwood, J., Dupree, P., Linden, P.F., Scherman, O. The wood from the trees: The use of timber in construction.
Renewable and Sustainable Energy Reviews. 2017. 68. Pp. 333-359. DOI: https://doi.org/10.1016/j.rser.2016.09.107.

Claisse, P.A. Chapter 33 — Timber. Civil Engineering Materials. Butterworth-Heinemann. Boston, 2016. Pp. 369-386.

Ajuong, E., Pinion, L.C., Bhuiyan, M.S.H. Degradation of Wood+. Reference Module in Materials Science and Materials
Engineering. Elsevier, 2018.

4. Cheung, K.C.K. Wooden Structuresy. Reference Module in Materials Science and Materials Engineering. Elsevier, 2019.
5. Woodard, A.C., Milner, H.R. 7 — Sustainability of timber and wood in construction. Sustainability of Construction Materials (Second
Edition). Second Edi. Woodhead Publishing, 2016. Pp. 129-157.

Kencanawati, N.N., Rofaida, A., Sugiartha, I.W., Beriman, A., Putri, A.l.T.



6. Wiesner, F., Bishy, L. The structural capacity of laminated timber compression elements in fire: A meta-analysis. Fire Safety
Journal. 2019. 107. Pp. 114-125. DOI: https://doi.org/10.1016/j.firesaf.2018.04.009.

7. Ostman, B., Brandon, D., Frantzich, H. Fire safety engineering in timber buildings. Fire Safety Journal. 2017. 91. Pp. 11-20.
DOI: https://doi.org/10.1016/j.firesaf.2017.05.002.

8. Cabrero, J.M., lraola, B., Yurrita, M. Chapter 7 — Failure of timber constructions. Handbook of Materials Failure Analysis.
Butterworth-Heinemann, 2018. Pp. 123-152.

9. White, R.H., Woeste, F.E. Post-fire analysis of solid-sawn heavy timber beams. Structure Magazine. November 2013. Pp. 38—40.

10. Cachim, P.B., Franssen, J.-M. Assessment of Eurocode 5 charring rate calculation methods. Fire technology. 2010. 46 (1).
Pp. 169. DOI: https://doi.org/10.1007/s10694-009-0092-x

11. Fonseca, E.M.M., Barreira, L.M.S. Charring rate determination of wood pine profiles submitted to high temperatures. WIT
Transactions on The Built Environment. 2009. 108. Pp. 449-457. DOI: 10.2495/SAFE090421

12. White, R.H., Dietenberger, M.A. Fire safety of wood construction. Wood handbook: wood as an engineering material: chapter 18.
Centennial ed. General technical report FPL; GTR-190. Madison, WI: US Dept. of Agriculture, Forest Service, Forest Products
Laboratory, 2010: p. 18.1-18.22. 2010. 190. Pp. 11-18.

13. Gravit, M.V, Serdjuks, D., Bardin, A.V, Prusakov, V., Buka-Vaivade, K. Fire Design Methods for Structures with Timber Framework.
Magazine of Civil Engineering. 2019. 85 (1). DOI: 10.18720/MCE.85.8

14. Purkiss, J.A. Fire Safety Engineering Design of Structures. Second. Elsevier, 2007.

15. Schmid, J., Klippel, M., Just, A., Frangi, A. Review and analysis of fire resistance tests of timber members in bending, tension and
compression with respect to the Reduced Cross-Section Method. Fire Safety Journal. 2014. 68. Pp. 81-99.
DOI: https://doi.org/10.1016/j.firesaf.2014.05.006.

16. Thi, V.D., Khelifa, M., Oudjene, M., Ganaoui, M., El, Rogaume, Y. Finite element analysis of heat transfer through timber elements
exposed to fire. Engineering Structures. 2017. 143. Pp. 11-21. DOI: https://doi.org/10.1016/j.engstruct.2017.04.014.

17. Njankouo, J.M., Dotreppe, J.-C., Franssen, J.-M. Fire resistance of timbers from tropical countries and comparison of experimental
charring rates with various models. Construction and Building Materials. 2005. 19(5). Pp. 376-386. DOI: https://doi.org/10.10-
16/j.conbuildmat.2004.07.009.

18. Manriquez, M.J., Moraes, P.D. Influence of the temperature on the compression strength parallel to grain of parica. Construction
and Building Materials. 2010. 24(1). Pp. 99-104. DOI: https://doi.org/10.1016/j.conbuildmat.2009.08.003.

19. Fahrni, R., Klippel, M., Just, A., Ollino, A., Frangi, A. Fire tests on glued-laminated timber beams with specific local material
properties. Fire Safety Journal. 2019. 107. Pp. 161-169. DOI: https://doi.org/10.1016/j.firesaf.2017.11.003.

20. Zelinka, S.L., Sullivan, K., Pei, S., Ottum, N., Bechle, N.J., Rammer, D.R., Hasburgh, L.E. Small scale tests on the performance
of adhesives used in cross laminated timber (CLT) at elevated temperatures. International Journal of Adhesion and Adhesives.
2019. 95. Pp. 102436. DOI: https://doi.org/10.1016/j.jadhadh.2019.102436.

21. Klippel, M., Frangi, A. Fire safety of glued-laminated timber beams in bending. Journal of Structural Engineering. 2017. 143 (7).
Pp. 4017052. DOI: https://doi.org/10.1061/(ASCE)ST.1943-541X.0001781

22. Anshari, B., Rofaida, A., Sugiartha, I.W., Pathurahman, P. Study on Quality of Local Wood of Lombok Island Based on National
Standard (in Indonesian). Indonesian Wood Research Community. 2015. Pp. 62-67. URL: www.mapeki.org

23. Komariah, R.N., Hadi, Y.S., Massijaya, M.Y., Suryana, J. Physical-mechanical properties of glued laminated timber made from
tropical small-diameter logs grown in Indonesia. Journal of the Korean Wood Science and Technology. 2015. 43(2). Pp. 156-167.

24. SNI-7973-2013. Indonesian National Standard: Design Specifications for Timber Structures Jakarta, Indonesia, 2013.

25. Yang, T.-H., Wang, S.-Y., Tsai, M.-J., Lin, C.-Y. The charring depth and charring rate of glued laminated timber after a standard
fire exposure test. Building and Environment. 2009. 44 (2). Pp. 231-236. DOI: https://doi.org/10.1016/j.buildenv.2008.02.010.
URL: http://www.sciencedirect.com/science/article/pii/S036013230800036X

26. Kencanawati, N.N., Anshari Buan, Rofaida, A., Sugiartha, I.W., Handayani, T. Fire Resistance of Jati Putih Wood (in Indonesian).
National Conference on Science and Technology. 2018. URL: https://lppm.unram.ac.id/seminar-nasional-2018/

27. Kencanawati, N.N., Anshari, B., Fajrin, J., Hariyadi, H. Post Behaviour of Laminated Timber After Fire. UKARST. 2020. 4 (2).
Pp. 207-221. DOI: http://dx.doi.org/10.30737/ukarst.v4i2.909

28. Percin, O., Peker, H., Atilgan, A. The effect of heat treatment on the some physical and mechanical properties of beech (Fagus
orientalis lipsky) wood. Wood Research. 2016. 61 (3). Pp. 443-456.

Contacts:

Magazine of Civil Engineering, 108(8), 2021

Ni Nyoman Kencanawati, nkencanawati@unram.ac.id
Aryani Rofaida, aryanirofaida@unram.ac.id

| Wayan Sugiartha, sugiartha88@gmail.com

Anfal Beriman, anfalberiman27@gmail.com

Aisya Intan Tajina Putri, aisyaaintan@gmail.com

Kencanawati, N.N., Rofaida, A., Sugiartha, I.W., Beriman, A., Putri, A.l.T.



Magazine of Civil Engineering. 2021. 108(8). Article No. 10812

T

2t Magazine of Civil Engineering ISSN

i‘;@ﬁ% 2712-8172
'Dj; x L

Bpg 'i e .

B kY oo journal homepage: http://engstroy.spbstu.ru/

DOI: 10.34910/MCE.108.12

Differential characteristics of concrete
in centrifugally spun and vibrospun building structures

L.R. Mailyan “*', S.A. Stel'makh "', E.M. Shcherban'*
Don State Technical University, Rostov-on-Don, Russia
*E-mail: au-geen@mail.ru

Keywords: concretes, mechanical properties, compressive strength, tensile strength, bending strength,
elastic moduli, strain-stress curves

Abstract. This paper presents research into the variatropic structural characteristics of experimental
circular-section concrete specimens as well as the related differential (varying depthwise) structural
characteristics of concrete subjected to centrifugal spinning and vibrospinning. The researchers sought to
assess how the production technology (centrifugal spinning or vibrospinning) could affect the differential
(varying depthwise) characteristics of concrete: density; cube and prism axial compressive strength;
ultimate axial compressive strain; axial tensile strength and tensile bending strength; ultimate axial tensile
strain; the elastic modulus; the strain-stress curve for compression and tensioning. The researchers made
and tested six basic centrifugally spun and vibrospun circular-section specimens that had an outer diameter
D of 450 mm, an inner diameter d of 150 mm, and a total height H = 1200 mm. The manufacturing
technology differed in the experiments, as the team used both centrifugal spinning and vibrospinning.
Experimental research into the differential characteristics of centrifugally spun and vibrospun concrete aged
7, 28, and 180 days as exposed by compression and tension revealed that the outer concrete layer had
the best characteristics, while the inner layer was the worst. The experiments thus back the three-layer
model of the variatropic structure in centrifugally spun and vibrospun concrete. The following differentiation
was observed in variatropic concrete: the outer layer had the best strength and elastic modulus, while being
less deformable; the inner layer had the least strength and elastic modulus, while being more deformable;
the mid-layer concrete was average in terms of everything. Stress-strain curves of centrifugally spun and
vibrospun concrete did differ by layer, too, further proving that such concrete had a variatropic structure.
The curves showed the greatest strength for the outer layer and the lowest for the inner layer, while the mid
layer had average values.

1. Introduction

The physical fundamentals of variatropic structure in centrifugally spun concrete are detailed in
[1-9]. The way it emerges essentially boils down to the fact that as the mold starts rotating at low rpm, the
material is distributed evenly across the circular section; then, as the rotation accelerates, centrifuging
squeezes some of the curing water out of the cement dough together with highly-dispersed particles; this
brings larger filler particles closer together to condense the concrete mix.

Yu.Ya. Steyermann was the first to study the mechanism of filler drift in centrifugal condensing in
detail. Assuming that the filler grains were suspended in the cement dough, he found that the dough exerted
hydrodynamic pressure on the filler particles and quantified the distribution of fillers and cement dough
across the section [8].
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Later, I.N. Akhverdov showed that this pressure depended on the geometric size of the spun product
as well as on the mold rotation speed. The pressure alters depthwise in the wall: it is the lowest on the inner
surface and peaks on the outer surface, which affects the specifics of how the liquid is being squeezed out
of the concrete mix. The characteristic uneven depthwise distribution of cement dough in the product is
associated with the emergence of multiple directed radial filtration channels increasing cross-section and
number towards the inner surface. This is why the inner slurry layer of a concrete circle has a very high
porosity [1].

Some other authors have shown that when using a mix of filler grains different in average density,
properly attuned centrifuging speeds can produce more even, and thus more desirable depthwise
distribution of those grains, as it is the unevenness of distribution that destabilizes the physical and
mechanical properties [3, 4, 6, 7].

Research into the strength of centrifugally spun concrete has found that physical and mechanical
properties differ significantly in inner and outer layers of concrete circles. These results not only prove that
a single centrifugally spun specimen may differ physically and mechanically layer from layer; they also
show that such concrete does differ from its vibrospun counterparts in terms of such properties [4, 6, 7].

V.M. Batashev and S.T. Androsov studied the strain-related properties of centrifugally spun concrete:
the elastic moduli, the parametric points of microfracturing, creep, and shrinkage. The strengths of
centrifugally spun concrete are scale-dependent, which is why it is important that experimental specimens
be made under such conditions that mimic the real-world setting as much as possible. The strain-related
properties of centrifugally spun concrete differ significantly depthwise in a circular section, as the inner
layers have greater shrinkage and compressibility. Difference in properties may also depend on the
specimen age; thus, layers may differ in strain by 50...100 % in freshly made concrete, 20...40 % after
50...60 days [2].

When in use, centrifugally spun concrete products are exposed to volatile stress and strain due to
the uneven temperature and humidity fields emergent in the concrete body.

V.l. Podolsky [5] has found that the closed circle of a centrifugally spun reinforced-concrete pole
carries two types of forced strain that determine the emergence of stresses:

— inner strain that occurs regardless of the element’s static diagram due to the curvilinear distribution
of moisture across over the cross-section;

— forced strain that occurs in a closed circle due to strain being limited along the entire outline or in a
section of it.

Cyclical moistening and drying causes significant shrinkage-related strain that contributes to
fracturing.

The way centrifugally spun concrete resists periodic freezing and thawing also has some specifics
pertaining to the structural heterogeneity or variatropy of the material [10, 11].

It can be assumed that sequential molding layer-by-layer or use of associated vibration in centrifuging
can direct the structuring of variatropic centrifugally spun concrete [12].

Today’s research focuses more and more on circular-section reinforced-concrete products of
variatropic structure; when exposed to a variety of impacts, such products cannot be modeled by
conventional calculations as their stress-strain state is far more complex [13—15]. Papers [1-9] present the
fundamentals behind the existing methods for calculating the parameters of centrifugally spun reinforced-
concrete circular-section structures.

For instance, these methods can be used to calculate the parameters of circular-section reinforced-
concrete products in a variety of stress-strain states [16—18].

G.A. Aksomitas researched short centrifugally spun circular-section columns that contained direct-
axis reinforcements; the columns were exposed to short-term compression [9].

Centrifugal spinning and vibrospinning induce significantly different centrifugal and centripetal forces
acting on outer, mid, and inner layers of the cross-section; this in turn induces a significant difference in the
structure and characteristics of concrete in these layers, which must be taken into consideration when
calculating [10-23].

This paper presents research into the variatropic structural characteristics of experimental circular-
section concrete specimens as well as the related differential (varying depthwise) structural characteristics
of concrete subjected to centrifugal spinning and vibrospinning.
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The purpose of the work is to study concretes of a variatropic structure, vibrocentrifuged structures
made of them with concrete characteristics differing in cross-section, and to develop recommendations for
the design assessment of concrete characteristics and the operation of structures.

Research objectives:

— to investigate the differential (differing in cross-section) design characteristics of centrifuged and
vibro-centrifuged concretes of variatropic cross-sections;

— to propose theoretical recommendations for the design determination of the structural
characteristics of centrifuged and vibrocentrifuged concretes, taking into account variatropy.

The object of research is centrifuged and vibrocentrifuged concretes of variatropic structure and
compressed elements from them.

The subject of research is the structural characteristics of variatropic concretes and taking into
account the variatropicity in the calculation and design of compressed reinforced concrete elements from
them.

2. Methods

The researchers made and tested six basic centrifugally spun and vibrospun circular-section
specimens that had an outer diameter D of 150 mm, an inner diameter d of 1200 mm, and a total height
H=1200 mm.

For equipment and methods, see [24-28]. The manufacturing technology differed in the experiments,
as the team used both centrifugal spinning (designated as C hereinafter) and vibrospinning (V).

After the analysis of scientific data, the following were accepted for research:
— crushed stone granite JSC "Pavlovsk Nerud" fraction 5-20 mm;

— quartz sand of the Grushevskoye deposit (M = 2.0).

As a binder, we used no additives Portland cement Evrocement of the group "Oskolcement” grade
500 normally hardening, the physical and mechanical properties of which are presented in Table 1.

Table 1. Physical and mechanical properties of cement.

i Setting time, Activity, MPa
Name Specific surface, Normalodensny, hours-min. Y,
m2/kg %
start end Rp Rt
Portland cement 365 25.5 1-05 3-15 5.9 51.5

The researchers sought to assess how the production technology (centrifugal spinning or
vibrospinning) could affect the differential (varying depthwise) characteristics of concrete: density; cube and
prism axial compressive strength; ultimate axial compressive strain; axial tensile strength and tensile
bending strength; ultimate axial tensile strain; the elastic moduli; the stress-strain curve for compression

(6b — &b) and tension Gbt — Ept).

The test methodology differed in a sense that each basic experimental specimen was subjected to
multiple different tests. Each basic specimen was tested aged 7, 28, and 180 days.

A quadrant was outlined in the specimen section that was further split into three layers (outer, mid,
and inner), each 5 cm thick; then the layer-specific characteristics were found, see Fig. 1 and 2.
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2nd level

3rd level
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Figure 1. Diagram of taking small-size concrete samples for testing
the depthwise differential characteristics of the basic full-size circular-section specimens.
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200
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Figure 2. Experimental small-size concrete samples taken from experimental
basic full-size circular-section specimens to test their differential characteristics.

For axial compression and tension tests, 9 cubes sized 5x5x5 cm were saw-cut out of the quadrant
along the entire specimen (Level 1, axial compression tests), and so were 9 prisms sized 5x5x20 cm (Level
2, bending tension tests), 9 prisms sized 5x5x20 cm (Level 3, axial compression tests), and an additional
9 prisms sized 5x5x20 cm (Level 4) for axial tension tests.

Cube-based axial compression tests returned the values Rpcubi, prism-based axial compression
tests returned the values Rpi, €bRi, Rot,i, €otr,i, Eb,1 = Ebti as well as the stress-strain curves 6p,i — €b,i, while
prism-based axial tension tests returned Rpti and 6uti — &ot1, and the prism-based bending tension tests
returned Rpt,i.

All the specimens were tested aged 7, 28, and 180 days as required by Russian State Standard
GOST 10180. Scaling factor was applied to correctly compare samples of different size.

Tests were carried out in accordance with Russian State Standard GOST 10180: an IPS-10 press
was used for axial compressive tests of prisms, while a special unit based on a P-10 test press was used
for axial tensile tests of prisms.

Strain in concrete was measured by a chain of tensor sensors with a base of 50 mm and clock-type
indicators graduated at 0.001 mm.
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Tests were carried out at a constant straining rate to derive not only the strength and strain-related
characteristics of concrete, but also its complete stress-strain curves 6 — € with descending branches. To
that end, the experiments involved not only tensometers but also oscillographs.

The load would first increase until hitting the peak value, then decrease while the strain continued to
increment. Thus, the tests recorded the descending branch of the stress-strain curve, which in this study
had fairly stable outline up to ¢ = 0.8 R in both stress and strain, then turned volatile.

Below are the test variables:

— manufacturing technology: centrifugal spinning and vibrospinning;

— stress-strain type: axial compression and axial tension;

— sample type: 5x5x5 cm and 15%15%15 cm cubes, 5x5x20 cm and 15x15x60 cm prisms;
— test mode: constant loading rate or constant straining rate;

— concrete age: 7, 28, or 180 days.

Centrifugally spun and vibrospun specimens were variatropic depthwise, i.e. they could be
conditionally split into multiple layers that differed in material properties due to the manufacturing
technology.

To detect how layers differed in terms of properties, a Pulsar 2.2 unit was used for preliminary
ultrasonic scanning. To that end, 3 prisms sized 120015050 mm were conventionally outlined in the wall
of each specimen. The unit's sensors were attached as shown in Fig. 3 in all the three conventional layers
(inner, mid, and outer) of the variatropic structure across the wall.

Declared concrete class — B40.

Figure 3. Ultrasonic sensor locations.

3. Results and Discussion

Table 2 shows the qualitative and quantitative distribution of density and strength in centrifugally
spun and vibrospun concrete.

Table 2. The results of ultrasonic scanning of experimental specimens.

Technology
Indicator Centrifugal spinning Vibrospinning
Layer Layer
outer mid inner outer mid inner
Density 2495 2403 2316 2544 2492 2396
Compressive
strength, MPa 43.4 35.5 32.2 68.2 65.1 41.6
Elastic
. 34.3 27.8 24.8 38.8 35.2 28.5
moduli, MPa

As shown in Table 2, the outer layer had the greatest strength regardless of the manufacturing
technology, as it was exposed to maximum centrifugal force; the inner layer was the weakest.
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Magazine of Civil Engineering, 108(8), 2021

For centrifugally spun concrete, the curve of strength as a function of layer (from the outer to the
inner layer) is a curve that slopes down and has downward concavity as shown in Fig. 4, while for vibrospun
concrete, the concavity faces up, see Fig. 5.

That being said, the mid layer is between its inner and outer counterparts in terms of strength, which
is below the arithmetic mean of inner+outer layer in centrifugally spun concrete but above that in vibrospun
concrete, hence the difference in concavity.

The experiments thus back the three-layer model of the variatropic structure in centrifugally spun
and vibrospun concrete.

Similar changes are observed in layer strain and elastic moduli. It is the outer layer that should have
the greatest elastic moduli, while the inner layer should have the lowest elastic moduli, with that of the mid
layer being in between, slightly below average in centrifugally spun concrete and slightly above in vibrospun
concrete, as evidenced in [4, 7] for centrifuged concrete.

Accordingly, all this causes the difference in the ¢ — € curves for different concrete layers.
Mechanical tests prove that, see below.

The 5 cm inner, mid, and outer layers were compared against each other in terms of compressive
and tensile strength.

Conclusions were drawn from the analysis of experimentally found strength (Table 3) and its
deviations (Table 4) shown in Fig. 6 for compression and in Fig. 7 for tension.
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Figure 4. Layer-by-layer distribution of density, strength, and elastic moduli
in centrifugally spun concrete: 1 is for the outer layer; 2 is for the mid layer;
3is for the inner layer.
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Figure 5. Layer-by-layer distribution of density, strength, and elastic moduli
in vibrospun concrete: 1is for the outer layer; 2 is for the mid layer; 3 is for the inner layer.
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and vibrospun (V) concrete: (a) bending; (b) axial.

Table 3. Experimental differential characteristics of variatropic structural layers in
centrifugally spun and vibrospun concrete.

Manufacturing technology

Characteristics Centrifugal spinning (C) Vibrospinning (V)
of concrete Layers Layers
inner ClI mid ClI outer ClII inner VI mid VII outer VIII
Density, kg/m®  2342/2335/2319 2443/2432/2411 2502/2495/2470 2350/2344/2329  2466/2455/236  2515/2502/277
Compressive
strength, MPa:  40.9/51.1/66.5 49.3/61.6/80.1 60.1/75.1/98.5 38.6/51.3/67.6 52.9/70.3/92.3  59.2/78.7/104.3
(a) cubes 31.5/38/8/51.3 38.2/47.1/62.2 46.2/57.5/76.5 29.2/39.2/51.2 40.1/53.6/70.1 45.1/60.0/79.2
(b) prisms
Tensile
strength, MPA: 3.5/4.3/5.7 4.2/5.2/6.8 5.2/6.4/8.3 3.4/4.4/5.9 4.6/6.0/8.1 5.2/6.8/9.1
(a) bending 3.2/3.9/5.1 3.7/4.5/5.9 4.4/5.5/7.2 3.0/3.9/5.3 4.2/5.4/7.2 4.7/6.1/8.1
(b) axial
Ultimate
axial
compressive
strain, 3.40/2.64/2.10 2.80/2.15/1.72 2.35/1.82/1.45 3.10/2.40/1.80 2.80/2.12/1.61 2.00/1.54/1.17
mm/m*10-3
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Manufacturing technology

Characteristics Centrifugal spinning (C) Vibrospinning (V)
of concrete Layers Layers
inner ClI mid ClI outer ClII inner VI mid VII outer VIII
Ultimate
axigtlrgqul‘sile 1.97/1.48/1.35 1.60/1.20/1.05 1.38/1.04/0.90 1.64/1.30/1.00 1.49/1.14/0.90 1.10/0.83/0.65
mm/m*10-4
Elast:\(/:”:r)r;oduli, 19.6/23.9/31.3 22.5/27.8/36.4 27.2/33.9/44.8 16.8/21.6/28.0 22.8/29.2/38.2 25.7/33.0/43.1

Note. Slash separates the values at 7, 28, and 180 days of age.

Table 4. Deviations in differential characteristics of variatropic structural layers in
centrifugally spun and vibrospun concrete.

Deviations, %

Characteristics Cc \Y% v—=C
of concrete Layers Layers Layers
A A2 A3 ! A5 A6 A7 A8 A9
Density, kg3~ 43/42/ 24126/ 6.8/6.9/ 4.9/47/ 2.0/L.9/ 7.0/67/ 03004/ 0909 0503
4.0 2.4 6.5 4.6 1.7 6.4 0.4 1.0 0.3
Compressive 20.5/ 21.9/ 46.9/ 37.0/ 11.9/ 53.4/ 5.6/ .y 1.5/
strength, MPa: 205/  21.9/  47.0/  37.0/ 119/  53.4/ (i-‘;/ 141/ Aé-%/
(a) cubes 20.5 23.0 48.1 36.5 13.0 54.3 ' 15.2 :
(b) prisms 21.3/ 20.9/ 46.7/ 37.3/ 12.5/ 54.5/ I:gf 5.0/ i:g;
21.4/ 221/ 482/ 36.7/ 11.9/ 53.1/ 0.2 13.8/ 3.5
21.2 23.0 49.1 36.9 13.0 54.7 12.7
Tensile 20.0/ 23.8/ 48.6/ 35.3/ 13.0/ 52.9/ 2.9/ o5/ 0.0/
strength, MPA:  20.9/  23.1/ 488/ 364/ 133/ 545 %35/ 15 4/ %26/
(a) bending 19.3 22.1 45.6 37.3 12.3 54.2 ' 19.1 '
(b) axial 15.6/ 18.9/ 37.5/ 40.0/ 11.9/ 56.7/ g:g; 13.5/ 166_%//
15.4/ 222/ 410/ 38.5/ 13.0/ 56.4/ 3.9 20.0/ 125
15.7 22.0 41.2 35.8 12.5 52.8 22.0
Ultimate
axial 17.65/ 16.07/ 30.88/  9.68/ 2857/ 3548/  ggy 000/  14.89/
compressive 18.56/ 15.35/ 31.06/ 11.67/ 27.36/ 35.83/ 9.09/ 1.40/ 15.38/
strain, 18.10 1570 3095 1056  27.33 3500  14.29 6.40 19.31
mm/m*10-3
Ultimate
el tensile 18.78/  13.75/  29.95/  9.15/ 2617/ 3293/ 1575/ .88/ 2029/
strain 18.92/  13.33/ 29.73/ 12.31/ 27.19/ 36.15/ 12.16/  5.00/  20.19/
’ 2222 1429 3333 1000 2778 3500 2593 1429 = 27.78
mm/m*10-4
. . 14.8/ 20.9/ 38.8/ 35.7/ 12.7/ 53.0/ 14.3/ 13/ 55/
E'aSI:SIFr,’;IOd”"' 163/ 219 418 352/ 130/ 528/ 9.6/ 5.0/ 2.7
16.3 23.1 43.1 36.4 12.8 53.9 10.5 4.9 3.8

Notes: slash separates the values at 7, 28, and 180 days of age.

AF%&OO%; A, =S =C 10096, A, = S0 =C1 000,

| ] |

py YO VEL 1000 .~ YO VEU 1000 . - VoM VC
C, VC, VG,

Ay =Y =C1 10006, A8=V—C“C_C" -100%; Ag =—VC“(':_C”' :100%.
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Vibrospun concrete has virtually the same patterns of layer-by-layer compressive strength
distribution, although slightly less pronounced qualitatively: while in variatropic centrifugally spun concrete,
the curve of strength as a function of layer was slightly concave downwards, it was concave upwards for
the vibrospun counterpart.

The same pattern was observed with respect to tensile strength.

The outer layer had 18.9 %/23.8 % greater axial and bending strength than the mid layer in
centrifugally spun concrete. The mid layer was 15.7 %/20.9 % stronger than the inner one.

As of vibrospun concrete, its mid layer had slightly greater values of both types of tensile strength;
the outer layer, too, was stronger than that of centrifugally spun concrete, while the inner layer was low
compared to either of the others.

This analysis makes clear that when designing a structure, the variatropic nature of sections and the
associated changes in concrete strength have to be taken into account.

The next step was to find how it could affect the layer-specific compressive and tensile strain. The
outer layer had the lowest ultimate tensile and compressive strain, the inner layer had the highest values,
and the mid layer was in between, slightly above average in centrifugally spun concrete and below average
in vibrospun concrete, see Fig. 8 and 9.

4

=@==C: 7 days

w

Ultimate deformation under axial
compression, MPa
N

C: 28 days

C: 180 days

VC: 7 days
—=@=\/C: 28 days
=@==\/C: 180 days

cl/vcl clu/vci cur/vci

Figure 8. Ultimate compressive strain as a function of variatropic layer
in centrifugally spun (C) and vibrospun (V) concrete.
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=@==\/C: 180 days
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Figure 9. Ultimate tensile strain as a function of variatropic layer
in centrifugally spun (C) and vibrospun (V) concrete.

It was the outer layer that had the greatest elastic moduli, while the inner layer had the lowest elastic
moduli, with that of the mid layer being in between, slightly below average in centrifugally spun concrete
and slightly above in vibrospun concrete, see Fig. 10.
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The same applies to compressive and tensile elastic moduli, which did not differ significantly.
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Figure 10. Elastic moduli as a function of variatropic layer
in centrifugally spun (C) and vibrospun (V) concrete.

Accordingly, all this caused the difference in the ¢ — ¢ curves for different concrete layers. Fig. 11
shows three experimental curves for inner, mid, and outer layers, where the difference matches the patterns
observed for strength and strain-related characteristics.

For centrifugally spun concrete, it was the inner layer that had the lowest and shallowest 6 — € curve
associated with the lowest strength, the greatest associated ultimate strain, and the lowest elastic moduli
that in such curves manifests itself as a bulge in the curve.

On the contrary, the outer layer that featured the greatest strength, the smallest ultimate strain, and
a greater elastic moduli, the 6 — € curve peaked at a more northwestern point with a more dramatic uprise
in the ascending segment and a more drastic decline in the the descending segment.

The mid-layer curve is in between, closer to that of the inner layer.

Similar patterns are observable in case of vibrospun concrete. The only thing to note here is that the
inner/outer layer curves differ even more drastically, while the mid-layer curve is closer to its outer-layer
counterpart.

Fig. 1 shows the experimental ¢ — € curves.

To sum it up, the results are as follows.

First, the curves do differ layer-by-layer, whether the concrete is centrifugally spun or vibrospun,
proving both structurally variatropic.

Secondly, the greatest strength (the Y-axis) was observed for the outer layer, and the lowest was
shown by the inner layer regardless of the concrete technology.

Thirdly, the greatest strain (the X-axis) was observed for the inner layer, while the outer layer showed
the least strain, also regardless of the concrete technology.

Fourthly, the greatest uprise (the elastic moduli) was seen in the outer-layer strain curves, and the
lowest was found in the inner-layer curves.

Fifthly, whether for centrifugally spun or vibrospun concrete, the mid layer had average values, being
closer to the arifmetic means for the former and closer to the outer-layer strain curves for the latter.
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Figure 11. Transformation of variatropic layer-specific ¢ — & curves
of centrifugally spun and vibrospun concrete.

Above is the analysis of how strength and strain-related characteristics changed from layer to layer
in centrifugally spun and vibrospun concrete aged 28 days. However, concrete specimens were also tested

aged 7 and 180 days.
The analysis generally shows that both types of concrete are immediately variatropic regardless of

their age. In other words, the qualitative patterns of strength and strain-related differential characteristics

did not change with age.
ultimate strain was 21...29 % higher. The elastic moduli was 13...17 % lower.
At the age of 180 days, concrete had 11...13 % greater compressive and tensile strength, 9...12 %

However, the quantitative indicators did, as concrete grew stronger with age.
The 7-day compressive and tensile strength was 73...81 % of the 28-day value. The corresponding
lower ultimate strain, and up to 15 % greater elastic moduli, although these changes are generally not as

significant.
Accordingly, the age affected the stress-strain curves: compared to the 28-day curves, the 7- and

180-day counterparts differed in uprise, shallowness, and peak shift, see Fig. 12.
Op

t= 180 days
— = t=28days

\ b —— t=7days
AN -

y
7

Ot
Figure 12. Fundamental changes in compressive
and tensile strain curves at different ages of concrete.

4. Conclusion

The following conclusions were drawn.
Experimental research into the differential characteristics of centrifugally spun and vibrospun
concrete aged 7, 28, and 180 days as exposed by compression and tension reveled that the outer concrete

layer had the best characteristics, while the inner layer was the worst.
The experiments thus back the three-layer model of the variatropic structure in centrifugally spun
and vibrospun concrete. The following differentiation was observed in variatropic concrete: the outer layer
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had the best strength and the elastic moduli, while being less deformable; the inner layer had the least
strength and elastic moduli, while being more deformable; the mid-layer concrete was average in terms of
everything.

Stress-strain curves of centrifugally spun and vibrospun concrete did differ by layer, too, further

proving that such concrete had a variatropic structure. The curves showed the greatest strength for the
outer layer and the lowest for the inner layer, while the mid layer had average figures.

Thus, the analysis of variatropy and differential characteristics of centrifugally spun and vibrospun

concrete structures leads to a conclusion that such characteristics mostly have to be taken into account in
calculations.
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Abstract. The paper provides a detailed analysis of known publications devoted to various models and
methods, as well as the results of the study of the stress state of structures, taking into account the
elastoplastic properties of soil. A mathematical model, methods, and an algorithm to assess the stress-
strain state of earth dams were built considering elastoplastic properties of soil, inhomogeneous structural
features and the filling level of the reservoir under various influences. A variational equation of the principle
of virtual displacements, and the finite element method and the method of elastic solutions were used to
solve the problem. The reliability assessment of the results obtained was verified by studying the practical
convergence of various model problems. The stress-strain state of three earth dams (of different heights)
was investigated taking into account the elastic, elastoplastic properties of soil at different filling levels of
the reservoir. At that, various mechanical effects were revealed, i.e., the appearance of additional strains
in the most stressed places inside the dam body, and the occurrence of significant plastic shear strain in
the slope zones and the smoothing of the arch effect in the core zone. It was found that an account of
elastoplastic properties of soil at a completely filled reservoir significantly changes the pattern of shear
stresses distribution in the body of the dam, i.e. they increase both in the upper retaining prism and in the
lower prism.

1. Introduction

An assessment of strength parameters of earth dams is often made with account for elastic properties
of soil only, which does not lead to adequate results.

Today, many different theories are applied to describe physical state of soil, most of them are difficult
to implement when solving specific problems. One of the important problems in determining the strength
parameters of earth dams is to take into account the elastic-plastic properties of soil that arise in the
structure under various effects [1-11].

Recently, researchers have paid great attention to inelastic properties of soil when assessing the
stress-strain state of earth dams.

Consider several publications:

— in[6, 10, 11] an assessment of strength and stability of dam slopes was given with account of plastic
strains, the stage-by-stage erection of the structure and water seepage through the dam body;

— in[7], a numerical-analytical procedure was proposed to analyze the elastic-plastic “nonlinear” state
of earth dam during earthquakes;
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— in[12] nonlinear models were given that satisfactorily describe the elastic-plastic properties of earth
materials;

— in [13], a finite element method was used for numerical calculation of earth dams; it takes into
account water-saturated (unsaturated) and plastic properties of soil. With the proposed model,
three dams were calculated;

— in [14], the behavior of high dams with strengthened soil was modeled using an elastic-plastic
model;

— in [15], the stability of earth dams’ slopes was investigated using an elastic-plastic model;

— in [16], the results of the stress-strain state prediction of a high earth dam in an elastic-plastic
statement were considered, taking into account the stage-by-stage erection of the dam and
reservoir filling. It was shown that the operation of earth dam with a vertically located diaphragm at
water-filled reservoir is characterized by horizontal displacement of the downstream retaining prism;

— in [17, 18], the methods were proposed for numerical study of elastic-plastic strain of bodies
considering finite strains. It is assumed that the soil under strain obeys the law of dry friction. Total
strain is represented as the sum of plastic and elastic strains. The defining relations of elastic strain
are written in the form of Hooke's law;

— in [19], a geomechanical model of an enclosing fill hydro-technical structure — a dam — was
proposed. A pattern of strain and displacement of a structure body was investigated in elastic-
plastic statement by computer simulation methods;

— in [20], a two-dimensional problem of estimating the slope stress-strain state in elastic-plastic
statement using a numerical method was solved;

— in [21], the possibility of using a structurally heterogeneous elastic-plastic calculation model to
describe the strain behavior of water-saturated clay soils was considered.

Along with this, the studies in [22—35] deal with the stress-strain state and dynamic behavior of
various structures considering their strain features.

These are just several publications in which along with elastic properties, the elastic-plastic
properties of soil are taken into account when assessing the stress-strain state and stability of slopes of
earth dams. Above review of publications shows that the assessment of strength parameters of earth
structures in different studies is treated differently, and each theory or method used has its advantages and
disadvantages.

As is known, at present a universal theory to determine strength parameters of earth structures,
considering various soils characteristics under different loads, as well as the methods to determine strength
properties of soils and structures is still under development.

An adequate assessment of strength parameters of earth dams with account for elastic-plastic
properties of soil remains insufficiently studied and requires extensive research.

So, this problem is relevant and requires further research.

2. Methods
2.1. Models, methods and algorithms for assessing the stress-strain state
of earth dams taking into account elastic-plastic properties of soil

To assess the stress-strain state of earth dams, considering elastic-plastic properties of soil under
various effects, a plane-strained model of a dam is considered (Fig. 1); it takes into account inhomogeneous

features of a structure. The base surface X is rigidly fixed, the downstream slope surface X3 is stress-
free and on the surface X; (on the part of the upstream slope, i.e., on Sp), the hydrostatic water pressure

p acts.

The dam material (earth) in various parts of a structure is considered as elastic or elastic-plastic one.
In calculations, the mass forces ]? acting on the structure and water pressure P [34] acting on the
surface Sp are taken into account.

The task is to determine the fields of displacements and stresses arising in the dam body (Fig. 1)

under mass forces f and hydrostatic water pressure P, taking into account elastic-plastic properties of
soil in the case of a plane-strained state of a structure.
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Figure 1. Plane model of an inhomogeneous earth dam.

To simulate the process of earth dam strain (Fig. 1), a variational equation based on the principle of
virtual displacements is used:

— [ 0;8e;dS - [ 0;0e;dS - [ odg;dS+ [ faudS+ [ paudS=0. (1)
S S2 S3 $1+S2+S3 Sp

Here, physical properties of the structure material are described by the relations between stresses
Gij and strains Ejj [22]:

Gij = An&kkdij + 21nEij @3]

the relationship between the components of the strain tensor and the displacement vector is described by
Cauchy linear relations [22].

1 oy +%

Sij o
2\ ox;  ox,

®3)

To create mathematical models, homogeneous kinematic boundary conditions are also taken into
account:

XEZO:L_,I:O. (4)

Here U, gjj, Ojj arethe components of the displacement vector, tensors of strains and stresses,

—

respectively; ou, Ssij are isochronous variations of the components of displacements and strains; f

is the vector of mass forces; P is the hydrostatic water pressure; index N = 1, 2, 3, means separate
inhomogeneous parts of the dam to which this characteristic belongs.

A, and p, are the Lamé constants, determined through the Young's modulus En and Poisson's

ratio v, as follows:

Ao = Envn/((1+vq)(1-2vy)) g = Ep /(2(1+ vy,)).- )

The structure under consideration is inhomogeneous in the sense that the physical properties of its
parts vary greatly.

The problem to be solved is considered in the framework of the plane-strained state of structures,
ie. the displacement vector in the coordinate system X={X;,X,}={X y} has two components

U:{ ul,uz} :{u,v}, in all ratios 1, J, kK =1,2.

In the case when the dam material of the n-th part (Fig. 1) is elastic, the relationship between the
stresses Oj; and strains gjj tensor components is expressed through the generalized Hooke's law (2).
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In the case when the material is elastic-plastic, the hypothesis of the energy forming is used to
describe the equation of state of soil medium; here the transition from elastic state to the plastic one occurs

at the point of soil medium g; =0y. The state of the medium in different parts of the dam under

consideration is described differently (according to elastic or elastic-plastic law), depending on whether the
yield strength of the material Oy is overcome or not.

Here Gy are the normal stresses in the yield strength of the material.

The intensities of normal stresses c; and strains €; are determined by the formulas

Oj %\/(011 ‘022)2 +(511 -v(oy +022))2 +(‘522 -v(oy +G22))2 +6 ofy,

V2 3
& = m (311 —822)2 +8121 +3§2 +§8122 :

(6)

In the elastic-plastic case, relationships of the form (2) are used to describe the stresses-strains
relations. Moreover, in quantites A, and L, instead of elastic parameters E,, v,, u,, variable

parameters E;, v;, },l; are used, determined as follows [23, 26, 27]:

o ) 1 1-vyop
* E; * O; * 2 3E &;
En = I * ; Hn = 3 I ; Vn = n I* ' (7)
1+1= 2 01 i 14172 01
3En €j 3En €j

The relationship between the "variable elasticity parameters" has the same form as for elastic
constants E,, v, 1, thatis:

*

R

[T ZZ(T\/:,)' (8)

The changed physical-mechanical parameters (7)-(8), at every point of the dam (Fig. 1), are

*
determined based on the reached strain state g; (strain intensity) and corresponding stress o; (stress

intensity) according to strain diagram GT = G?(Si) (Fig. 2), selected from experimental data for specific
types of soil [2, 23, 24, 26].

AC 1 2: |

a"io
g i1
a2
ai2
i1
[w1Y]

€ il
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£i2

Figure 2. Elastic-plastic diagram of the material strain and the scheme
for implementing the method of variable parameters of elasticity.
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The variational problem for assessing the stress-strain state of earth dams (Fig. 1), taking into

account elastic-plastic properties of the material and inhomogeneous features of the structure, can be
formulated as follows: it is necessary to determine the fields of displacements U(Y(,t), strains &jj (7(,'[)

and stresses in an inhomogeneous elastoplastic system (Fig. 1) arising under mass forces (f) and

hydrostatic pressure (f)) satisfying equation (1) considering (2), (3), (5), (7), (8) and the corresponding
kinematic boundary conditions (4) for any virtual displacement U .
The above stated variational problem is solved by the method of finite elements (FEM) [4, 36].

Using the procedure of the finite element method, the considered variational problem for a structure
(Fig. 1) is reduced to a system of nonlinear algebraic equations of the form

[ K(oi.g) {u} ={F}. 9)

Here: {u} is the sought for vector of nodal displacements; {F} is the vector of amplitudes of total
external loads (mass forces, and hydrostatic pressure, etc.).

The difference of equation (9) from ordinary systems of linear algebraic equations is that here the

coefficients of equation (9), being the elements of stiffness matrix [K(Gi ,si)], depend not only on the

geometric and elastic parameters of the materials, but also on the reached stress-strain state of a structure.

The calculation is carried out in several stages. The solution of equations (9) at each stage of the
process is obtained by the Gauss method or the square root method.

At the first stage, an elastic calculation of earth structure (Fig. 1), which is in equilibrium under applied
load, is performed. Then the transition to the second stage of the calculation is done; it consists of the
stress-strain state (SSS) analysis in all the finite elements into which the structure is divided. If the stress

intensity ©; in finite elements exceeds the yield strength Oy (Gy is determined from experiments for

specific materials), it is believed that plastic strains begin to develop in them due to the changes in the body
shape.

Then, using (7)-(8), (5), (2), elastic parameters are determined for these finite elements; the stiffness
matrices and then the general matrix [K (Gi & )] of equation (9) for the entire structure are compiled. The

solution of the obtained new system of equations (9) taking into account elastic-plastic properties of the
material for certain finite elements is analyzed; if necessary, new parameters of elasticity are introduced;
then the process continues until the convergence of the sequence i over the entire structure within the
specified accuracy is reached. The described method is a method of variable parameters of elasticity [23,
26]. The implementation scheme of the method of variable parameters of elasticity is shown in Fig. 2.

In a plane-strained state, the following formulas are used to transform the relationship between
stresses and strains [22, 23, 26]:

611 = E;*<1_V:)* €1t *V*E: T €229
(1+vn)(1—2vn) (1+vn)(1—2vn)
Er(1-v;) Ve

Op2 = €0 + (10)

(tevi)(t=2vi) = (reva)[1-2vi)
O12 = 2“?1812-

where En Vi B are the variable parameters of elasticity determined by formulas (7) and (8).

Using the above methods, the stress-strain state of earth dams is studied taking into account the
elastic-plastic properties of soil under various effects, with/without account of hydrostatic pressure of water
and different levels of reservoir filling with water.
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2.2. Study of practical convergence of the developed method
of calculation on a test example

In this part of the paper, the practical convergence of the method of elastic-plastic calculation at
individual points (Fig. 3) of the model problem is investigated. For this, the plane-strained state of a
homogeneous dam as a model of earth structure is considered (Fig. 3) under its own weight, and with
account for elastic and elastic-plastic properties of the material. The geometrical characteristics of the
structure and the averaged physical and mechanical parameters of soil are taken as: the height of the

structure H = 86.5 m; the crest width b = 10 m; the slope coefficients M1 = 2.5, M2 = 2.2; elastic modulus

E=3.07*10° MPa : specific gravity y = 1980 kgf/m3; Poisson's ratio V = 0.36. The elastic-plastic
properties of soil [24] are described by a bilinear diagram (Fig. 2) with a degree of hardening

A= (1— Ep / E) =0.67 and yield strength for soil Gy = 4%107 MPa. Here E; is the inclination angle of

the plastic part of the diagram.

V/ /A A /e 4

Figure 3. Check of solution convergence at individual points (A, B, C) of a structure.

The aim of solving this problem is to study the convergence of results (U,, Gj, G11) depending on

the number of divisions of the model structure (Fig. 3) into a different number N of finite elements for elastic
and elastoplastic problems. To do this, several points were selected in the structure (for example, A, B, C),

and the results obtained in these points (U,,Cj,0q1) at different number of divisions into finite elements
were compared with the results of previous calculations. The research results are presented in Table 1.

Here U2 is the vertical displacement of the considered point, G717 is the horizontal normal stress;
O; is the intensity of normal stresses. Stress values (67, and G; *10_1) are given in MPa.

The data in Table 1 show that elastoplastic strain leads to an increase in vertical displacements of
structure points. Satisfactory accuracy is ensured when the structure is divided into no less than at N = 350
finite elements (Fig. 3), (Table 1).

Table 1. Numerical convergence of results.

Considered

points of a Types of Elastic solutions obtained for various finite element numbers
structure quantities
N =280 N =336 N =576
1 2 3 4 5
Elastic solution
uz
—0.009660 —-0.007812 —-0.007517
A Oj 69.5095 66.4327 66.4696
—-31.6746 —33.7946 —33.8024
o11
u2
—0.01630 —0.01633 -0.01634
B Oj 627767 57.9882 58.3452
—22.0782 —20.1421 —-19.8845
011
uz
—0.003849 —0.005693 —0.005505
Cc Oj 30.1014 27/9418 6/3410
—229702 —20.7274 —21.2614
011
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Cg?nstfi;e; Types of Elastic solutions obtained for various finite element numbers
P truct guantities
structure N = 280 N = 336 N =576
1 2 3 4 5
Elastic-plastic solution
U2 —0.01686 —0.01559 —0.01595
A Oj 64.3873 61.8528 61.7691
—36.2867 —38.6386 —39.2341
011
uz
-0.02767 —-0.03178 —0.03236
B Oj 57.8172 53.9147 52.8176
—-22.6110 —21.5393 —21.0727
o1
uz
—0.00444 —0.007457 —0.007936
c Oj 27.3915 30.9518 29.9756
—32.9834 —29.2085 -30.6014
O11

To validate the accuracy of the results obtained, a dam model with symmetrical slopes (i.e., M1 = My)
was considered. The fact that the shear stress is 075 = 0 on the axis of symmetry confirms the reliability
of results.

The solutions obtained for model problems show that, with the required number of finite elements,

the developed technique works quite reliably when determining the dam SSS in a plane statement, with
account for elastic and elastic-plastic properties of the structure material.

These results give reason to use the developed technique in solving specific problems for earth
dams.

3. Results and Discussion

As a specific example, an assessment of the stress-strain state of the Sokh earth dam is considered
taking into account elastic and elastic-plastic properties of soil under mass forces and the hydrostatic
pressure of water at different levels of reservoir filling.

The Sokh dam is located in the northern foothill of the Alai Range in the lower reaches of the Sokh
River. The main design parameters of the dam are as follows: the height of the dam — 87.3 m, the crest

width — 10.0 m, the length along the crest — 487.3 m, the rate of slopes: the upper prism m1 = 2.5, and the
lower prism mz = 2.2.

The Sokh dam is built from local materials and is a stone-earth dam with a loamy core and side
retaining prisms built of pebbles. The central core of the dam is vertical, symmetrical in shape with a width

of 4.0 m at the upper part, 47.15 m at the base. The dam is built of sandy loamy soils and refers to the 15t
class structure.

The recommended design physical-mechanical characteristics of the material are: y is volumetric
weight; G is shear modulus of elasticity; 4 is Poisson's ratio. For the core: y = 1700 kgf/m3; G = 282 MPa;
L = 0.40. For the retaining prism: y = 2100 kgf/m3; G = 316 MPa; p = 0.35. For the slope paving:

v = 1850 kgf/m3; G = 310 MPa; p = 0.35.

3.1. Elastic calculation

Using the developed methods, the stress-strain state of the Sokh dam was assessed taking into
account the homogeneous and inhomogeneous features of the structure in an elastic statement.

Fig. 4 shows the isolines of strain intensity distribution €; and the components of shear strains €15,

and Fig. 5 shows the intensities of normal o; and shear stresses Gj, of the Sokh dam, obtained

considering elastic properties of soil with a central loamy core. An analysis of the results shows that due to
the greater strain properties of loamy soil in the core, the values of vertical strains in the central part of the
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dam increase when comparing with homogeneous dams. Large strain intensities &; appear in the lower
part of the dam (Fig. 4).

The distribution of shear stresses ©;, (Fig. 5) repeats the character of shear strains g,

distribution throughout the dam cross section (Fig. 4). A zero level of shear strains (Fig. 4) is observed near
the dam symmetry axis (since the dam has almost symmetrical slopes); with the distance from the axis,
shear strains increase, reaching a maximum in the lower part of the slopes.

a) &j *10_5 b) €12 *10_5

/4/;\ [

Figure 4. Isolines of strain intensity distribution &; and the component of shear strain &,

in the inhomogeneous Sokh dam.

a) o;*107! MPa b) o1, *107" MPa

Figure 5. Isolines of the intensity distribution of normal o; and shear oy, stresses

in the inhomogeneous Sokh dam.

An analysis of the results showed that when considering inhomogeneous features of the structure,
the stress state of the dam undergoes significant changes compared to a homogeneous structure; these

changes are expressed in a decrease in intensity of normal ¢; and vertical G5, stresses inthe dam core

by = 25 %, in an increase in shear stresses 71, by =40 %, and horizontal stresses G7; by =10 %.

3.2. Elastic-plastic calculation

Using the developed methods, the stress-strain state of the Sokh dam was assessed taking into
account homogeneous and inhomogeneous structural features in an elastic-plastic statement.

When assessing the stress-strain state of the Sokh earth dam, the elastic-plastic properties of sail
are taken into account according to bilinear diagram G; = f (si) (Fig. 2) with a degree of hardening

A= (1— Ep / E) =0.75, i.e. the inclination angle of plastic part Ep is supposed to be four times less than

the inclination of elastic part E: Ep = E/4 [22]. The yield strength according to [24], is taken for the core

material  (loam) —csi:.'.%*lO*1 MPa, and for the material of retaining prisms within

G, =(45-50)*10"" MPa.

Fig. 6 shows the isolines of the intensity distribution of normal oj (a) and tangential - o, (b)

stresses of the Sokh dam, obtained considering structural features and the elastic-plastic properties of sall
under its own weight. Comparison of these results with the results obtained for the same dams in elastic
statement (Fig. 5) shows that an account for elastic-plastic properties of soil of the prism and core leads to
a change in values and nature of the dam stress state. An account for elastic-plastic properties of soil leads

to a decrease in the stress intensity o and vertical stresses G5, in the core down to = 20 %; the arch
effect observed in the dam core zone increases.
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The reason for this is the difference in strain properties and yield strengths of soil in the core and
retaining prisms. Horizontal stresses G714 increase to 5*10-1 MPa, mainly in the upper part of the dam, as
a result of which a change in the dam profile is possible. The values of vertical stresses G,, decrease to

= 20 % in the middle and lower parts of the dam core. In sloping zones, the tangential stresses Oy,

increase by (5-6)*10-! MPa, which can also lead to a change in the profile and to a decrease in the safety
factor of the dam slopes.

Fig. 7 shows isolevel lines of strain intensity €; and shear strain &;, in an inhomogeneous Sokh
dam taking into account the elastic-plastic properties of soil.

a) o; *107* MPa b) o1, *107" MPa

Figure 6. Isolines of intensity distribution of normal &; and shear o, stresses

in the inhomogeneous Sokh dam, obtained taking into account the elastic-plastic properties
of the material.

a) gj *10_5 b) €12 *10_5

Figure 7. Isolines of strain intensity distribution &; and shear strain &;, inthe inhomogeneous
Sokh dam taking into account the elastic-plastic properties of soil.

An analysis of the results obtained (Figs. 4 and 7) shows that an account for elastic-plastic properties
of soil leads to the appearance of additional strain in the most stressed areas inside the dam body. Plastic

strains do not appear near the slopes and crest surfaces. Despite this, significant shear strains &,, occur
in the slope zones.

The principal normal &7, G, and maximum tangential stresses Ty, in the Sokh dam were studied

with account for elastic and elastic-plastic properties of soil; the study showed that an account of elastic-
plastic properties of soil leads to a decrease in stresses in the dam body and the arch effect smoothing in

the core zone. The values of principal stress o7 in the zones of upstream and downstream slopes slightly
decrease. The principal stress G, decreases to a greater extent in the slope zones (to = 10-17 %) and in

the core (to = 15-25 %). The value of the maximum tangential stress Tt,,,, in the slope zones slightly
increases near the core, and decreases by = 20-50 % in the core.

The results obtained showed that with a decrease of plastic section slope in soil strain diagram
C; = f (si ) the difference in the results of solving elastic-plastic and elastic problems is more significant.
Therefore, a justified approach to the selection of the law of soil strain is necessary.

Similar studies were performed for high-rise earth dams, such as the Gissarak dam (H = 138.5 m)
and the Tupolang dam (H = 185 m).

An analysis of the results obtained for high-rise dams of various geometries and heights showed that
an account for elastic-plastic strain of the material of retaining prisms and cores significantly affects the

change in the dam SSS. In the core of the Tupolang dam the values of stress intensity G; decrease to
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=18 %, and vertical stresses Gy, to = 20 %, which increases the arch effect. In the upstream and

downstream retaining prisms, tangential stresses G7, increase significantly — up to = 40-55 %. The
greatest difference is observed near the slopes, which can lead to shear strains and the occurrence of
landslides. In the core zone, the values of tangential stresses G, remain insignificant.

The above theoretical studies have shown that when designing high and medium-high dams, it is
necessary to conduct calculations with account for structural features of the dam and real elastic-plastic
properties of soil.

3.3. Elastic-plastic calculation taking into account the level of reservaoir filling

Using the developed methods, the stress-strain state of the Sokh dam was assessed taking into
account inhomogeneous features of the structure, elastic-plastic properties of soil and the level of reservoir
filling with water. The stress-strain state of the dam obtained at each level of reservoir filling was compared
with the results from section 4.2 when the reservoir filling was not taken into account.

Fig. 8 shows the isolines of intensity distribution of normal G; (a) and tangential G, (b) stresses

of the Sokh dam, obtained considering elastic-plastic properties of soil with a fully filled reservoir.

When the reservoir is filled to the half height of the dam, the components of the stress tensor change
only in the upper prism zone, the symmetric pattern of the stress distribution in the dam profile is violated.

Here: ©; increases by =30-40 %: G1; upto40-45% and G5, upto=40 %. The effect of water mainly

manifests itself in the pattern of horizontal stresses Gy, distribution in the dam.

a) o;*107 MPa b) o1, *107* MPa

il
I»s'ﬁ\/f«/
AN/

/ ‘\\
\
(3N

Figure 8. Isolines of intensity distribution of normal O;j (a) and tangential stresses o7, (b)

in the Sokh dam, taking into account the elastic-plastic properties of soil at fully filled reservoir.

When the reservoir is fully filled (Fig. 8.), the stress-strain state of the dam is redistributed,
symmetrical distribution of stress isolines is violated, and the values of stress components change

significantly. The stress intensity G; (Fig. 8) in the Sokh dam increases to = 70-100 % relative to the
results obtained without water effect.

The changes are observed mainly in the upstream retaining prism. Horizontal stresses o©y1 vary

throughout the dam profile, they increase to = 10-120 %, and the greatest difference in the results relates
to the slopes of the upstream prism.

a) o *10™ MPa b) o1 *107* MPa

Figure 9. Isolines of the intensity distribution of normal Oj (a) and tangential stresses oy, (b)in

the Tupolang dam, taking into account the structural features and the elastic-plastic properties of
soil with fully filled reservaoir.

Vertical stresses G322 increase to = 70—80 % and the greatest difference relates to the lower part of
the upstream slope. The distribution pattern of shear stresses &y, changes significantly throughout the
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dam profile. Values of tangential stresses in the downstream prism increase to = 1—20 %. These
phenomena are undesirable, since they may cause the landslides (instability) in the downstream prism
slope. Therefore, in the most cases, along with stability assessment of the upstream slope, the stability of
the dam downstream slope is also evaluated. The need to assess the stability of the downstream slope is
confirmed by the results of observation of strong earthquakes aftermath [2].

Fig. 9 shows the isolines of the intensity distribution of normal o; (a) and tangential c;, (b)

stresses in the Tupolang dam, taking into account the elastic-plastic properties of soil with fully filled
reservoir.

An analysis of these results (Fig. 9) confirms the above reasoning on the stress distribution in the
dam body, with the only difference in numerical values of stresses.

Based on the results obtained, it can be concluded that when assessing the strength of earth dams
of any height, it is necessary to evaluate the strength taking into account the level of reservoir filling with
water, since it significantly changes the stress distribution in the dam body, and the slope stability of the
dam as a whole.

4. Conclusions

1. A mathematical model, methods and algorithms have been developed for assessing the stress-
strain state of earth dams taking into account the elastic-plastic properties of soil under static impacts,
based on the method of variable parameters of elasticity.

2. The stress-strain state of earth dams was investigated taking into account the elastic-plastic
properties of soil and structural features of a dam at different levels of reservoir filling.

3. Studies have revealed that an account of elastic-plastic properties of soil leads to:

— asignificant change in the stress-strain state of earth dams compared with the elastic case;
— the appearance of additional strains in the most stressed points inside the dam body, the strains
&1, €, areinsignificant near the surfaces of slopes and crests, significant plastic shear strains

&, arise in the slope zones;
— thereduced stresses in the body of the dam and the smoothing of the arch effect in the core zone.
4. An account of both elastic-plastic properties of soil and the level of reservoir filling showed that:

— when the reservoir is half full, the changes in the values of stress tensor components occur only
in the zone of the upstream retaining prism of the dam;

— when the reservoir is fully filled, the distribution pattern of tangential stresses in the dam body
changes significantly, both in the upstream retaining prism and in the downstream prism;

— the greatest values of stress intensity O; are reached in the lower part of the upstream slope
near the dam core.
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Abstract. Thermal insulation materials are widely used in engineering practice to reduce the depth of
seasonal freezing. The effective thermal conductivity of the material is the main criterion for predicting the
freezing depth of the structure base and determining the required thickness of the thermal insulation layer.
However, the effective thermal conductivity of granular thermal insulation materials can significantly depend
on the seasonal temperature, hydrological conditions of the soil and the degree of water content of the
material. In this regard, calculating the effective thermal conductivity of granular thermal insulation materials
in natural conditions is an urgent scientific and practical task. Granular foam-glass ceramic with a bulk
density of 250 kg/m3 was used in the study. To solve the problem, we employed an experimental set to
simulate the natural conditions of heat transfer in a horizontal layer, which makes it possible to change the
maghnitude and direction of the temperature gradient. It was established that the magnitude and direction
of the temperature gradient have no significant influence on the layer of granules with a size of 5-10 mm.
A predictive calculation of the temperature fields of the roadbed using experimental values depending on
the water content degree was carried out. It was found that the depth of freezing of the roadbed covered
with a 20 cm layer of foam-glass ceramic with effective thermal conductivity of 0.075, 0.111 and
0.138 W/(m:°C), respectively, is 12, 3.8 and 3 times lower than without the thermal insulation layer. A
graphical interpretation of the temperature field in the form of -2°C isotherms shows that there is a
dangerous zone of intense frost heaving with a depth of 58 cm forming at the roadbed without thermal
insulation. Complete absence of zones of intense frost heaving in the roadbed covered with granular foam-
glass ceramic was confirmed.

1. Introduction

Ensuring the reliable and stable functioning of engineering structures in conditions of seasonal
freezing and thawing of their bases is an urgent engineering task. Linear objects such as highways and
railways, pipelines, etc., as well as buildings with shallow foundations are at risk of deformation. For
example, a quarter of the entire budget of the Swedish Road Administration is spent on the annual
elimination of the consequences of frost heaving of the roadbed [1]. Frost heave deformations are due to
the presence of three factors at the base of the structure: frost susceptible soil, high soil water content and
negative temperature. Depending on the listed factors, there are three ways to limit frost heaving process:

1. Replacement of frost susceptible soil with the one less sensitive to heaving.
2. Reducing soil water content due to drainage measures.

3. Covering the base with a layer of thermal insulation material.
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Special methods of engineering practice to protect structures from frost heaving deformations are
constantly being improved [2—6]. According to a number of experts, one of the most effective and cheap
ways to reduce the depth of seasonal freezing of bases is the use of thermal insulation materials [6—8].
These materials must have low thermal conductivity, sufficient compressive strength and low water
absorption capacity.

Such lightweight aggregates as expanded clay and crushed foam glass as well extruded polystyrene
boards are used in modern engineering practice [7-11]. The main advantage of extruded polystyrene
boards is the lowest thermal conductivity during the entire period of operation, since the material does not
absorb moisture. At the same time, the volumetric water absorption of lightweight aggregates can reach
30 % [10, 11]. Convection, grain size, layer compaction degree, etc. can have a significant effect on heat
transfer in the layer of lightweight aggregates. In this regard, the thickness of the layers of lightweight
aggregates can be several times greater than that of extruded polystyrene foam.

As an example, we can consider the temperature monitoring data of an experimental road section in
Norway, where extruded polystyrene boards and lightweight aggregates were used [8].It was found that
the extruded polystyrene boards and crushed foam glass layers 3 and 15 cm thick, respectively, have equal
thermal resistance. Thus, the required thickness of crushed foam glass insulation layer is 5 times that of
polystyrene boards. In the case of using expanded clay, a layer 7 times the thickness of polystyrene boards
layer is required.

Despite this, a number of studies indicate the successful use of lightweight aggregates in road
construction in Norway, Sweden and Finland. [1, 7, 10, 11]. The standards governing the use of lightweight
aggregates on heaving road sections have been developed in these countries. The granular structure of
lightweight aggregates is considered an important advantage in the art. Unlike extruded polystyrene boards,
mechanized laying is possible in this case. In addition to performing thermal insulation functions, the layer
of lightweight aggregates is drainage. Due to climatic and geological conditions, structural layers above
extruded polystyrene boards can accumulate water. Under the same conditions, water drainage through
the insulation lightweight aggregates can have a positive effect on the stability of the engineering structure.

The foregoing testifies to the relevance and practical significance of the use of lightweight aggregates
during construction under conditions of seasonal soil freezing. Foam-glass ceramics is an alternative
thermal insulation lightweight aggregate, which has recently found application in industrial and civil
construction [12-14]. Granular foam-glass ceramic have a closed porous structure, due to which the
volumetric water absorption of the material is about 6% [15-18].

A significant advantage of granular foam-glass ceramic is a widespread raw material base: opal-
cristobalite (diatomite, tripoli, flask) and zeolite-bearing rocks. Their deposits are widespread throughout
Russia, which makes it possible to organize the production of material near the construction site [14, 15].
Due to the high length of the country, a reduction in the distance of transportation of thermal insulation
material can reach several thousand kilometers, which will give a significant economic effect. Such
lightweight aggregates as crushed foam glass and expanded clay are produced, respectively, from waste
glass and special types of clays that significantly limits their raw material base.

At present, experience has been accumulated in the experimental use of granular foam-glass
ceramic. Temperature monitoring of the experimental section of the existing highway in the south of the
Tyumen region (Russia) has been carried out since 2016. In the same year, on the section of the Trans-
Baikal Railway (Russia), the material was used to insulate drainage reinforced concrete structures in order
to exclude freezing of drainage waters in winter [20]. Based on the positive experience of the experimental
use of the material, since 2017 its practical application in construction is regulated by the Russian State
rules and regulations: SP 313.1325800.2017 “Automobile roads in permafrost regions. Design and
construction rules”.

One of the tasks for the further development of the use of granular foam-glass ceramic in engineering
practice is an accurate assessment of the effective thermal conductivity as a fundamental characteristic of
thermal insulation material. A significant contribution to the value of the effective thermal conductivity of a
granular material is made by the convective component of heat transfer. Its value depends on the
magnitude and direction of the temperature gradient, the intergranular void volume, the shape of the grains,
their size, etc. In nature, the process of heat transfer through granular material is accompanied by changes
in soil and geological conditions, moisture gradient and temperature, which will eventually cause
fluctuations in the effective thermal conductivity of the layer [21, 22]. For example, an increase in the
volumetric water content in expanded clay to 20 % leads to an increase in its effective thermal conductivity
from 0.11 to 0.21 W/(m-°C) [9, 10]. The above research data [8] refer to only one season of freezing-thawing
of the roadbed (from November to March). Therefore, it is impossible to reliably assess the influence of
water saturation and other factors on the change in the effective thermal conductivity of granular heat
insulation layers over a longer period.
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Unfortunately, the above-mentioned features of heat and mass transfer and possible seasonal
fluctuations in the values of the effective thermal conductivity are not taken into account in modern
numerical methods for calculating the temperature fields of the bases [23, 24]. As a rule, one averaged
value is taken in the calculations, which is incorrect and leads to a discrepancy between the actual and
calculated values of the base temperature. In this regard, the aim of the work was to study the influence of
environmental factors corresponding to seasonal freezing on the effective thermal conductivity of granular
foam-glass ceramic layer. The solution to this problem is of great practical importance in the design and
assessment of the bearing capacity of the bases of engineering structures in areas of seasonal soil freezing.
Correction of the effective thermal conductivity values when calculating the temperature fields will make it
possible to more accurately predict the occurrence of dangerous zones of frost heaving in the base and
determine the required thickness of the thermal insulation layer.

A review of literary sources has shown that the problem posed is highlighted in most detail in the
works [21, 25]. A significant effect of the grain size, direction and magnitude of the temperature gradient on
the effective thermal conductivity and free convection in the layer of granular materials had been
established by the authors. Tested materials intended for road construction were placed in experimental
setups, which were an insulated box with internal dimensions of 1 m x 1 m x 1 m. Nevertheless, the
experimental technique had the following disadvantages:

1. Heat flow sensors were installed only at the top of the test layer, as a result the heat balance and
heat flow dissipation by the side walls of the setups cannot be evaluated.

2. The dimensions of the setups were not related to the average grain size of the materials under
study, which varied from about 10 to 100 mm. For example, according to the requirements of Russian State
Standard GOST 7076-99, the thickness of the layer of granular material during the study of its effective
thermal conductivity must be at least 10 times the average grain size, while the length of the inner horizontal
edge of the box must be at least 5 times the thickness of this layer. Therefore, the minimum internal length
and width of the box must be 5 m.

3. The average experimental error of the measuring system was 0.11 W/(m-K), while the effective
thermal conductivity of the studied materials themselves: expanded clay and crushed foam glass was 0.1
and 0.115 W/(m-K), respectively.

In this regard, one of the tasks for solving the problem posed was the development of an experimental
technique for determining the effective thermal conductivity of granular foam-glass ceramic, taking into
account the mentioned above features of its application.

2. Methods

The study was carried out using foam-glass ceramic with a fraction of 5-10 mm. The properties of
the material were determined in accordance with the method of Russian State Standard GOST 9758-2012
and had the following values: bulk density 250 kg/m3, compressive strength in the cylinder 1.8 MPa,
moisture 0.2 %, water absorption by volume 7 %. The choice of the fraction was justified by the fact that
foam-glass ceramic with a grain size of less than 5 mm has a higher thermal conductivity and water
absorption. In this regard, the use of fine fractions in the bases is unjustified.

The solution to the problem of determining the effective thermal conductivity was carried out using
an experimental setup for simulating the natural conditions of heat transfer in a horizontal layer of granules.
The design of the experimental setup and the calculation of the effective thermal conductivity were carried
out in accordance with the requirements of Russian State Standard GOST 7076-99. A cross-sectional view
of setup is shown in Figure 1. The body of the setup is made in the form of a horizontally located disk. The
bottom, cover and side walls 5 are made of extruded polystyrene boards having a thermal conductivity of
0.033 W/(m-°C). The width of the walls is 12.5 cm, the thickness and diameter of the bottom and cover are
10 and 125 cm, respectively.

A layer of granulated foam-glass ceramic 2 with a thickness of 10 cm is placed in the setup body.
The thickness of the layer was taken taking into account the tenfold excess of the largest grain foam-glass
ceramic, equal to 10 mm. The diameter of layer 2 (100 cm) was taken taking into account the tenfold excess
of its thickness. The layer 2 was leveled and tamped by hand to a compaction factor of 1.2. As a result, the
density of the material in the compacted layer was 300 kg/m?.

There are identical thermostating systems made of copper tubes 4 with a diameter of 12 mm on the
upper and lower sides of the foam-glass ceramic layer 2. The upper and lower thermostating systems 4 are
connected to separate thermostat, each of which set the temperature up and down respectively. Two
counter-flow loops on each side of layer 2 are formed by the movement of the coolant in tubes 4. The
direction of the coolant flow is shown by arrows at the top in Figure 1.

Ivanov, K.S.



Magazine of Civil Engineering, 108(8), 2021

Figure 1. Experimental setup (cross section): 1 — Side temperature sensors;
2 — Foam-glass ceramic layer; 3 — Steel sheets; 4 — Tubes of the thermostating system;
5 — Expanded polystyrene; 6 — Heat flow sensors combined with temperature sensors.

The tubes of system 4 are attached to steel sheets 3 with a thickness of 3 mm. Due to the counter-
flow loops of thermostating systems the temperature is uniformly distributed over the surface of the sheets
3 that are in contact with the upper and lower surfaces of layer 2. The sheets 3 serve to equalize the heat
flow and more uniform temperature transfer from the coolant to the granular material. The diameter of the
sheets 3 is 10 cm larger than the diameter of layer 2 in order to minimize the lateral temperature gradient
in layer 2. The counter-flow loops of the upper and lower thermostating systems 4 have an increased
diameter for the same purpose.

Due to the above-described setup design (Figure 1) the required temperature can be set and
maintained on the upper and lower steel sheets 3. As a result, a vertical temperature gradient and its
direction in the investigated layer 2 are set. For example, there is an upward temperature gradient at
freezing conditions because the base temperature is higher than the air temperature. During defrosting,
when the air temperature rises above the base temperature, the gradient is reversed.

From the above ratios of the thickness and diameter of layer 2, it follows that the dimensions of the
setup directly depend on the size of the largest grain. For example, an increase in the maximum grain size
from 10 to 20 mm will cause an increase in the area of steel sheets 3 by 4 times. As a result, it will be
necessary to increase the sheets thickness, use a more complex thermostating system 4, increase the
power or the number of thermostats, etc. The listed design features served as a rationale for the choice of
the 5-10 mm fraction in these studies. This fraction can be used in bases along with a larger one (for
example, 10-20 mm), however, the determination of the effective thermal conductivity of larger fractions
will require separate studies using more complicated setup.

The value of the temperature gradient is measured using temperature sensors 6 with an absolute
error of + 0.1 °C. Temperature sensors 6 are combined with heat flow sensors in order to place them on
the central setup axis. Due to the fact that the material of layer 2 is represented by individual grains, the
sensors 1 and 6 are fixed on steel sheets 3 using a heat-conducting paste. Temperature sensors 1 are
designed to assess the horizontal (lateral) temperature gradient caused by the influence of the ambient
temperature. The air temperature in the room where the setup was located was maintained at 20 + 0.2 °C.

The heat flow density in layer 2 is determined using heat flow sensors 6 with an error of £ 0.1 W/m?2.
Sensors 1 and 6 are connected to an analog-to-digital converter that records temperature and heat flow
data at 20 minute intervals. The measuring cycle begins from the moment the upper and lower
thermostating systems are switched on until a steady state heat flow in layer 2 is formed. The heat flow in
layer 2 was considered as steady state under the following conditions:
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1. Deviations of the values of five consecutive measurements of temperature and heat flow density
should not exceed the absolute error of sensors 1 and 6 (Figure 1).

2. The difference between the readings of the side and central temperature sensors (1 and 6,
respectively) should not exceed the absolute error of this sensor.

3. The values of the heat flow density measured by the upper and lower sensors should not differ
by a value exceeding their absolute error.

If at least one of the above conditions was not met, then the number of measurement intervals
increased until it was fulfilled, or measurements were repeated from the beginning of the measuring cycle.
If the above conditions are met, the effective thermal conductivity of layer 2 was calculated by the formula:

h
A=0—
qt

where 4 is effective thermal conductivity, W/(m-°C); ( is heat flow density, W/m?; h is test material layer
thickness, m; t is absolute value of the temperature difference between steel sheets 3, determined by
sensors 6, °C.

The ( value was obtained by averaging the readings of the upper and lower sensors 6 (Figure 1).
The arithmetic mean A of three measurement cycles was taken as the final result. The absolute error of the
A value was calculated by the formula [26]:

e G GRS

where A4, Ag, Ah and At are the absolute errors of the values of 4, ¢, h (x0.5:103 m) and t, respectively.

3. Results and Discussion
3.1. Laboratory thermal conductivity test

The obtained values of t, g and the results of calculating A of tested layer are presented in Table 1.
For measurements 1-3 and 4-6 heat flow was directed upward and downward respectively. Under natural
conditions, these temperature gradients correspond to freezing and thawing of bases, i.e. negative (and
close to 0 °C) temperature can be both above and below the thermal insulation layer. Numbers 1-6
corresponded to measurements of tested layer in a dry state.

Table 1. Measurement results.

Corr-lpacted layer propc-ertles Temperature, °C q ] AL10%
No Density, Volumetric water top bottom t Wim? W/m-C)  wim-°C)
kg/m? adsorption, %
1 300 0 0.8 10.5 9.7 7.3 0.076 1.4
2 300 0 2.9 19.4 16.5 12.5 0.076 0.9
3 300 0 -3.2 22.3 255 19.6 0.077 0.6
4 300 0 11.0 0.9 10.1 7.4 0.073 1.3
5 300 0 20.1 3.1 17.0 12.7 0.075 0.8
6 300 0 19.9 -3.2 23.1 17.2 0.074 0.7
I 340 0 1.6 19.1 17.5 155 0.089 0.9
324 3.7 1.7 16.6 14.9 16.5 0.111 11
9 346 7.0 1.4 15.6 14.2 19.7 0.138 1.4

*Grains size of 2.5-5 mm

It follows from Table 1 that a change in the value of t for measurement numbers 1-3 and 4-6 does
not significantly affect the values of A. Average values of A with upward heat flow (numbers 1-3) and reverse
(numbers 4-6) differ by 1-10-3 W/(m-°C). In view of the fact that the average value of A4 for measurements
1-6 is £1-10-® W/(m-°C), it can be concluded that the influence of the heat flow direction and the values of
t on A is insignificant. Thus, according to the averaging of measurements 1-6, the value of 4 for
the 5—-10 mm fraction in the dry state is 0.075 W/(m-°C).
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Measurement umber 7 in the Table 1 shows the results of determining A of a finer fraction of foam-
glass ceramic with a size of 2.5-5 mm and a bulk density of 340 kg/m3. As follows from the Table 1, the 4

value of this fraction is almost 20 % higher in comparison with the 5-10 mm fraction. In this regard, the use
of fractions with a grain size of less than 5 mm is less effective.

Due to the inevitable moistening and water absorption of granular foam-glass ceramic layer at the
base, A measurements in the water-saturated state were carried out. The results for the fraction 5-10 mm
numbered 8 and 9 in Table 1. The water absorption of the granules by volume was 3.7 and 7 % in the first
and second cases, respectively, which corresponded to the intermediate and maximum water absorption
of the material.

The Table 1 shows that the A values of measurements 8 and 9 exceed the obtained average A of
measurements 1-6 by approximately 1.5 and 1.8 times, respectively. Consequently, the effect of water
saturation of granular foam-glass ceramic on the A value is much more significant in comparison with the
direction of the heat flow, t value and the size of the granules. In this regard, the use of the material in
practice will require special methods to maintain the calculated thermal resistance of the layer, for example,
the use of protective membranes, films, etc. In the case of direct contact of the layer granules with the saill,
the A value will fluctuate in the range from 0.075 to 0.138 W/(m-°C), depending on the degree of soil
moisture at the base of the structure. As a result, in order to maintain the calculated thermal resistance of
the layer, it will be necessary to increase its thickness up to 1.8 times.

For predictive calculations of the temperature fields of the bases and the freezing depth, two
experimental values of A can be distinguished for a layer of 5-10 mm fraction. In the event that the base is
located in a high area with a low level of groundwater, an intermediate value of A should be taken in the
calculations, equal to 0.111 W/(m-°C). If the base is located in an area characterized by the accumulation
and stagnation of surface water, which will contribute to the maximum water saturation of the thermal
insulation material, then the maximum A value of 0.138 W/(m-°C) should be taken.

The result obtained can be compared with the data of other authors. For example, in studies [21],
the value of A in the dry state was experimentally established for crushed foam glass aggregate with a close
bulk density equal to 223 kg/m3. However, the average grain size of the fraction 10-60 mm was 4.7 times
greater than that of the foam-glass ceramic. Taking into account the downward heat flow condition the
experimental value of 4 was 0.34 W/(m-K), which is 4.5 times more than for foam-glass ceramics in a dry
state. Apparently, such a significant difference is caused by the influence of free convection due to the
larger grains of crushed foam glass.

3.2. Mathematical modeling

For the purpose of a comparative assessment of the influence of three experimental A values on the
base freezing depth, a calculation was carried out using finite-difference methods of mathematical modeling
[23, 24]. The calculations were carried out on the example of a highway located in the south of the Tyumen
region, Russia (Golyshmanovsky district). The area is distinguished by a large seasonal freezing depth.
The average January temperature between 2006 and 2019 is -17.9 °C.

The right side of the typical road cross section is shown at the top in Figure 2 (the left part is
symmetrical to the road axis and is not shown). The thickness of insulation layer 1 was set taking into
account the provision of a deviation of £1 cm during mechanized compaction of material with specialized
road equipment. The main calculated characteristics of the layers are presented in Table. 2. For the
pavement layer, the average value of thermal conductivity of asphalt concrete and crushed stone is taken.
The heat of the phase transition of pavement materials was not taken into account in the calculations.
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Figure 2. Road cross section and calculation results: 1 — Foam-glass ceramic layer (20 cm);
2 — Coarse sand layer (38 cm); 3 — Pavement: asphalt concrete and crushed stone (42 cm);
4 — Road axis. Red, green and blue lines correspond to -0.5 °C isotherms with 4 0.075, 0.111 and
0.137 W/(m-°C), respectively. Black solid and dotted lines correspond to -0.5 and -2 °C isotherms
without insulating layer. The scale of the vertical axis is increased by 4 times for clarity.

Because the thickness of the insulation layer is significantly less than the base freezing depth, its 4

values in the thawed and frozen state were equated to the corresponding experimental A values obtained
above. The phase transition heat of the foam-glass ceramic in the water-saturated state was not taken into
account in the calculations for the same reason. The specific heat capacity of the material was taken equal
to the reference value for silicate glass, which is 840 J/(kg-°C) [27], due to the close chemical composition
[14, 15]. Therefore, taking into account the density of the heat insulation layer in dry compacted state
(300 kg/m3), its calculation specific heat capacity per 1 m3 is 252 kJ/(m3-°C).

Table 2. Characteristics of layers and base.

No Thermal conductivity, Heat capacity, -
Name of the material W/(m-°C) kJ/(m3.°C) Phhaesai,tlag/srglson
thawed frozen thawed frozen
1 Pavement 2.05 1870 -
2 Coarse sand 1.97 2.15 2250 1790 82
3 Silt sandy loam 2.02 2.30 2740 2120 96

The roadbed (subsoil) was represented by silty sandy loam with high frost heave rate of 9 % and a
low degree of salinity. This type of soil is widespread in the region under consideration. In accordance with
the Russian State rules and regulations SP 25.13330.2012 "Bases and foundations on permafrost soils",
the calculated temperature of the subsoil phase transition was -0.5 °C.

When solving an axisymmetric problem, the computational domain was represented by a square with
sides of 15 m. The axis of the road (Figure 2) coincided with the left side of the computational domain. The
horizontal dimension of the computational domain was set taking into account the two-fold excess of the
foot of the road structure (7.5 m, Figure 2), and vertically, taking into account the attenuation of annual air
temperature fluctuations at a depth of 15 m [28]. Boundary conditions of the first kind with a constant
temperature of 0.9 °C were set on the lower side. According to Russian State rules and regulations
SNIP 23-01-99 this temperature corresponds to the average annual air temperature in the area under
consideration. Boundary conditions of the second kind (without heat flow) were set on the lateral sides of
the computational domain.

In the three types of surfaces of the computational domain (Figure 2) boundary conditions of the third
kind were set. Average monthly values of air temperature, wind speed, and thickness of snow cover on the
surface were calculated for the period from 2006 to 2019 according to the data of meteorological station
No. 28478 (Tyumen region, Golyshmanovsky district). Due to snow removal in winter the snow cover on
the pavement surface was not taken into account in the calculations. For this reason, a doubled layer of
snow was taken on the road shoulder and the side slope. In order to reduce the freezing depth of these
areas under the influence of the exposed layer 3, the thermal insulation layer 1 had an increased width
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(Figure 2). A sod cover with a thickness of 10 cm and a thermal conductivity of 0.75 W/(m-°C) was taken
into account in the road shoulder, the side slope and the native ground surface.

The initial calculation conditions corresponded to the date of October 1, 2020 and a surface
temperature of 6 °C. The final calculated date March 15, 2023 corresponded to the maximum seasonal
freezing depth of the base. The calculation results in the form of lines denoting the isotherms are shown in
Figure 2. Isotherms of -0.5 °C, corresponding to the phase transition temperature of sandy loam,
characterize the base freezing depth.

As follows from the calculation results in Figure 2, the freezing depth of the base without taking into
account the insulation layer is characterized by black solid -0.5 °C isotherm. The maximum value of the
freezing depth of 120 cm near the axis of the road was reached. Calculations taking into account the thermal
insulation layer with 4 equal to: 0.075, 0.111 and 0.137 W/(m-°C) are characterized by red, green and blue
-0.5 °C isotherms, respectively. Neglecting the bends of the isotherms at a distance of 5-6 m from the axis
of the road, it was found that the computational freezing depth in this case is 10, 32 and 40 cm at A equal
to: 0.075, 0.111 and 0.137 W/(m-°C), respectively.

It is known that the degree of frost heaving significantly depends on the type of soil and its moisture
content. The frost heave process begins to develop most intensively at a certain temperature, for example,
for loams from -1.5 to -2.5 °C [28]. Assuming this temperature for sandy loam equal to -2 °C, then the zone
of frost heaving at the base will be limited by the -2 °C isotherm. A graphical interpretation of the calculated
temperature fields without an insulating layer shows the -2 °C isotherm in Figure 2, marked with a black
dotted line. This isotherm limits the dangerous zone of intense frost heaving to a depth of 58 cm near the
axis of the road. Taking into account the accepted high frost heave rate of the base soil, the absolute
deformation of frost heaving near the axis of the road can reach 5 cm. As a result, the annual freezing-
thawing processes will cause seasonal deformations of the pavement surface and its gradual destruction.

The formation of the -2 °C isotherm taking into account the variations in experimental 4 values of the
thermal insulation layer was not confirmed in Figure 2. At the same time, there are no deformations of frost
heaving of the roadbed, causing the pavement surface destruction, which significantly increases the
overhaul interval of the road.

The results of mathematical modeling can be compared with the experimental data of field test of
crushed foam glass with a bulk density of 220 kg/m? in climatic conditions of Norway [8]. A layer of the
material 15 cm thick ensured that a positive temperature at the roadbed had been maintained. On a road
section without thermal insulation, the 0 °C isotherm at a depth of 35 cm had been reached.

The advantage of using granular foam-glass ceramic is not only in reducing the freezing depth of the
base. It is known that during the construction of highways in areas with unfavorable soil and hydrological
conditions, there is a need for a frost-protective layer. The thickness of this layer, ensuring the exclusion of
freezing of the base, can be more than two meters (depending on the climatic zone) [29]. For the
construction of frost-protective layers of highways, as a rule, coarse sands are used. Taking into account
the high length of the road under construction, the transportation distance of coarse sands can exceed
500 km. Thus, the use of granular glass-ceramic foam can give a significant economic effect as a result of
reducing the volume of materials transportation and earthworks.

4. Conclusion

1. The experimental values of the effective thermal conductivity of granular foam-glass ceramic with
a fraction of 5-10 mm in a dry and water volumetric saturated states of 3.7 and 7 % were established:
0.075, 0.111 and 0.138 W/(m-°C), respectively. The effect of changing the direction and magnitude of the
temperature gradient was insignificant, since it is within the absolute error of the measuring setup.

2. A predictive calculation of the temperature fields of the roadbed using experimental values
depending on the water content degree was carried out. It was found that the freezing depth of the roadbed
covered with a 20 cm layer of foam-glass ceramic with effective thermal conductivity of 0.075, 0.111 and
0.138 W/(m-°C), respectively, is 12, 3.8 and 3 times lower than without the thermal insulation layer. Due to
graphical interpretation of the temperature field in the form of -2 °C isotherms at the roadbed without thermal
insulation the formation of a dangerous zone of intense frost heaving with a depth of 58 cm was shown.
The complete absence of zones of intense frost heaving in the roadbed covered with granular foam-glass
ceramic was confirmed.

3. The obtained experimental data can be applied in methods for calculating temperature fields in
order to assess the risk of occurrence of cryogenic zones in bases using granular foam-glass ceramic.

4. Due to the wide mineral resource base, the production of granulated foam-glass ceramic can be
deployed in territories remote from industrialized regions, for example, in the Far North and the Arctic. The
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development of these territories will require both the modernization of the existing and the creation of a new
transport infrastructure, which requires the use of special technologies and innovative road materials of
local production.
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Abstract. The article is devoted to the study of the corrosion resistance of steel pile supports made of pipe
steel 09Mn2Si (09G2S), under conditions of cyclic wetting (conditional waterline), where conditions are
created for the occurrence of corrosion processes at maximum speeds, and also a study of the protective
ability of zinc coating applied to the railing (balustrade) of a steel bridge made of carbon steel of normal
quality (St3). It was the bridge structures that became the subject of research. We considered the effects
of cyclic wetting, wear, and climatic factors on the materials of piled supports, fences, and coatings intended
for operation in the marine structure. We investigated the corrosion resistance of the 09Mn2Si steel used
as pile supports of offshore structures. We have found that the corrosion rate of the 09Mn2Si steel does
not exceed 0.32 mm/year in the zone of cyclic wetting. We have confirmed that the corrosion rate of steel
practically does not change in the sections with damaged coatings and does not depend on the area of the
uncoated zone. Measuring the electrochemical potential of 09Mn2Si steel, we have found that short-term
friction against a solid only weakly affects the corrosion rate of steel in seawater. We have proposed a
methodological approach to assessing the service life of hot-dip galvanized coatings on components of
steel structures made of carbon steel of normal quality (St3) intended for operation in marine conditions. A
forecast of the durability of 120 um-thick zinc coatings, expected to provide anti-corrosion protection of steel
products for 60 years, was made based on the proposed technique.

1. Introduction

Aside from ships and other watercraft operating at sea, numerous onshore port facilities, fences and
fixed bridges across sea straits are installed on supports. Ensuring reliability and durability of such steel
structures is a major challenge; for this purpose, data on the corrosion resistance of materials under
operating conditions should be obtained at the design stage [1]-[4]. Reference data are generally used to
select a corrosion margin; however, the real data may differ considerably because mechanical factors such
as wear can have a critical impact in addition to corrosion. To combat this, protective coatings are applied
on many structures [5], [6]. The degradation of these coatings depends on their properties and a
combination of other characteristics.

Reliable real data on the degree of material degradation can be obtained by conducting experimental
field tests, or laboratory studies simulating the service conditions of the structure, in particular accounting
for the most aggressive/critical environmental effects.

A steel pile can be schematically represented as consisting of three sections: the upper section is
constantly exposed to the marine environment; the medium section is occasionally splashed with seawater;
the lower section is immersed in water [7]. This difference in exposure to the corrosive environment largely
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determines the distribution and rate of corrosion in objects that are not fully immersed in water. The
experience accumulated for operating such steel structures not completely immersed in seawater indicates
that the maximum corrosion rates are observed in the region that is periodically exposed to water (splash
zone) [8]-[10].

Fig. 1 shows the variation in the corrosion rate for a pile in the zone of cyclic wetting. Furthermore, it
was established in [11], [12] that the height of the region with the maximum corrosion damage above the
splash zone depends on the wave height at the site where the pile is installed. Therefore, the corrosive
wear of piles in operating conditions can be assessed by determining the corrosion rate of the steel from
which the piling is made upon cyclic immersion in seawater.
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Figure 1. Corrosion rate distribution over a steel pile in the zone of cyclic wetting.

Different polymer coatings can be used to increase the service life of piled supports. If the technology
for applying such coatings is exploited correctly, their protective properties are preserved for up to 10 years
or more. However, an ice cover forms on most of Russia's inland seas during the winter, so protective
polymer coatings of piled supports can be damaged in ice breakup, with bare metal abraded by ice. It is
hypothesized that the corrosion rate of bare metal increases significantly in this case [13], which is yet to
be fully confirmed experimentally. Experiments on steel wear during friction against ice were carried out in
[14]-[19], finding that ice is heavily destroyed even at a 5 MPa pressure against the steel specimen that is
not worn out in the process. Assuming that solid objects can be frozen into the ice, leading to mechanical
wear of the surface in contact with steel, the corrosion rate of steel in this point can be increased due to the
electrode potential difference generated between the mechanically worn segment and the rest of the
surface, where an iron oxide film forms in seawater. Ref. [20] determined the magnitude of this potential
difference and the time in which the metal surface remains 'activated' (without oxides) after the interaction
with the rubbing object has stopped.

Zinc coatings are used for steel onshore structures that need to be in long-term service in the marine
environment. Accordingly, the corrosion rates and the durability of the coatings for a specific climatic region
should be established rather quickly. The service life of zinc coatings is proportional to their thickness
regardless of the application method [10], [21], [22]. Thus, it can be assumed that corrosion of zinc coatings
develops over time at an approximately constant rate, which is confirmed experimentally during 8-year tests
of zinc in a tropical marine environment, including a sea coast (Fig. 5) [23].

One of the most common methods for assessing the corrosion resistance of coatings in a marine
environment is the salt spray test (SST). The temperature in the salt spray chamber is constantly maintained
at a level of +35 °C, and the humidity at over 90% by spraying finely atomized droplets of the salt solution,
which greatly accelerates the corrosion process. Unfortunately, the results obtained by SST do not answer
the question of durability of zinc coatings with a given thickness in real conditions. Full-scale climatic tests
make it possible to obtain the most accurate corrosion rates, since they simulate the real operating
conditions of the product and allow calculating the durability. However, their main drawback is the
considerable time they take. The minimum exposure times of zinc coatings during field tests range from 3
to 8 years. Clearly, a specialized procedure estimating corrosive wear should be worked out for more rapid
assessment of durability.

The goal of the study consists in estimating the durability and reliability of structures made of steel
materials and steels with coatings in the conditions of the Kerch Strait, exposed to climatic, corrosive and
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mechanical impacts. The objectives of the study were an experimental study of the corrosion resistance of
steel bridge supports under conditions of variable wetting by sea water, including with local destruction of
the paint coating and with short-term mechanical impact on an unprotected metal surface; carrying out
accelerated and full-scale climatic tests of zinc-coated steel samples to determine the acceleration
coefficient required to calculate the service life of coatings in long-term operation conditions.

2. Methods

The data given in literature indicate that the main critical impacts in the marine environment are cyclic
wetting, corrosive abrasion wear, exposure to a salt fog. The correct testing procedure for assessing the
durability of steel structures and coated metals can be selected by analyzing the climatic conditions taking
into account the level of precipitation (wetting frequency) and temperature, the composition of the
environment at the zone of operation, external factors (ice impact, mechanical loads, etc.) to be recreated
during the tests.

2.1. Selection of the environment

Before corrosion tests with cyclic wetting can be carried out, the wetting frequency of the specimens
should be selected. Fig. 2 shows the effect of the frequency of cyclic wetting in a 0.5 N sodium chloride
solution for C13 steel specimens [24].
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Figure 2. Effect of wetting frequency on corrosion rate for mild steel (ST3 steel).

As follows from Fig. 2, increasing the number of times that the specimens tested are wetted from 4
to 24 a day only slightly affects the corrosion rate. For this reason, the tests were carried out with the
specimens periodically immersed in the solution 4 times a day.

The corrosiveness of the environment largely depends on the relatively high concentration of chloride
salts, high content of dissolved oxygen and high electrical conductivity. The location of the bridge under
construction in the Kerch Strait, connecting the Azov and Black Seas, was the decisive factor in determining
the composition and concentration of salts for preparing the test solution. The Azov Sea is small, with a
substantial freshwater runoff, making its waters slightly saline (11-13 g/l). The maximum levels of water
salinity were observed in the Kerch Strait (13-15 g/l), see Table 1.

Table 1. lonic composition of water in the Kerch Strait.

Calculated sample composition at depth of 0.7 m Calculated sample composition at depth of 4.5 m
Formula Concentration, mg/dm? Formula Concentration, mg/dm?
NacCl 3396 NacCl 4457
NaHCO3 379 NaHCOs3 293
CaCly 75 Na2S04 738
CaSO0q4 598 CaSOq 2046
MgSOa 495 MgSO4 1015
Total 4943 Total 8546

The composition corresponding to the most corrosive environment was chosen for the corrosion
tests, i.e., the total salinity was 8.55 g/l, Table 2.
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Table 2. Calculated salt composition of water samples.

Reagent Concentration, g/L Total salinity
NacCl 4.46
NaHCOs 0.29
CaS04*2H20 2.63 8.56
MgSO4+*7H20 2.09
Na2S04 0.74

2.2. Estimation of corrosion resistance under cyclic wetting

Tests with cyclic wetting were carried out on flat-plate specimens 50x30x5 mm in size, cut from
09Mn2Si low-alloy pipe steel used in pile-supported bridges. The potential effect of damage to the protective
paint coating on the corrosion rate of steel was tested in specimens with various simulated damages and
an undamaged paint coating applied to only one side of the specimen (2), specimens with a coating damage
area of ~60 mm?2(3), specimens with a coating damage area of ~ 150mm? (4) (Fig. 3).

1 2

Figure 3. Specimens before testing: 1, uncoated specimen; 2, specimen with coating on one side;
3, no coating over an area of 60 mm?; 4, no coating over an area of 150 mm?

Unpainted and painted specimens with damaged coatings were subjected to cyclic wetting for 30
days. The solution was replaced every 7 days with a freshly prepared one, so the solution of the
components was not controlled. Corrosion products consisting of iron hydroxides, which were formed
during the interaction of dissolved oxygen and iron ions, did not affect the aggressiveness of the solution.
This is due to the fact that the solution was in an open container of a large volume, and this ensured a
constant oxygen content in the solution. After the tests were concluded, the specimens were removed from
the test solution and cleaned from corrosion products in accordance with Russian State Standard
GOST R 9.907-2007 to determine the weight loss and calculate the corrosion rate.

The corrosion rate was found from the weight loss and recalculated in mm/year. The total corrosion
rate was calculated by the formula:

V=AmAS-1), 1)

where Am is the weight loss, g; S is the surface area of the sample affected by corrosion, m?; 7 is the
duration of the test, h.

2.3. Estimation of ice-induced wear

We studied the simulated effect of ice on wear using an electrochemical technique, consisting in
measuring the electrochemical potential of a steel surface during and after mechanical cleaning. The
electrochemical potential of the specimen was measured using a VERSA potentiostat. An EVL-1M3.1 silver
chloride electrode was used as a reference electrode. A VED-06 setup was used to rotate the working
electrode. A cylindrical specimen serving as the working electrode was fixed in a coupling. The entire
surface of the specimen, with the exception of the end face, which was subjected to abrasive friction, was
isolated. The appearance of the setup is shown in Fig. 4.
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Figure 4.
Appearance of experimental setup.

2.4. Estimation of corrosion resistance in zinc coatings

The specimens for assessing the durability of zinc coatings were plates made of mild steel (St3sp
steel) sized 100x50x3 mm with a 120 ym thick hot-dip galvanized (HDG) coating.

Because long-term environmental tests on the coast of the Kerch Strait were not possible,
accelerated tests were carried out in a salt spray chamber for 2 months, along with full-scale tests lasting
1 year. In both cases, the corrosion rate of zinc coatings was determined during intermediate examinations
of the specimens to estimate the test time required for a constant dissolution rate to be established.

The ratio of the final corrosion rate during tests in a salt spray chamber and in a marine coastal
environment can be used to calculate the acceleration factor K. This allows subsequently finding the
durability of zinc coatings of any thickness for a given climatic region without long-term environmental tests:

T=K VL 2
y
K = Vy/Va, where
T is the service life of the zinc coating, years;
K is the acceleration factor;
t is the coating thickness, um;
Vy is the steady-state corrosion rate of zinc coatings during accelerated tests, ym/year;
V, is the steady-state corrosion rate of zinc coatings during environmental tests, um/year;
A more detailed description of the test procedure and metallographic studies of zinc coatings are
given in [25]-[28].
3. Results and Discussion

The 09Mn2Si steel specimens were tested under cyclic wetting in a solution with the total salinity of
8.55 g/l (pH 7.4) at room temperature.

Loose reddish brown corrosion products with weak adhesion to the metal were produced during the
tests, distributed evenly over the entire surface of unpainted specimens of 09Mn2Si steel. The appearance
of the specimens after testing is shown in Fig. 5 (a), the test results are given in Table 3.

As follows from the data obtained, the specimens that were left unpainted had an average corrosion
rate of 0.32 mm/year. The specimens which had intact paintwork on one side with the remaining surfaces
not isolated from the test solution had an average corrosion rate of 0.30 mm/year. The painted area was
not taken into account in the calculations of the corrosion rate.
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1 2 3 4 5

Figure 5. Appearance of specimens after cyclic wetting tests: 1, uncoated specimen; 2, specimen
painted on one side; 3, no coating on an area of 60 mm2;4, no coating on an area of 150 mm2.

Table 3. Test results for 09Mn2Si steel specimens at cyclic wetting.

Ne Coati Corrosion rate, Corrosion rate, Average corrosion rate,
] oating 2
Specimen g/m#*h mm/year mm/year

1-1 0.3034 0.3198
1-2 Uncoated specimens 0.3056 0.3236 0.32
1-3 0.3041 0.3211
2-1 Specimens coated 0.2745 0.3064 0.30
22 on one side 0.2606 0.2909
3-1 0.2630 0.2935

No coating over area
3-2 of 60mm2 0.2988 0.3335 0.31
3-3 0.2819 0.3147
4-1 0.3072 0.3429

No coating over area
4-2 of 150 mm? 0.2786 0.3109 0.32
4-3 0.2735 0.3053

Specimens with the damaged coating area of 60 mm? and 150 mm?2 had an average corrosion rate
of 0.31 mm/year and 0.32 mm/year. Thus, comparative tests revealed that the presence of mechanical
damage to the paintwork does not lead to increased corrosion rates regardless of the area of damage. The
corrosion rate of all specimens considered was in the range of 0.30-0.32 mm/year, that is, practically the
same. It should be noted that a similar tendency for an increase in the corrosion rate in the zone of variable
wetting was shown during the survey of stationary offshore platforms on the shelf of the Black Sea and
steel pipes of the pier trestle in the Kola Bay [26, 27].

We experimentally studied the effect of short-term mechanical cleaning of the steel surface during
friction against a solid, simulating corrosion-abrasive wear, on the corrosion rate. The experiments
consisted in measuring the change in the electrochemical potential during cleaning of the steel surface. We
discovered (Fig. 6) that the potential shifts abruptly to negative values from -505 mV to -620 mV from the
onset of friction (section 2). This means that the potential difference between cleaned and uncleaned metal
surfaces is more than 100 mV. With this potential shift, the corrosion rate of steel increases by more than
an order of magnitude. As the friction stops, the potential of the specimen returns to its steady-state value
in approximately 17 seconds (section 3). Sections 1 and 4 in Fig. 6 show the electrochemical potential of
the specimen in solution before friction started and after it stopped.
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Figure 6. Variation of electrochemical potential of 09Mn2Si steel during friction
against a solid.

The total duration of the period when the specimen surface reaches the steady-state electrochemical
potential is ~30 s. The data obtained indicate that the metal spends no more than 30 seconds in an active
state in a corrosive environment during friction against another solid. A thin oxide film is restored in that
time on the surface after friction stops (section 4 in Fig. 6), and the metal potential acquires a steady state
when the corrosion rate does not exceed 0.32 mm/year even in the zone with cyclic wetting in the solution
whose composition reproduces the seawater in the Kerch Strait. This is a very short period (30 seconds is
~ 2.5-107 of one year), so even assuming that the corrosion rate in the cleaned area increases by 100
times, this metal in this area is expected to thin out by 8.75-10°mm (0.35 mm/yearx100x2.5-107 =
=8.75-10°mm) per year. If contact with ice or other solid object at the same point on the surface is repeated
1000 times (which is statistically unlikely), the annual wear of the metal will not increase by more than
10 ym even in this case.

The zinc coatings were measured by a method relying on analysis and processing of the durability
data obtained in accelerated tests in the salt spray chamber (Fig. 7) and climatic environmental tests carried
out at the coast of the Kerch Strait for 1 year (Fig. 8).
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Figure 7. Specimen exposure times in the salt spray chamber versus corrosion rates of zinc
coatings.

It is evident from the results obtained in the SST that the corrosion rate decreases from 120 ym/year
to 19 ym/year upon exposure from 72 to 1440 h, respectively, slightly decreases to 15—-17 ym/year and an
increase in exposure to 2280 h, remaining practically unchanged. A possible explanation for this is that
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corrosion products form, preventing the corrosive environment from reaching the coating and thus slowing
down the dissolution of the zinc coating. Therefore, we can assume that the corrosion rate of zinc coatings
takes on a constant value equal to 15-20 ym/year after accelerated tests lasting about two months.

The corrosion rates established in full-scale tests of the specimens for HDG zing coatings are shown
in Fig. 8. The experiment and results are described in detail in [28].
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Figure 8. Specimen exposure times in marine environment versus corrosion rates of zinc
coatings.

The results of full-scale tests confirm that the corrosion rate of HDG zinc coatings falls from
3.54 ym/year to 0.63 um/year upon exposure from 1440 to 8760 h, respectively. Moreover, a significant
drop in the corrosion rate is observed in the first half of the test period, subsequently varying within
1.5 um/year (from 1.89 um/year to 0.63 um/year). This means that corrosion processes attenuate during
full-scale tests as well as during laboratory tests, which may be due to the protective effect of the resulting
zinc corrosion products. The HDG zinc coatings could have been exposed to seasonal changes during 1-
year-long climatic tests in the marine environment in the Kerch Strait area.

Assuming that the corrosion rate of zinc coatings has stabilized to 15 ym/year during tests in the salt
spray chamber, the acceleration factor K amounts to ~7.9. Given the steady-state corrosion rate in the
accelerated tests, the obtained acceleration factor can be used to find the durability of zinc coatings of any
thickness, produced by a different technology, for a given climatic region without long-term environmental
tests.

Therefore, it seems reasonable to take the steady-state corrosion rate in climatic tests as equal to
1.9 um/year for durability calculations of the zinc coating and the acceleration factor K. In this case, the
service life of a 120 ym thick coating will amount to about 63 years.

4. Conclusions

1. We have found that the reliability of steel structures exposed to different impacts in the marine
environment can be assessed by designing and conducting various types of tests that simulate individual
or combined factors in a specific location: corrosive effect of the environment, effect of climatic factors,
mechanical effect in a corrosive environment, effect of emerging defects, etc.

2. The tests performed for the 09Mn2Si pipe steel used for a pile-supported bridge in the Kerch
Strait have revealed that the corrosion rate in the cyclic wetting zone, which is the most susceptible to
corrosion, does not exceed 0.32 mm/year. Mechanical damage to the paintwork does not lead to an
increase in corrosion rates regardless of the damaged area.

3. Considering the effect of short-term mechanical cleaning of the steel surface, simulating friction
against a solid body, on the corrosion rate, we have carried out experiments on measuring the variation in
the electrochemical potential during cleaning of the steel surface, establishing that the annual wear of the
metal should not increase by more than 10 um even with repeated exposure.

4. Climatic tests of steel specimens with a zinc coating 120 uym thick at the coast of the Kerch Strait
showed that the annual wear of the coatings should not exceed 1.9 ym during long-term service. In this
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case, the estimated service life of the hot-dip galvanized zinc coating 120 pm thick is expected to last over
60 years.

5. The tests carried out for zinc specimens in a salt spray chamber made it possible to find the

acceleration factor in comparison with climatic tests in a marine environment. The obtained acceleration
factor can be used to assess the durability of a zinc coating of any thickness, produced by a different
technology, for a given climatic region without long-term environmental tests.
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