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Abstract. Surface runoff water (SRW) from highways is highly polluted and has negative impact on
adjacent areas and water bodies. The article describes constructed wetlands (CW), including detention
ponds and facilities for sorption post-treatment, one of the simplest methods to treat the SRW from
highways. It is established that filter cassettes (FCs) based on gabion constructions (GC) and loaded with
shungite rock (SR) are used as sorption post-treatment facility. One of the reasons for the unsatisfactory
operation of such facilities on the St. Petersburg Ring Road (the SPb RR) has been analyzed. It is shown
that the SR recommended for loading into the FC has a fractional composition of 2+4 cm and thus mostly
providing a turbulent filtration mode of SRW passing through the facility. The impossibility of using SR with
the optimal towards sorption treatment fractional composition of (0.1+0.3) cm within the existing GC is
shown. It is also shown that the use of permeable for SRW containers — the filter cartridges (such as
FOPSE® filters) is shown to be one of the simplest and most effective ways of using SR of optimal fractional
composition and working with a large amount of sorption materials. The approach to the organization of
complex multistage treatment of surface runoff is shown.

Citation: Kozinetc, G.L., Chechevichkin, V.N., Tryaskin, M.A., Chechevichkin, A.V., Yakunin, L.A.
Hydraulic operating features of filtering cassettes as part of treatment facilities on highways. Magazine of
Civil Engineering. 2024. 17(8). Article no. 13201. DOI: 10.34910/MCE.132.1

1. Introduction

Surface runoff water (SRW) from highways, currently classified as highly polluted [1, 2], has a
negative impact on natural landscapes in the area of highway right-of-way [3-5], on water bodies and
watercourses adjacent to them.

The SRW entering water bodies without proper treatment contain significant amounts of toxic
pollutants that exert an extremely negative influence on their biocenosis [6, 7]. This leads to degradation of
water bodies, ranging from eutrophication to complete disappearance of all life in them.

In order to reduce the negative impact of SRW treatment facilities of various designs are used on
highways. The most common of these are constructed wetlands (CWs), the tank-type treatment facilities
and the sorption-filtration facilities based on filter cartridges [8—11].

There are about 220 CWs (Fig. 1, 2) on the St. Petersburg Ring Road (RR), which have long ceased
to comply with the regulatory document?, or with the aesthetic ideas of modern man, or with common sense

' Federal Road Agency (Rosavtodor). Metodicheskie rekomendatsii po soderzhaniiu ochistnykh sooruzhenii na avtomobil'nykh
dorogakh [Methodological recommendations for the maintenance of treatment facilities on highways]. ODM 218.8.005-2014. 2017.
83 p. URL: https://rosavtodor.gov.ru/storage/app/media/uploaded-files/2100dm-2188005-2014.pdf?ysclid=m6712a01ap610205907
(Accessed: 22.12.2024)

© Kozinete, G.L., Chechevichkin, V.N., Tryaskin, M.A., Chechevichkin, A.V., Yakunin, L.A., 2024. Published by
Peter the Great St. Petersburg Polytechnic University.
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in the field of environmental safety. The detention ponds of the CWs have turned into unattended settling
tanks filled with toxic sludge consisting of a mixture of insoluble forms of heavy metals, asphalt pavement
microparticles and soot, as well as petroleum products, fragments of dead plants and debris. In their current
state, such ponds are not only a pitiful sight, but also a real environmental threat. Today, no one would
hardly be surprised by the absence of macrophytes in the CWs, rusty and torn mesh of GC at the air-water
interface, territory littered with household waste etc., which are the consequence of improper maintenance
(at least according to ODM 218.8.005-2014). These shortcomings of actually CWs on the RR were
discussed earlier [2, 12]. Scientific publications dealing with the CWs problems are quite widely represented
in domestic [13—17] and foreign periodicals [18-26].

a) X & Y b) ALY
Figure 1. Exterior of the CW (a) and the SRW post-reatment facility
based on filter cassettes with shungite-lll (b) located on the SPb RR (2018).
=—— = — 1 \ =
a) J"V ¥ % > % i . b)

Figure 2. Exterior of the CW (a) and the SRW post-reatment facility
based on filter cassettes with shungite-lll (b) located on the SPb RR (2024).

The use of shungite rock (SR) for sorption post-treatment of the SRW within the CWs became
widespread at the turn of the 21st century and exclusively in Russia, during the construction of major
highways (RR, Federal Highway M10 “Russia”, Federal Highway M11 “Neva” etc.), while discarding the
real hydrodynamic conditions of its use in sorption processes.

The study of SR properties, which began in the 19th century [27] and continued in the 20th century,
is still relevant today [28-36]. The use of SR (mainly structural type Ill) for the purification of various water
environments is currently carried out in laboratory conditions [37—44] without assessing its real capabilities
in the processes of treatment of large volumes of polluted water (as is the case with SRW). The internal
structure of shungite-lll is unique. It has the appearance of the combination of mutually opposite
components (hydrophobic globules of non-graphitized carbon and hydrophilic globules of silicate and
aluminosilicate nature). This circumstance ultimately determines the bifunctional properties of shungite-Il|
in aqueous environment. The presence of metal oxide forms in its composition additionally determines its
catalytic properties. However, these properties are manifested at low concentration loads and at low
velocities of liquid phase movement through the shungite-Ill layer due to its small porosity and, accordingly,
small specific surface area (less than (10+15) m2/g for shungite-lll, while for activated carbons it is 500—
1000 m2/g). This is the reason that shungite-lll quickly becomes saturated and loses its geoprotective
properties upon contact with heavily polluted SRW, subsequently acting as an inert filter material (at best).

The main purposes of the study are to assess the actual operating conditions of the filter cassettes
(FC) with SR and the possibilities of their improvement. The research tasks are defined as follows:

- investigation of SR particle size distribution, used in actual FC;

- calculation of the characteristics of the hydraulic operating modes of the FC with SR loading.
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2. Methods

One of the CWs on the RR (111" km of the inner ring, intersection with the Karasta River) was
selected as a research object, the appearance of which is shown in Fig. 1 and 2. On its territory, the samples
of SR from FC (shungite-11l) were taken and the necessary measurements were carried out.

The amount of SRW from a given catchment area (1., m®) was calculated for one average rainfall

}’W!
(lasting up to 3 h) for the North-West in accordance with recommendations [45]:
Wiy = Hoy X F X107, (1)
where H .. is maximum precipitation layer for one average rainfall [45], mm; F' is catchment area, m2.

The size of the SR particles in the form of equivalent grain diameter (d_, cm) was calculated from

g)
the projection areas of these particles on the photographs using the raster graphics editor Adobe Photoshop
[46]. Filtration coefficients Kf for the SR particles up to 0.5 cm in size were taken from reference data

[47], and for particles larger than 0.5 cm were calculated using the Izbash formula [47]:

14
Kf: 20_d_ x Px ’dg, (2)
g

where Kf is filtration coefficient, cm/s; P is porosity of the layer and equals 0.4; dg is equivalent diameter
of the SR particle, cm.
The SRW flow rate for continuous treatment (,. (m%h) through one FC filled with the SR was

determined through the specific flow rate g (cm?/s) according to formula (3)
O =qxB, (3)
where B is width of the FC, cm.

For the SR particles of 0.05 to 0.5 cm in size, g values were calculated assuming laminar flow using
formula (4):

he —h?
CIlam:KfXL 12L2}’ (4)

where L is length of the FC, cm.

For the SR particles 1-10 cm in size, g values were calculated using the formula based on the
dependence proposed by Puzyrevsky for turbulent filtration [47]:

I~
3L
Depression curves were calculated for a rectangular array (the FC) according to formula (4) for
laminar and formula (5) for turbulent filtration at given values of Kf, q, hy, h, and L [47].

Qturb = Kf X (5)

3. Results and Discussion

For comparison, Fig. 3 shows:
e shungite-lll (piece size 8—-12 cm), which was used for loading the FCs on the RR in 2018

(Fig. 1);

¢ shungite-lll (piece size 4—6 cm), which was used for reloading the FCs on the RR in 2024
(Fig. 2);

e fraction of the SR with particles 0.4—0.5 cm in size, which is the maximum (as will be
shown below) for the sorption process to be carried out in the laminar filtration mode [48,
49].
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Compliance with the conditions of laminar flow of SRW through a layer of SR is mandatory, since

the dynamics of sorption in the SR layer is determined exclusively by external diffusion kinetics (only the
outer surface of the SR grains is involved in the process).

.
v
ht.- -

Flgure 3. Schunglte -lll used in the FCs on the SPb RR in 2018 (a) and in 2024 (b),
as well as the SR for sorption filters, operating in the optimal sorption-hydraulic mode (c).

Laminar filtration through granular media, defined by Darcy's law [47], has limitations on the ratio of
the linear velocity of the liquid phase v (cm/s, m/h) and the grain diameter of the layer dg (cm):

deg <0.01+0.07. (6)

For different given dg of the SR, the values of U were calculated, on the basis of which the

dependence shown in Fig. 4 (based on the maximum value of the range (6)) was plotted. The area of
existence of the laminar flow mode through the SR layer, shown in Fig. 4, determines the limits of optimal

values of U for different dg of the SR.

v, m/h A

15

10

L B S f LA N B
4 6 8 a'g, cm
— laminar mode zone.

Figure 4. Zone of laminar filtration mode for SR of a different particle size distribution.

It follows from Fig. 4 that for granular layers with the SR particles of 8 to 12 cm in size (used at some
other CWs of the SPb RR) the range of water velocities in the laminar mode will be from 0.035 to 0.25 m/h,
for the SR fraction (2+4) cm used according to the recommendations ODM 218.8.005-2014 will be from
0.09 to 1.25 m/h, and for the SR fraction (0.4+0.5) cm — from 1.0 to 10 m/h, respectively.

What is the hydraulic mode of the SRW flow through the real FCs within the CWs on the RR?

The diagram of the FC filled with SR, the operation and construction of which was described earlier
[50], is shown in Fig. 5. The FCs (Fig. 1b and 2b) are assembled on the basis of reinforced concrete trays
(type Il, intertrack?) and GC filled with SR in accordance with ODM 218.8.005-2014. The length of the tray

2 Ministerstvo transportnogo stroitel'stva (Glavtransproekt), Moskovskii gosudarstvennyi proektno-izyskatel'skii institut
(Mosgiprotrans). Al'bom vodootvodnykh ustroistv na stantsiiakh [Album of drainage devices at stations]. M., 1975. 90 s. URL:
https://gostrf.com/normativ/1/4293830/4293830933.htm (Accessed: 22.12.2024)
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is 1.5m, the length of the FC in it is 1.0 m, the inlet cross-sections are 0.5m x 0.5m.
Some of the characteristics of the SPb RR treatment facility are presented in Table 1.

Table 1. Some characteristics of the CW at the SPb RR.

Parameter Unit Value
Catchment area ha 212
Surface area of detention pond m? 160
SRW flow rate for continuous treatment m3/h 14.8
Rainfall layer height in the pond cm 22.3
Number of FCs installed pcs. 3

For the 3 FCs available at the object under study (total inlet cross-section — 0.75 m?) the filtration
rate L has been calculated and is 19.7 m/h.

The actual filtration rate V' taking into account the fraction of the cross-sectional area of
impermeable particles of the SR loading will be 2 times higher [47].

For a single FC of 0.5 m x 0.5 m x 1.0 m the maximum flow rate of the SRW, still providing laminar
mode, will be: (Q,. = 0.06 m¥h (for dg from 8 to 12.cm); Q,. = 0.31 m¥h (for dg from 2 to 4 cm);

0, =2.5m?h (for d, from 0.4 to 0.5 cm).

Accordingly, to ensure laminar filtration mode of the entire volume of SRW from one rainfall, it is
necessary to have in the composition of treatment facilities the number n (pcs.) of FCs: n = 247 (for dg

from 8 to 12 cm); n = 48 (for dg from 2 to 4 cm); n =6 (for dg from 0.4 to 0.5 cm).
Currently, only 3 FCs are installed at the facility instead of the required 48 (according to ODM
218.8.005-2014), i.e. 16 times less than the calculated number.

In such conditions the mode of the SRW passing through the FCs of the considered CW will have a
pronounced turbulent character, and it is impossible to speak about any sorption treatment.

It should be noted that the velocity mode in the FC is determined not only by the particle size of

granular material (a’g), but also by the difference of SRW levels at the inlet and outlet of the FC

Ah = h —h, (Fig. 5).

LY e e ]

T AT T

E —]-SRW; — shungite-lll loading.

Figure 5. Schematic diagram of the FC on the SPb RR.
Table 2 shows the calculated values of filtration coefficients Kf (cm/s) for a single FC, as well as
characteristics such as: SRW flow rate for continuous treatment Q,. (m3h), linear velocity b (m/h) and

values of Reynolds number (Re), which were calculated for the SR particles of 0.05 to 1.0 cm in size by

formulae (3, 4), and for the SR particles of 1.0 to 10.0 cm in size by formula (2, 3, 5). The data in Table 2
were also calculated for two values of A/ (Fig. 5), equal to 10 cm and 1 cm, because of the estimation of
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the average water surface elevation in the object pond for an average 3-hour rainfall in St. Petersburg
(Ah =10 cm) and the minimum experimentally determined value of water surface elevation (A% =1 cm).

As can be seen from Table 2, the average values of linear velocity of the SRW flow through the FC
for Ah =10 cm are in the zone corresponding to the laminar mode only for SR particles of 0.5 cm and less
in size. The average values of linear filtration velocity L (m/h) given in Table 2 were determined as

arithmetic averages between the values of linear filtration velocities in the inlet section (/4 x B, Fig. 5) and

in the outlet section (hl ><B).

Even for the minimum value of AZ =1 cm, a laminar filtration mode can be ensured only for the SR
particles of 1 cm or less in size. Loadings of the SR with particles larger than 1 cm in any case provide a
guaranteed turbulent filtration mode. A similar conclusion can be drawn from the evaluation of the Reynolds
number values given in Table 2. These values only for the SR particles smaller than 0.4 cm

(at Ah =10 cm)and 1.0 cm (at A%z =1 cm) are less than the critical level Re = 5+9 [51], which determines
the limit of applicability of Darcy's law.

Thus, FC with SR at any inflows of SRW into the CW detention ponds operate in a purely turbulent
mode and cannot provide any significant sorption treatment.

Table 2. Values of characteristics of hydraulic operation modes of the FC with SR loading.

Ah=10cm Ah=1cm
dg, cm Ky, cmis _ —

Ou,m%h L, mh Re QOw, m¥h UV, mhh Re
0.05 0.06 0.011 0.17 0.025 0.0007 0.052 0.007
0.10 0.25 0.045 0.68 0.20 0.0032 0.061 0.017
0.20 0.85 0.153 2.30 12 0.0108 0.206 0.114
22 0.396 594 [GEN 00277 0.529 0.60

0.50 2.8 0.504 7.52 105 0.0353 0.674 0.95

T 35 0.63 9.45 26 0.0443 0.846

1% 24 1.71 25.7 71 0.378 7.22 20

2 7.3 5.15 77.3 440 113 21.4 118

4 13.2 9.36 140.3 1560 2.05 39.2 432

5 165 117 176 2444 2.56 488 678
8 20.6 14.6 219 4880 3.19 60.8 1350
10 23.5 16.7 250 6990 3.64 69.40 1930

* The calculation is carried out under the condition of compliance with Darcy's law.
** The calculation is carried out under the condition of non-compliance with Darcy's law.

Fig. 6 shows the depression curves calculated by formula (4) for a FC with a 0.3 cm grain size of SR
and by formula (5) for a FC with a 3 cm grain size of SR. The areas under the curves (determined by the
method described in [46]), corresponding in the actual process to the volume of the FC filled with water,
are close to each other (the difference is not more than 4 %), which indicates that the degree of filling of
the interparticle volume of the layer (about 70 %) is practically the same for laminar and turbulent modes.
Thus, due to the continuity of the flow, the linear velocity varies significantly from the inlet section of the
module to its outlet section, and a part of the loading volume (not filled with water) does not participate in
the filtration and mass transfer process at all.
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hy =20 cm

=10cm
B e -0
0-f | — : Lo
0 25 50 75 100
L,cm

e—3cm; a—-0.3cm.

Figure 6. Depression curves calculated for a standard FC
with a SR load of a different particle size distribution.

How can the situation with the actual treatment of the SRW on the SPb RR be improved? There are
two ways.

The first way is to significantly increase the number of parallel FCs (as it was said earlier — by 16
times when they are filled with the SR of particles 2—4 cm in size) in order to reduce the linear filtration
velocity to acceptable for laminar filtration values. However, in this case, the effective formation of the
sorption front will require a FC 6—7 m in length (instead of 1 m in fact). In addition, the SR of particles 2—
4 cm in size are practically not retained by any of the standard meshes (from 50+70 mm to 100+120 mm)
of gabion structures currently used, and another structural solution is required to accommodate it.

The second way is to use fractions of the SR no more than 0.5 cm in size (and better from 0.1 to
0.3 cm). It is advisable to use ready-made products — FC, that allow easy manipulation with quantities of
the SR of several tons, for the convenience of manipulation with significant amounts of the SR with a particle
size from 0.1 to 0.3 cm (required for sorption treatment of SRW).

The FOPS® filters are considered to be the most developed filters of this type in practical terms [9—
13].

The basic diagram of a possible facility for complex treatment of the SRW from the RR section under
consideration is presented in Fig. 7.

1 - sidespill weir;

2 — distribution well;

3 — sewage well with the FOPS®-S filter;
4 — sewage well with the FOPS®-C filter;

A-A 5 — sewage well with the FOPS®-Z filter;

6 — samples withdrawal sewage well.

1 2 3 4 5 6
— — — — i i
= {
woie

e >

Figure 7. Schematic diagram of the facility for complex treatment of the SRW
from the RR section under consideration based on the FOPS® filters.
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The complexity of the treatment lies in the use of three cascade facility, in which the following are

sequentially located: the filter-separator (FOPS®-S), the carbon filter (FOPS®-C) and the zeolite filter
(FOPS®-Z). The required capacity of the facility is achieved by using of two parallel branches (3 filters in
each) with a capacity of up to 8.0 m3/h each. The bed height in the filters is 1.8 m, which provides acceptable
dynamics of the sorption process with a material grain size from 0.1-0.3 cm in size.

In this scheme FOPS®-C filter with activated carbon load can be replaced with a FOPS® filter with

shungite-1ll loading (fraction 0.1-0.3 cm).

4. Conclusion

1. The use of SR in accordance with current regulatory documents in the form of crushed stone with
particle size 2—4 cm and more for sorption post-treatment of SRW contradicts the generally accepted
practice of sorption processes in liquid media, where materials with grain size of no more than 0.5 cm
are used.

2. The use of SR (fraction 2—4 cm) in FCs under real conditions provides a turbulent mode of SRW flow
passage.

3. The placement of SR with particles 0.1-0.3 cm in size (optimal from the point of view of the sorption
processes) is impossible with the FCs based on GC used in the existing SRW treatment facilities on
the RR.

4. The implementation of the optimum conditions of SRW treatment process is possible when using SR
with particles 0.1-0.3 cm in size, placed in water-permeable containers of industrial manufacture
(filter cartridges), such as the FOPS® filters, convenient for treatment facilities operation.

5. The use of SR placed in filter cartridges (such as FOPS® filters) allows them to be used for complex
treatment of surface runoff water as a part of multi-cascade treatment facilities.
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Abstract. The object of this study is lightweight steel concrete enclosure wall panels consisting of light
gauge steal profiles and foam lightweight cellular concrete filling in general and, in particular, their
fastenings. The purpose of this study is to develop a methodology for calculating enclosure wall LSCS
panels with partial resting on floor slabs fastened with self-tapping screws of the Harpoon type. Methods.
The experimental study of behaviour of the sample of the LSCS panel fastened via galvanized plate with
self-tapping screws to a metal tube, the rigidity of which is many times higher than the rigidity of the LSCS
panel, from the action of a distributed load simulating wind pressure, is carried out. The density of foam
concrete of the panel was measured during experiment and amounted to 370 kg/m®. Results. The
methodology of calculating the bearing capacity of LSCS panel-to-slab fastenings is proposed and
substantiated. The analytically calculated destructive load 28.25 kN is 9.3 % less than experimentally
obtained destructive load 30.9 kN. It is shown that the loss of load-bearing capacity of the panel happens
due to bearing of the steel sheet of the web of the light gauge steel profile of the panel. It is shown that the
rigidity of the LSCS panel fastenings varies from the one corresponding to the fixed-support calculation
scheme to the one corresponding to the hinged-support calculation scheme. The behaviour of the panel
corresponds to the fixed-support calculation scheme before the load is 30 % of the value that gives the
maximum allowable deflection, then the fasteners work as a finite stiffness support and turn into a plastic
hinge when the load reaches 90 % of the abovementioned load. It is proposed to use the hinged-support
calculation scheme in design practice.
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1. Introduction

Energy efficiency concerns are critical in modern construction, and therefore, the choice of an optimal
wall structure plays an important role.

The most common technologies for producing enclosing structures can be divided into prefabricated
structures and those constructed on site. The main disadvantage of structures built directly on site is the
low speed of erection. Prefabricated structures are free from this disadvantage: prefabricated reinforced
concrete panels, sheathed cold-formed steel (CFS) panels, and lightweight steel-concrete structural panels
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(LSCS panels), consisting of LSCS (lightweight steel concrete structures). Thanks to factory assembly of
panels, the labour intensity of their installation is reduced by 60% compared to the labour intensity of
installing, for example, ventilated facades [1]. Moreover, prefabricated structures help reduce heating and
cooling costs of the building [2].

External reinforced concrete wall panels typically consist of three layers: a load-bearing reinforced
concrete layer, a middle thermal insulation layer, and an external protective reinforced concrete layer. The
panels are connected to each other through embedded parts by welding or using key joints on
reinforcement bar protrusions. High speed and low cost of construction as well as low cost of interior
decoration due to smooth-faced walls make this technology attractive [3]. However, the low thermal
insulation capacity of reinforced concrete, its high specific weight requiring the use of a crane, are obstacles
to the use of this type of enclosing structures in low-rise construction.

Another type of enclosing structure is sheathed CFS panels — a multilayer structure consisting of a
frame filled with insulation and clad with facing sheets [4]. One of the significant disadvantages of frame-
sheathed walls is the flammability of mineral wool insulation, which reduces the fire resistance of the wall
panel and limits the scope of application for this type of enclosing structure.

The third type of prefabricated structures is LSCS panels, consisting of light gauge steel profiles
(LGSPs) and foam lightweight cellular concrete (LCC). The Fig. 1 shows a drawing of one type of this panel.
These structures can serve both load-bearing and enveloping functions in buildings and are free from the
aforementioned disadvantages. Construction of a two-story house from LSCS panels takes only 15 days.
Photo on Fig. 2 shows a detached residential house made from LSCS panels on the 5" and 15" day of
construction.
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Figure 1. Composition of the wall panel and the general view.
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Figure 2. a) Mounted panels of a LSCS house on the 5" day of construction;
b) Finished house on the 15th day of construction.
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The LSCS were described for the first time in [5]. It is based on constructing a structure from
lightweight thin-walled steel profiles and filling the space between them with foam LCC .Prefabricated LSCS
panels are a specific case of a structure built using LSCS technology.

When concrete and steel structures work together, the combined properties of the system exceed
the sum of the individual properties of concrete and steel considered separately. This phenomenon is
observed under various types of stress-strain conditions, such as deformations caused by temperature
changes [6], cyclic loading [7], concentric [8, 9] and eccentric [10] compression, and bending [11].

Concrete, when working in combination with the steel structure, significantly increases both its local
and overall stability [12, 13]. The fact of increased stability in composite LGS structures is also substantiated
in the experimental study in [14], where the compressed chord of LGS truss was filled with concrete.
Similarly, Jigin Wang and his research team [15] conducted experimental studies on LGS and foam
concrete panels under cyclic loading.

It has been experimentally proven that foam concrete, despite its extremely low strength class,
actually contributes to structural performance, preventing effects, such as local buckling, failure, and
warping of the steel profile elements [16]. Additionally, it increases the overall load-bearing capacity of the
flooring by 20-25 % [5]. Study [17] established that the shear strength of a lightweight concrete sample is
approximately the same as that of a sample made from regular concrete.

Foam concrete in the structure serves as a thermal and sound insulation material [18], and due to its
adhesion to steel, it increases the load-bearing capacity of LGS profiles, preventing profile distortion and
ensuring that there is no cross-sectional warping or bimoment, which are integral factors to the mechanics
of thin-walled members and often lead to a twofold increase in stresses in the structure. In previous studies,
the authors confirmed that the use of foam concrete allows for an increase in the structural performance
factor [19]. Similar results were obtained for LGS profiles sheathed with oriented strand boards (OSBs) in
[20].

The advantages of composite steel and concrete structures include improved fire resistance
compared to steel structures [21-23], reduced steel intensity [24], and increased corrosion resistance [25].

However, in the regulatory documentation governing the use of LGS profile fasteners, there are no
recommendations for calculating the fastening of LSCS panels to the load-bearing frame of the building,
despite the practicality of using this type of structure, which complicates their design. Some studies, for
example [26], reveal that failure of self-tapping screws is the most probable cause of LSCS structural failure.
However, there are very few publications in the scientific literature specifically dedicated to the bearing
capacity of self-tapping screws in LSCS [27, 28]. The few existing studies [29, 30], and [31] focus on the
use of self-tapping screws for fastening LGS profiles to each other.

In light of the above, the aim of this study was formulated: to develop a method for calculating
enclosure wall LSCS panels with partial resting on floor slabs fastened with self-tapping screws. To achieve
this aim, the following tasks were set:

1. Experimental determination of behavior, load-bearing capacity and deflections of a sample of LSCS
panel with density of foam concrete 370 kg/m3.

Analytical calculation of the load-bearing capacity of self-tapping screws fastening LSCS panels.
Calculation of the deflections of LSCS panels for both hinged and rigidly fixed panel supports.

Assessment of the impact of the fasteners on the calculation scheme.

2. Materials and Methods

Fig. 3 shows a constructive solution of supporting the enclosing wall panels on the building's load-
bearing structures.
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Figure 3. Fastening of the LSCS panel to a floor slab.

Let us model this type of panel support in an experimental study with the following assumption:

the actual structure is analogous to the tested sample, preserving a 1:10 thickness-to-length
ratio;

the stiffness of the floor slab significantly exceeds that of the LSCS panel. Therefore, for the
purposes of testing, the complex-to-manufacture floor slab will be replaced with a
150%150%8 mm profile steel tube;

due to the constraints of the experimental setup, the test will be performed on a sample
measuring 1500%360%170 mm, rather than a full-size panel.

Here is the description of the most important parts of the tested sample:

self-tapping screws Harpoon HD-R 5.5x25 produced according to Organization Standard STO
0065-83135335-2014 Self-Tapping and Self-Drilling Screws for Wall and Roof Mounting
Structures Made of Light Gauge Steel
(https://lwww.snabmetiz.ru/UserFiles/Image/_Docs/STO_0065-2014_Harpoon.pdf) to fix the
panel to the 150%150x%8 profile steel tube;

2 pieces of galvanized mounting plates 120x290x2 mm made of steel with yield stress 275 MPa
to fix the panel to the 150x150x8 mm profile steel tube;

fiber-cement sheets 1500x360%x8 mm at both sides of the panel;

the LSCS frame of the panel made of “GPS-type” profiles 150x50x1.5 mm and filled with foam
concrete with the density of 370 kg/m?;

steel exhaust rivets to fix the elements of the LSCS frame to each other.

The sample was suspended from mounting plates attached to the load-bearing components of the
setup and subjected to 4 forces spaced 300 mm apart, which can be considered as an approximation of a
distributed load simulating wind pressure.

Here is the description of the most important parts of the experimental setup:

channel bar 120 mm high, 650 mm long;
channel bar 120 mm high, 400 mm long, 2 pieces;
concrete prisms 360x100x100 mm with the density of 2500 kg/m3, 4 pieces;

wood block filler 360x100x25 mm placed under concrete prisms to prevent local deformation of
the steel profile under compression, 4 pieces;

flexometers, 4 pieces, were placed in the middle of the panel and near the supports;
hydraulic jack;

hand-force hydraulic pump;

dynamometer.

Table 1 shows the characteristics of the equipment.
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Table 1. Equipment used for LSCS panel testing.
No Designation of equipment Brand Vendor
1 Hydraulic equipment loading

Universal single-sided jack E d JSC Industrial group

50 tnf-150 mm nerpre Hydromechanics
. JSC Industrial group

Hand-force hydraulic pump 2| Enerpred Hydromechanics

2 Compression dynamometer Stroypribor LLC Stroypribor
3 Flexometer Stroypribor JSC Industrial group

Hydromechanics

Fig. 4 shows the configuration of the sample and the experimental setup. The total weight of the
distribution system was 1.02 kN.

The tests were conducted on five panel samples.

1 p hydroulic jack,
ﬂ channel bar \L dynamometer
rhannel bar channel bar
mefal fupe  CONCrele | hnge e _ | CoCrele ot fupe
T50xB (Ted PSS ‘ i ‘ PrISMS  /150x8 (fixed]
screw @12 N\\ ; : / screw 912
R b J 1 |f-fapping screw
self-topping screw\%ghm 101 19 200 200 NS o1 | e =
Harpoon HD-R NN 200 BN Harpoon HD-R
= 5 .5x25MM
55x25mm PR = i
wooden \ A"‘ e S : wooden
hoards ;"‘f I T PR boards
nalvanized AN Lo e eyl e ; qalvanized
plate 2mm - 300 3&\ 300\ 300 plofe 2mm
TI \ 15(1]\ \ \flexometer 2
\ flexometer & {FL) \flexometers 13 \SI]IHD[E of LSCS F2)
1—1 P {F1. F3) pune[
:.’t “hydroulic jack,
M dynamometer
channel b [=Dinge_ metal tube
screw 912 150x8
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Figure 4. Scheme of the experimental setup.

The loading scheme adopted in the experimental study of the LSCS panel is shown in Fig. 5.

hydraulic jack
plastic hinge P '/ distributive system
K I% % P I% plastic hinge k
BFs BFLF 6@ X
300 300 300 300 300
(=1500

22 elastic-plastic supports

Figure 5. Loading scheme.
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Photographs of the experiment and the fastening node before load application are presented in
Figs.6and 7.

Figure 7. Fastening of the panel before the start of the test.

3. Results and Discussion

Figs. 8 and 9 show the nature of the sample failure.

Figure 8. The process of the fastening of the panel failure. Side view.
(For watching the video open the PDF in Adobe Acrobat and allow multimedia and 3D content.
DOI: https://doi.org/10.18720/SPBPU/2/VIDEO/z24-21).



https://doi.org/10.18720/SPBPU/2/VIDEO/z24-21
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(»]

Figure 9. The process of the fastening of the panel failure. Front view.

(For watching the video open the PDF in Adobe Acrobat and allow multimedia and 3D content.
DOI: https://doi.orq/10.18720/SPBPU/2/VIDEQ/z24-20).

Table 2 shows values of the destructive loads for each sample.

Table 2. Destructive load values.

Sample designation Destructive loads, kN
Panel No 1 31.39
Panel No 2 31.39
Panel No 3 31.39
Panel No 4 33.35
Panel No 5 27.47
Panel No 6 30.41
Average destructive load 30.9

Let us compare the value of the destructive load for the fasteners obtained in the experiment with
the values of the destructive load calculated according to STO 0065-2014.

There are three types of connection failures for self-tapping screws subjected to shear:

— sheet bearing;

— sheet tearing along the net section;

— screw shear.

Let us determine the connection strength for each of the three types of connection failures.

The bearing strength of the base material by the screw is calculated by using formula (1):

Fb :yc'a'Run

, 1
Vi d-t W

where F} is design bearing strength of the base material; R, is ultimate tensile strength of the base
material in which the screw is installed; v, is safety factor for material strength equal to 1.25; vy, is

condition load effect factor equal to 0.8; ¢ is thickness of the thinner of the connected sheets; d is nominal
diameter of the screw, o is coefficient depending on the thickness ratio of the connected sheets and equal
to 1.76.

Shear strength of the screw is calculated using formula (2):

F =y, Do @

v C
m
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where F, is design shear strength of the screw; F,, is screw strength according to the manufacturer's

standard; v, is safety factor for material strength equal to 1.3; y,. is condition load effect factor equal to
0.8.

Tensile strength of the sheet along the net section is determined using formula (3):

R
F; =Y = Anetto > (3)

m
where F; is design tensile strength of the sheet along the net section; Ryn is yield strength of the material

in which the self-tapping screw is installed; v,, is safety factor for material strength equal to 1.25; vy, is

condition load effect factor equal to 0.9; 4 is net section area of the connected elements.

netto
Table 3 shows the results of the calculation.

Table 3. Destructive load for one self-drilling screw.

Type of connection failure Destructive load per

screw, kN
Sheet bearing 28.25
Sheet tearing along the net section 151.08
Screw shear 40.63

As we can see, the minimum destructive load for this fastener is the load that leads to the bearing
failure of the sheet material. It amounts to 28.25 kN, which is 9.3 % less than 30.9 kN, the average
destructive load according to the experimental results. The difference in the results is explained by the
safety factors in the calculation formula. Thus, this method for determining the strength of the LSCS panel
fastening to the floor slab can be considered reliable.

3.1. Displacements in the span

Deflections of the panel are determined as the difference between the average readings of
deflectometers T1, T3, installed in the middle of the span, and deflectometers T2, T4, installed near the
supports.

Let us analytically determine displacements for the hinged (Figs. 10, 11) and fixed on both ends
(Fig. 12) calculation models.

P/L P/ P/L P/

o2 J, 02 | o2 l 02 | 02 i

s
L=1500
s /

hinged | .

D"”& ® )

- oL | o
0Pl 0T5PL

Figure 10. Bending moments in the hinged calculating model.
‘1

Figure 11. Auxiliary loading.
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P/k P/b P/k P/k
0.2l 0.2 02l 0.2l 02t
(=1500
0.1PL 0.1PL
© ©
“““ T—le [ — "
0.05PL 0.05PL

Figure 12. Bending moments in the rigidly fixed calculation model.

Displacements in the hinged model are determined by integration (4):

LM o, M PP
,hinged " 1
Ahinged :Ip— dx=0.01575—, 4)
0 El El

where Mp,hinged is shown on Fig. 9, M, is shown on Fig. 10.

The Maxwell-Mohr integral (4) is obtained by multiplying the Mp,hinged epure (Fig. 10) and M,
(Fig. 11) using the Simpson formula (formula of parabolic trapezoids).

The bending stiffness of the beam is determined as the sum of the bending stiffnesses of the thin-
walled profile and the foam concrete is determined by the formula (5):

El = Eyl, + E,I, = 691-kN-m?, (5)

where £, =843 MPa—modulus of elasticity of the panel is taken according to Organization Standard (LLC

Sovbi, Russian Federation) STO 06041112.002-2018 “Steel-Concrete structures made of thermal
insulation non-autoclave foam concrete profile steel cladded with fiber cement sheets” (STO
06041112.002-2018), a density of 370 kg/m®, determined by weighing the panels after the experiment;

I, =1.47-10%cm* — moment of inertia of the panel; £, = 2.1-10° MPa — modulus of elasticity of steel;
I, = 282 cm* — moment of inertia of two GPS-type profiles fabricated according to STO 06041112.002-

2018. This document was developed on the basis of the research, conducted by us in 2018-2023 years [5,
21, 25].

Similarly, we obtain the formula for determining the displacements in the middle of the span in the
fixed-supports model through integration (6):

LM, oM PP
, fixed*"* 1
d frveq = (j) ”f+ dv=000325", (6)

where Mp,hinged is shown on Fig. 12, M is shown on Fig. 11.

The Maxwell-Mohr integral (6) is obtained by multiplying the Mp,hinged epure(Fig. 12) and M,
(Fig. 11) using the Simpson formula (formula of parabolic trapezoids).

For the nonrigid fastening of the walls of a multi-storey building within one floor, the maximum
horizontal deflection of the concerned panel as of a separate structural element is calculated by formula

(7):
hy 1500 5

T300 300

Ju mm, (7)

where /i, — the hight of the storey (in our research it is the length of the panel / = 1500 mm).
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The stresses in the tested sample were found to be 200 MPa for the hinged system and 65 MPa for
rigidly fixed system, and they do not reach the yield strength of the steel which equals 220 MPa. The
limitation of the profile operation happens due to exceeding the maximum deflection.

To conclude the study, let us examine the experimental deflection values and compare them with
the calculated values. The results are presented in Fig. 13.

10

fixed support ” elastic-plastic support || plastic-hinge |

El

8 #
)

fut=5mm "/,-i g

Deflection,mm

0 1 2 3 4 S & 7 B 2 10 11 12 13 14 15 L 17 18

Load kN

——Panel 1 Panel 2
Panel 3 Panel 4
Panel 5 ——Panel 6
——Analitical calculation(hinged) ——Analifical calculation(rigid termination)

Figure 13. Deflection-load diagram.

We can observe a change in the behaviour of the panel. Initially, when the load is between 0 and
4.9 kN, the behaviour of the panel corresponds to that of a beam rigidly fixed on both ends. As the load
increases, plastic hinges begin to form at the supports, and the behaviour of the specimen shifts toward
that of a beam with hinged supports. Since the plastic hinges do not form instantaneously but over time,
the behaviour of the structure changes gradually and is nonlinear. For the same reason, the deflection
values of the panel from the applied load, as determined experimentally, are lower than those determined
analytically for the hinged support case. The values start to correspond with the experimental results at a
load of 16 kN, when the formation of plastic hinges in the fasteners is completed.

The maximum allowable deflection fu = 5 mm is reached at a load ranging from 15.7 to 17.2 kN,

which represents 50.8 to 55.7 % of the load-bearing capacity and corresponds to a deflection of 4.8 to
5.3 mm as determined analytically for the hinged support case, and a deflection of 1.0 to 1.1 mm as
determined analytically for the rigid fixation case.

It is evident that the deflection values determined analytically for the rigid fixation case are
significantly lower than the actual deflections in the structure. Therefore, it is recommended to perform an
analytical calculation of the panel's deflections under external load for the hinged support case.

4. Conclusions
As a result of the study, the following outcomes were achieved:

1. Itis shown that the loss of the load-bearing capacity of the panel happens due to bearing of the
steel sheet of the web of the panel LGSP.

2. The method of calculating the bearing capacity of LSCS panel-to-slab fastenings is proposed and
substantiated. The analytically calculated destructive load 28.25kN is 9.3 % less than
experimentally obtained destructive load 30.9 kN.

3. ltis shown that the rigidity of the LSCS panel fastenings varies from the one corresponding to the
fixed-support calculation scheme to the one corresponding to the hinged-support calculation
scheme. The behavior of the panel corresponds to the fixed-support calculation scheme before the
load is 30 % of the value that gives the maximum allowable deflection, than the fasteners work as
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an finite stiffness support and turn into a plastic hinge when the load reaches 90 % of the
abovementioned load.

It is proposed to use the hinged-support calculation scheme in design practice.

The results of the research are implemented into the LLC “Sovbi” (Russian Federation, Saint
Petersburg) activity.
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Abstract. This study investigates the influence of graphene on the electrical conductivity and mechanical
properties of concrete composites, aiming to develop advanced materials for structural applications.
Graphene’s exceptional electrical conductivity can significantly enhance inert concrete matrices by forming
a conductive network. Concrete samples were prepared with minimally oxidized graphene (MOG) at 0.2
and 0.5 % by weight of cement. Spectroscopic techniques, including Raman and infrared spectroscopy,
were employed to characterize the interaction between graphene and the cement matrix. Results showed
that the addition of MOG reduced electrical resistivity, with the 0.2 % sample decreasing from approximately
600 to 550 Ohm under compression. The yield point was around 40-50 kN, with a sharp decline in resistivity
at this load. Compressive strength tests indicated a 48 % increase in strength with just 0.05 % graphene
oxide. These findings suggest that graphene incorporation enhances both electrical conductivity and
mechanical strength, making the composites suitable for applications in structural health monitoring and
self-heating systems.
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1. Introduction

It is known that graphene has the highest electrical conductivity among known materials [1-4]. The
addition of even a small amount of graphene can significantly increase the electrical conductivity of an
initially inert dielectric concrete matrix due to the formation of a conductive network. A few works by authors,
such as Sassani, Wang, Choi, Ghosh et al. [5-21, 26], are devoted to the study of the electrical properties
of cement composites with the addition of graphene and graphene oxide, which show a sharp increase in
electrical conductivity and the appearance of pronounced piezoresistive effects. The prospects for using
such composites as self-sensing “smart” materials are discussed [27]. Such electrically conductive cement
composites can be used in systems for heating road surfaces and airfields instead of traditional methods
of removing ice and snow using chemicals. At the same time, in the study [7], the authors identified

© Vasileva, E.D., Popov, D.N., Vinokurov, P.V., Popov, A.L., 2024. Published by Peter the Great St. Petersburg
Polytechnic University.
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problems with the stability of electrical conductivity and energy consumption of heating systems based on
carbon-cement composites during long-term operation.

The group of researchers [11-16] focused on studying the mechanical properties of graphene-
cement composites. The addition of a small amount, from 0.1 to 1 %, by volume of carbon nanoparticles
leads to a sharp increase in the electrical conductivity of cement composites by several orders of
magnitude. Which is associated with the formation of a continuous conductive network through the cement
matrix and also allows significantly improving the mechanical characteristics of cement composites by
increasing compressive, tensile and flexural strength.

In the review works of Nochaiya and Schulte [17-18], the results of studies of graphene-cement
composites are summarized, and the current state and application prospects in construction are analyzed.
Various methods of dispersing graphene in a cement matrix are considered in detail — ultrasonic treatment,
use of surfactants, and functionalization of graphene to improve wettability. The importance of obtaining a
homogeneous and stable dispersion of graphene is shown.

Rostami [11] investigated the microstructure of composites using SEM, FTIR, XRD, TGA and
revealed the effect of graphene on particle packing density, porosity reduction, change in hydrate
composition, and acceleration of hydration processes. In the work of Li [20], an original approach is
proposed for growing graphene directly on the surface of aggregates. This improves adhesion to the cement
matrix while simultaneously imparting electrical conductivity.

The addition of carbon nanomaterials also improves the thermoelectric properties of cement
composites by increasing the Seebeck coefficient [8-10, 14, 18, 24], which opens up ways for creating
thermoelectric generators based on cement. Of particular interest are hybrid systems combining, for
example, graphene and metal oxides, which make it possible to simultaneously increase electrical
conductivity and the Seebeck coefficient. Oxidation of graphene improves its dispersion and adhesion to
the cement matrix due to the formation of polar groups.

Du et al. and Konsta-Gdoutos [21-23, 4] considered the problem of the aggregation of graphene
particles in the cement matrix, leading to heterogeneity and a decrease in the reinforcing effect. Solutions
are proposed — the use of functionalized graphene as well as the application of graphene to the surface of
aggregates.

For creating electrically conductive concretes, the selection of conductive additives is important, and
for improving the stability and sensitivity of electrical characteristics to mechanical influences, the
development of special composite concretes is required. Although the potential of graphene as a functional
additive is very promising, the use of graphene concretes as “smart” materials for self-diagnostics is still at
the research stage. The relevance of the work is due to the prospects for using such composites as self-
sensing structural materials capable of monitoring stresses and strains during operation. This will improve
the operational reliability and durability of concrete structures.

The aim of the work is to study the effect of graphene on the electrical conductivity of concrete
composites, to determine the change in strength due to the inclusion of graphene, as well as to assess the
potential for the use of graphene-modified concrete in various fields of mechanical engineering.

2. Methods
2.1.  Spectroscopic Analysis and Microscopy

Raman spectroscopy, combined with atomic force microscopy (AFM) and confocal
Raman/fluorescence microscopy and spectroscopy using the NTEGRA Spectra system, was employed to
detect and identify graphene in concrete. This method allowed for the revelation of the interaction between
graphene particles and the surrounding concrete matrix. Additionally, microphotographs and elemental
analysis of the concrete surfaces were obtained using a scanning electron microscope (SEM) equipped
with an EDS-WDS microanalysis system (JSM 6480LV INCA Energy 350, JEOL Ltd, Oxford Instruments,
Japan, UK).

2.2.  Preparation of Graphene-Modified Concrete

To experimentally confirm the use of an aqueous suspension of minimally oxidized graphene (MOG),
obtained by electrochemical exfoliation of graphene as described in [28]. Minimally oxidized graphene
(MOG) was obtained by electrochemical exfoliation in a 1.42 % aqueous sodium sulfate solution (Na2S0Oa).
Two electrodes were used for this method: a gold electrode (6 mm wide and 0.015 mm thick) and a graphite
electrode (ESA-16 grade with a diameter of 6 mm). The gold electrode acts as a cathode, and the graphite
electrode acts as an anode. Both electrodes were immersed in 200 ml electrolyte to a depth of 60 mm, and
the distance between them was 20 mm (Fig. 1, a). At a voltage of 12V, the graphite electrode was
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exfoliated for 60 minutes (Fig. 1, b). Then, using an ultrasonic homogeniser Up 200St (Hielscher
Ultrasonics, Germany), large carbon particles were split into MOGs.

Figure 1. MOG synthesis: a — electrochemical exfoliation process;
b — Electrochemical exfoliation process after 60 min.

As a binder for the concretes, Portland cement of the grade CEM | 32.5B, produced by AO PO
“Yakutcement” in accordance with the interstate standard GOST 31108-2016, was used. River sand from
the floodplain of the Lena River, corresponding to all characteristics of the group “very fine” in accordance
with the interstate standard GOST 8736, was used as a fine aggregate in the concrete. Crushed stone from
a mixture of fractions from 10 to 40 mm, produced by AO PO “Yakutcement” from limestone rocks in the
village of Mokhsogollokh in accordance with the interstate standard GOST 8267-93, was used as a coarse
aggregate.

As a plasticizing admixture for the concretes in this work, a highly concentrated superplasticizing
admixture based on polyaryl and polycarboxylate ethers for concretes with enhanced retainability —
MasterPolyheed 4001 to decrease retardation effects on cement hydration [29], in accordance with the
organizational standard STO 70386662-309-2021, is used. The working composition of the concrete was
adopted as the composition selected according to GOST 27006-2019 for the chosen materials for the
normative strength corresponding to class B12.5 in accordance with the interstate standard GOST 26633-
2015. The initial components, shown in Table 1, were mixed using an LS-CB-10 laboratory mixer and
compacted in molds measuring 100 x 100 x 400 mm using a VM-6.4 vibration table, following interstate
standard GOST 10180-2012. The weighing of the components was performed on A&D GF-6100 electronic
scales. The concretes was prepared in the “Building Materials” laboratory of the Engineering and Technical
Institute of NEFU (Yakutsk, Russia).

Table 1. Composition of the concrete mix.

Composition Mass, kg
Portland cement CEM | 32,5 5.62
Limestone aggregate 10—20 and 20—40 mm 16.16
Water 2.76
River sand 7.73
Plasticizer + liquid glass 0.114
Reduced oxidized graphene (MOG) 0.2 n 0.5 % 0.011 1 0.031

2.3.  Electrical Resistivity Measurements

To measure the resistivity of concretes in a free state, a digital multimeter FAZA MAS830L (Russia)
was used. The specific resistivity of concrete during loading was measured using a programmable power
supply AKTAKOM APS-7151 (Finland). For this purpose, 4 mesh electrodes made of stainless steel, sized
8 x 12 cm, were embedded into the samples in the form of prisms measuring 40 x 10 x 10 cm during
molding. Analysis of the behavior of the electrical resistivity of concrete under deformation was carried out
according to interstate standard GOST 10180-2012.
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2.4.  Mechanical Testing

The concrete samples were tested for compression on a hydraulic press IP-1250M-auto (Russia)
according to interstate standard GOST 10180-2012 (Fig. 2). The samples were loaded after 7, 14 and
28 days. The test was completed when a crack appeared on two sides of the sample.

Figure 2. Photo of mechanical testing and electrical resistivity measurements.

3. Results and Discussion

Based on the conducted Raman spectroscopy studies (Fig. 3) of concretes after 28 days with
minimally oxidized graphene (MOG), the presence of hydroxyl groups (—OH) in the wavenumber range of
3200-3400 cm~" enhances bonding within the cement matrix, reducing porosity and increasing resistance
to water penetration [30]. Carbonyl groups (C=0), observed in the range of 1600-1800 cm~', participate in
forming additional bonds, thereby improving the concrete’s strength and chemical resistance [31].
Additionally, the presence of unsaturated carbon bonds (C=C) in the range of 1400-1600 cm-' enhances
flexibility and crack resistance, crucial for maintaining structural integrity [32].

Further modifications include the presence of C-H bonds, noted in the range of 2800-3000 cm-"
which are associated with organic components that reduce brittleness and improve resilience to mechanical
stresses [33]. Peaks observed in the 2200-2400 cm~" range suggest the presence of C=C bonds or nitriles,
indicating potential organic additives [34]. These functional groups collectively contribute to a denser
microstructure, enhancing the material’s overall durability and resistance to environmental degradation [35].

The unusual appearance of the red spectrum for MOG can be attributed to several factors. Structural
heterogeneity in minimally oxidized graphene (MOG) leads to diverse spectral features, as different regions
of the material interact variably with infrared radiation. Additionally, defects, such as vacancies or
incomplete bonds in the graphene structure, cause scattering and anomalies, resulting in the spectrum’s
“unusual” appearance. Variations in oxidation levels influence the presence and intensity of functional
groups like —OH and —COOH, creating complex spectra with multiple peaks [36].

The multilayered structure of MOG can induce complex vibrational modes, causing additional peaks
and spectral anomalies in the intensity and line positions of moisture or other substances in the sample.
These factors collectively contribute to the complexity of the MOG spectrum, reflecting its unique physical
and chemical properties, and making interpretation challenging.
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Figure 3. Raman spectrum of concrete modified with MOG after 28 days.

To reveal a more complete molecular picture of the concrete composition, an additional study was
carried out by IR spectroscopy on an FTS 7000 IR Fourier step-scan spectrometer (Varian, USA) using an
ATR attachment (Fig. 4).
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Figure 4. IR spectrum of concrete modified with MOG after 28 days.

From the IR spectrum of the concrete mix, the presence of organic impurities of polymer can be
confirmed by the bands at 2930 and 2860 cm-', which may substantiate the hypothesis about the possible
contribution of C—H vibrations to the peak at 2750 cm~" in the Raman spectrum. The appearance of a peak
at 2165 cm~" from triple C=C bonds is likely due to combination scattering on the triple C=C bonds in
graphene fragments. That is, this may be a characteristic peak of graphene itself, included in the composite
material formulation. The intensity of this peak in the IR spectrum is usually low due to the selection rules
for vibrations with an even number of atoms in the molecule. But nevertheless, it can be observed. The
broad intense band at 1000 cm~' and peaks in the 500-800 cm~" region are due to vibrations of various
mineral components of the cement stone.

Based on a comprehensive analysis of Raman and infrared spectra, it was found that the introduction
of graphene is confirmed by the appearance of characteristic G (1600 cm~") and D (1350 cm~') peaks
indicating the incorporation of graphene particles into an inert mineral matrix. The spectra were recorded
using a laser at wavelengths of 633 and 514 nm. Signs of component interaction were detected — gas
adsorption, possible functionalization of the graphene surface. The presence of additional organic
impurities from the source materials was also revealed. In general, the study demonstrated the promise of
the studied approach for evaluating the effectiveness of modifying concrete properties with carbon
nanomaterials using a set of spectroscopic techniques.

According to the microphotographs (Fig. 5) of concrete, it can be seen that the concrete structure is
heterogeneous, consisting of various phases and inclusions [37]. Both large inclusions up to 100 ym in size
and smaller submicron particles are observed. The shape of the particles is predominantly rounded. From
Table 2, the main elements are oxygen, silicon, carbon and calcium. This corresponds to the composition
of cement stone based on calcium hydrosilicates and hydroaluminates. Mineral additives containing
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sodium, magnesium, aluminum, sulfur, potassium and iron are also present. These are likely sand, ash and
other fillers. The distribution of elements is quite uniform, no significant accumulations of any phases are
observed. This indicates uniform mixing of components during concrete production. The absence of
chlorine indicates the use of low-chloride cement, which has a positive effect on the corrosion resistance
of concrete. By the carbon distribution, it can be assumed that there is no aggregation in the obtained
samples, and the ratio of carbon to the total number of components exceeding 15-30 % indicates the
sensitivity of the method for detecting MOG.

CKat_2 Si Ka1

Figure 5. Microphotographs of the concrete 28 days surface
showing the distribution of C and Si atoms.

Table 2. Distribution of components in the studied sample (Fig. 5).

Spectrum C Na Mg Al Si Cl K Ca Fe Total

Sum Spectrum 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 99.18

Mean 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 99.18
Std. deviation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -
Max. 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 -
Min. 47.05 1.41 1.00 2.1 11.19 0.00 1.86 33.37 1.18 -

*All results in compound, %

Figs. 6 and 7 show graphics of the compressive strength of concrete at different concentrations of
MOG 7, 14 and 28 days and photographs of concrete samples after compression tests. The load applied
to the concrete was calculated in kN per base area of the prism, equal to 10,000 mm?. According to the test
results of B12.5 grade concrete (strength up to 12.5-15.5 MPa) with 0.2 and 0.5 % MOG content by cement
weight, it was revealed that when MOG is added to the concrete mix, the resistivity of the finished product
decreases with increasing external load (compression). The rate of change in the resistivity of concrete
decreased with increasing compression of the sample (Fig. 8). A sharp drop in resistivity when reaching
the critical load level indicates high sensitivity to mechanical deformation. The yield point of concrete was
observed in the range of 40-50 kN for all concrete ages.
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Figure 6. Compressive strength at different concentrations of MOG 7, 14 and 28 days.
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Figure 7. Photographs of modified concrete after testing.

The samples showed traces of vibration compaction in the concrete mixture due to molding. The
nature of the destruction of the samples indicates brittle destruction without plastic deformation. The shape
of the cracks allows us to estimate the stress-strain state of the samples during failure. The cracks
propagate perpendicular to the direction of the applied compressive load, which corresponds to the laws of
fracture mechanics of brittle materials. The absence of curved or inclined cracks indicates the isotropy of
concrete properties in different directions. The clear, straight edges of the cracks indicate the brittle nature
of destruction without plastic deformation. The relatively flat surface of the cracks without waviness or
irregularities indicates a homogeneous concrete structure. The splitting of the sample into two parts along
one plane confirms the brittle destruction under compressive load. The absence of spall, chips and
delamination indicates sufficient strength of the aggregate bond with the cement stone. The color of the
samples is uniform; no visible defects or delamination are observed.

The results obtained in this work on the mechanical properties of graphene oxide-modified cement
composites are in agreement with previous studies. Pan et al. at work [38] reported an increase in
compressive strength of 48 % with graphene oxide adding only 0.05 % to the weight of cement. Peng et al.
at work [39] also showed that small additions of graphene oxide up to 0.05 % enhanced the flexural and
compressive strengths of cement mortars.

The destruction of the concrete samples occurred from the side in contact with the plate until a crack
reached the edge of the electrode sides (deformation). Thus, to measure the samples during loading, it is
necessary to replace the 4-probe method with the 2-probe method, eliminating the influence of external
factors on the stability of the resistivity value (material, conductive adhesive, drying rate of the adhesive,
moisture content of the material itself).
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Figure 8. Graphs of the dependence of the change
in the internal resistance of samples with 0.2 % MOG content (left)
and 0.5 % MOG content (right) on deformation and load for 7, 14 and 28 days of curing.
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Fig. 9 shows graphs of the dependence of the electrical resistivity of concrete samples on load. The
electrical resistivity decreases with increasing load for all samples, which indicates the sensitivity of
concrete to compression deformation. The electrical resistivity drops fastest at the beginning of loading,
and then the decrease slows down. For the sample with 0.2 % graphene, the electrical resistivity drops
more sharply (by 2 orders of magnitude) than for the sample with 0.5 % graphene (by 10 times). The
sensitivity to deformation is higher for 7-day-cured samples compared to 14- and 28-day-cured ones. When
the ultimate strength is reached, there is a sharp jump in electrical resistivity associated with sample failure.
The behavior of the dependencies is similar for all curing times, indicating the reproducibility of the results.
Thus, the introduction of graphene increases the sensitivity of concrete to compressive deformation. These
graphs illustrate the possibility of using graphene-modified concrete as a self-sensing “smart” material.
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Figure 9. Graph of maximum breaking load for 7, 14, 28 days
of curing of concrete samples modified with MOG.

4. Conclusion

1. The studies conducted using Raman and IR spectroscopy confirmed the successful incorporation
of graphene nanoparticles into the inert mineral matrix of concrete. Structural distortions and
various defects observed in graphene indicate its interaction with the cement composite
components.

2. When MOG was added at 0.2 % of the cement weight, the resistivity decreased with increasing
external load due to the compression of graphene sheets, which enhanced conductivity. The
resistivity change rate decreased with further compression, and a sharp drop was noted at a certain
load level, showing high sensitivity to mechanical deformation.

3. Concrete samples of grade M15 demonstrated a decrease in resistivity from the start of loading to
550-600 Ohm, returning to their initial values. The yield point was around 40-50 kN (plate pressure
per 100 cm?). For cubic samples, increasing sensitivity to external loads required moistening.
Measurements, taken both by the 2-probe method and with a digital multimeter, showed that
moistened material could detect loads even with finger pressure (1 N).

4. The introduction of reduced oxidized graphene significantly improved the electrically conductive
properties of concrete, offering broad application prospects:

— Electromagnetic Shielding: Creates structures for protection against electromagnetic fields,
useful in residential and industrial buildings [40, 41].

— Self-Heating Concrete: Enables cost-effective heating for road surfaces, indoor floors, and
prevents icing [42—48].

— Sensory Structures: Detects mechanical stresses and deformations [49], aiding in structural
integrity and operational optimization.

— Corrosion Protection: Provides protection in reinforced concrete structures exposed to
aggressive environments [50, 51].

— Energy Storage: Enhances capacitive properties, paving the way for concrete batteries and
supercapacitors [52, 53].
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— Wireless Charging Roads: Facilitates the wireless charging of electric vehicles, increasing range
and reducing charging time [54-56].
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Abstract. The authors used the crushed coconut shell to make granular columns which were obtained from
the market area of Kuantan, Pahang. The coconut was crushed into a similar size of coarse aggregate for
the replacement of non-renewable resources like sand and gravel. From its general properties, a coconut
shell is hard and can withstand a certain value of exerted value regardless of compression or tension.
Besides, the coconut shell is an agricultural product and is found abundantly after human consumption. For
this research, the stone-column method was used. The installation of a single coconut shell column was
implemented through the Vibro-replacement technique on the soft clay soil. Before accessing the shear
strength parameters, the evaluation of the physical and mechanical properties of coconut shells and kaolin
was executed via the appropriate geotechnical laboratory approaches. The shear strength parameters were
analysed with the control and reinforced specimens through the Unconfined Compression Test (UCT). For
the shear strength value, the average value from 4 specimens was utilized as the final value. A total of 16
samples were constructed for all the specimens, reinforced design comprised of 13 mm column diameter,
and column heights of 60 mm and 80 mm were categorized as partially penetrated columns while 100 mm
was a fully penetrated column. The highest shear strength improvement was recorded when the column
height was 100 mm, resulting in 28.51 %, whereas the least was recorded when 60 mm of height was
constructed, only 17.28 %. Conclusively, the positive results of shear strength improvements were yielded
by the utilization of coconut shells and proved that it was practical and economical.
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1. Introduction

Kaolin is a claystone composed mostly of kaolin minerals that are white or nearly white and can be
beneficiated or fired to become white or nearly white [1]. Kaolin is a type of fine aggregate that has higher
moisture content, and higher compressibility as compared to coarse aggregate like gravel. Higher moisture
content with compressibility is likely to link with low soil bearing capacity which can cause soil settlement if
a structure is placed on it. As reported by Karkush et al. [2], the authors discovered that soft clay soil
possesses an undrained shear strength value of below 40 kPa, compressibility index value of 0.19 to 0.44,
and moisture content of 40 % to 60 % to its total mass. Furthermore, Al-Ani et al. [3] defined the expansive
soil as the rise in volume when subjected to moisture content. When the soil or ground-bearing capacity is
not ample for catering to the structure [4], the selection of the best alternatives for a building from the
available techniques depends on whether the decision-makers are owners, contractors, or other
stakeholders [5]. Ground improvement techniques to improve the soil are often implemented at the pre-
construction stage so that the mentioned issue can be addressed providing a safe structure to the

© Shen, N.J., Hasan, M., Anuar, N.N., 2024. Published by Peter the Great St. Petersburg Polytechnic University.
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occupants. The increase of soil’s strength or bearing capacity by developing effective solutions can be
executed through the correct design of the foundation system [6]. Jawad et al. [7] mentioned the shear
strength of soil is dependent on the interaction of soil particles and its pore fluid, which is expressed at the
microscopic level. Without a proper geotechnical case study of the site condition, the wrong choice may be
implemented regarding the type of foundation of the structure, which can lead to excessive material waste
[8]. Construction of stone columns is a technique for stabilizing the considered weak clay, silt, or loose
sands so that it is suitable for the building of embankments, bridge abutments, and other buildings [9]. The
principle of the Vibro-replacement method involves the radial displacement of soil through a deep vibrator
and further refilling the specific coarse aggregate or granular material to the pre-drilled diameter [10]. This
can be further explained as about 10—40 % of soft clay soil will be replaced with compacted granular
material, which provides better strength and stiffness than the original soil [11]. This is done to release the
excess pore water pressure flowing within the subsoil as the constructed granular column acts as a
drainage path to discharge the additional water content [12].

In recent years, many Southeast Asia countries including Malaysia have been actively developing
the country. Some famous projects that are handled by foreign investors in Malaysia include the East Coast
Rail Line (ECRL), Malaysia-China Kuantan Industrial Park (MCKIP), and Bandar Malaysia [13]. Huge
infrastructure projects in Malaysia have covered a larger area and mostly intersect from state to state, using
the different conditions of land for the entire project like the Lebuhraya Pantai Timur 2 (LPT 2) between
Kuantan and Kuala Terengganu, where the geotechnical works like soil improvement and ground
improvement of the existing foundation have been done before the construction project [14], [15].

Historically, the ground improvement technique is used for soil stabilization, but it depends on the
nature of the strata. The techniques comprising soil improvement using additives, mechanical methods,
admixtures, electrokinetic and thermal methods [16], [17]. Karkush et al. [18] deployed the grouting cement
gel and silica fume in stabilizing the soft clay soil, by leveraging the cementitious properties of concrete and
pozzolanic activity induced by silica fume. Previous researchers like Karkush et al. [19] altered the
properties of soft clay soil via the mixture of crushed concrete and produced a positive result of shear
strength improvement. Among these methods, the construction of stone columns is under the category of
mechanical methods, where the substitution of foreign granular materials such as Polypropylene (PP) and
bottom ash to replace the coarse aggregate regardless of the type of coarse aggregate used, this technique
is to increase the soil bearing capacity at the same time decreasing the settlement of shallow footings as
well as slabs [20]. Referring to the above materials, bottom ash, and PP materials are found to increase
the shear strength of kaolin within 30-60 % [21], [22]. Other than these materials, the utilization of coconut
shells which behave like coarse aggregate has the potential to replace gravel at reduce the natural resource
depletion by producing a better environmentally friendly structure in civil engineering applications [23]. From
other perspectives, coconut shell is a naturally biodegradable material, improving the performance of
structure has become a significant interest for many researchers, where the addition of coconut shell in
concrete increases its tensile strength [24]. Researchers have also studied environmentally friendly
techniques for the usage of recycled sludge in soil improvement [25], even the consolidation of soil using
drained-timber rods [26]. However, the selected coarse-aggregate type material must be free-draining,
hard, and inert [27]. The selection of a coconut shell to construct the granular column is predicted to have
increased the shear strength improvement rate as the coconut shell has durability characteristics, high
toughness, and abrasion-resistant properties [28]. Sujatha et al. [29] verified the durability of coconut shell,
which is comprised of lignin content that causes it to be more weather resistant, low cellulose content within
the structure causes it to absorb less water. Coherent to that, recycled aggregate is also much easier due
to low-cost issues as well as wide availability rather than natural resources [30]. To comply with the
sustainability concept practice in construction, increasing the greenery index, application of coconut shell
can be a potential and practical material in replacing the coarse aggregate for the granular column
construction.

2. Methods

This chapter discussed the methods and materials used to conduct the relevant laboratory works by
complying with the American Society for Testing and Materials (ASTM) and British Standard (BS) in order
to achieve the objectives of this study as tabulated in Table 1. The first part focused on the materials
involved, followed by the experiment setup.
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Table 1. Relevant laboratory works and its standard.

Obijective Experiment Standard
Determination of engineering Atterberg limit

properties of kaolin clay S300 and Liquid limit BS 1377: Part 2: 1990: 4.3
crushed coconut Plastic limit BS 1377: Part 2: 1990: 5.3
shell Pycnometer BS 1377: Part 2: 1990: 9.6
Sieve analysis BS 1377: Part 2: 1990: 9.6
Hydrometer BS 1377: Part 2: 1990: 8.3

Relative density ASTM D 4052
Standard compaction BS 1377: Part 2: 1990: 3.3

Constant head ASTM D 2434

Falling head ASTM D 2434

Determination of shear strength Unconfined compression ASTM D 2166

parameter by reinforcing the kaolin clay
with crushed coconut shell column

2.1. Materials

In this research, the vibro-replacement method as a ground improvement method was first determined
after considering the estimated amount of materials to utilise and the restricted condition, small-scale
laboratory test. The primary material of the study, Kaolin Clay S300 which was purchased from Kaolin (M)
Sdn. Bhd, Selangor, Malaysia. The main intention of Kaolin Clay S300 selection was due to its natural
properties, where it can easily be broken when in contact with the hydrogen (H*) and hydroxide ion (OH"),
and it is a hydrophilic substance [31]. It was made available in powder form and white as shown in Fig. 1.
This material was used for the column preparation and the nature properties of this material show that it
was suitable to meet the research objective as shown in Table 2 [32]. The analysis showed that it comprised
silt and clay, with no sand content and thus, it can first be classified as fine aggregate. Besides, the
reinforcement material, coconut shell was selected as it met the requirements of being a granular-type
material. A typical coconut shell is tough and hard to withstand physical loading, with a shell thickness of
approximately 2-8 mm [33]. From Table 3, it was crucial to notice the natural moisture content of a coconut
shell was low having a value of 4.20 % therefore can be a potential material to reduce the effect of water
accumulation in kaolin clay. It was taken from Kuantan, Pahang, and then processed by grinding it in a

machine into small pieces.
A T
el oy T - ﬁ

.

Figure 1. Kaolin clay S300 [22].
Table 2. Properties of kaolin clay S300 [32].

No. Physical Parameters Value
1 Colour White
2 Natural water content (%) 1.58
3 Specific gravity 2.59

Atterberg limits:
4 Liquid limit, wy, (%) 78
Plastic limit, w), (%) 39
Plastic Index, I, (%) 39

Sieve analysis:
5 Sand (%) 0
Silt (%) 47

Clay (%) 53
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Table 3. Properties of coconut shell [24].

No Physical and Mechanical Properties Coconut Shell
1 Maximum size (mm) 125
2 Moisture content (%) 4.20
3 Water absorption (24h) (%) 24.00
4 Specific gravity 1.0510 1.20
SSD * apparent 1.40-1.50
5 Impact value (%) 8.15
6 Crushing value (%) 2.58
7 Abrasion value (%) 1.63
8 Bulk density (kg/m?) 650
Compacted loose 550
9 Fineness modulus 6.26
10 Shell thickness (mm) 2-8
11 Impact value (%) 8.15

2.2. Laboratory Works

The flow of the laboratory works was referred to in Fig. 2. The first objective of the study was to
assess the general properties of both materials, kaolin clay S300 and crushed coconut shell. The relevant
tests were conducted by complying with the suitable standard to classify its physical and mechanical
properties which included the Atterberg limit test, pycnometer test, sieve analysis test, hydrometer test,
relative density test, standard compaction or standard proctor test, constant head test and falling head test.
The second objective was achieved by conducting the UCT, where the crushed coconut shell column was
built beneath the kaolin clay. All the relevant information was tabulated in Table 1.

The Atterberg limit test was mainly designed for fine-grained soil where the soil can exist depending
on the volume of water and it had a liquid limit test and plastic limit test, based on BS 1377: Part 2: 1990:
4.3 and BS 1377: Part 2: 1990: 5.3. By using cone-penetration method, the liquid limit for the prepared
kaolin clay which passed through the 425 pm sieve was determined. After the liquid limit test, the procedure
was followed by moulding the kaolin into a spherical mould to determine the plastic limit. For specific gravity,
was determined by a small pycnometer test based on BS 1377: Part 2: 1990: 9.6. This test was applied for
both materials, where the materials were put inside a chamber after the preparation process. Fig. 2 (a)
showed the determination of crushed coconut shells of specific gravity using kerosene. The particle size
was determined by conducting sieve analysis or dry mechanical sieve analysis for crushed coconut shell
based on BS 1377: Part 2: 1990: 9.6 while hydrometer test was carried out for kaolin clay S300 in
accordance to BS 1377: Part 2: 1990: 8.3. Sieve analysis was for coarse type material, where the sieve
sizes used were 200 mm, 14 mm, 10 mm, 5 mm, 3.35 mm, 2 mm, 1.18 mm, 0.6 mm, 0.3 mm, 0.15 mm and
0.0063 mm as shown in Fig. 2 (b). The kaolin clay was analysed under hydrometer as shown in Fig. 2 (c)
as more than 50 % of the particles were finer than 63 uym.

Furthermore, the Standard Compaction Test was carried out based on BS 1377: Part 2: 1990: 3.3. A
2.5 kg hammer with a 1 litre capacity of mould was deployed during the process as shown in Fig. 2 (d). The
amount of kaolin clay used in this test was approximately 3.0 kg of oven-dried kaolin clay that passed
through the 4.75 mm sieve size. Before accessing the shear strength parameters, the permeability which
split into the constant head test and falling head test which shared both standards, ASTM D 2434 were
conducted as depicted in Fig. 2 (e). Both tests determined the permeability using measuring both heads of
water and the volume of water that flew through.
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Specific gravity test  Mechanical sieve  Hydrometer apparatus
(@) (b) ©

Apparatus for constant head test Standard compaction mould and hammer

(e) (d)

Figure 2. Flow of laboratory works (a) Pycnometer test (b) Dry sieve analysis
(c) Hydrometer test (d) Standard compaction test (e) Constant head test.

The second objective was based on the UCT based on ASTM D 2166 by exerting the axial
compression from the top towards the specimen at a constant deformation rate as shown in Fig. 3. Before
conducting the UCT, the crushed coconut shell column was properly designed by considering the column
parameters as well as the sieve size of the coconut shell. The column parameters which included column
penetrating ratio (Hc/Hs), column height to column diameter ratio (Hc/Dc), and volume replacement ratio
(Vc/Vs) were tabulated in Table 4. The granular column which was made up of crushed coconut shell, was
split into the partially penetrated column and the fully penetrated column. Besides, the D/d ratio which
indicated the Diameter of the column, D divided by the Diameter of the crushed coconut shell, d was also
determined beforehand so that it was compared with another set of data. A similar study that used the
polypropylene (PP) columns as reinforcement with the D/d value of 8.47 and 13.55 recorded shear strength
improvement [22]. In this study, the D value was fixed at 14 mm, and the d value used in was 2 mm thus
producing the ratio of D/d was 7. After several considerations and calculations, the detailed arrangement
of the column built within the 50 mm kaolin column was drawn and illustrated in Fig. 4.

. |

-

(e Iy
)

|

Figure 3. The specimen was compressed under UCT machine.

Table 4. Design dimension of crushed coconut shell column.

No. No. of Design Diameter Height Ho/Hs Ho/De Vo/Vs
Column (mm)
1 1 Control NA 100 - - -
2 1 S1360 60 0.6 4.6153 0.0405
3 1 S1380 14 80 0.8 6.1538 0.0540
4 1 S13100 100 1.0 7.6923 0.0676

*S1360 — “S” indicates as single column, “13” indicates the column diameter and “60” indicates the column
height. All the dimensions are expressed in mm. NA — Not Available
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Figure 4. Arrangement details of a crushed coconut shell column.

For the process of column construction, it was shown in Fig. 5. The kaolin clay was mixed with
approximate 20 % of water to its total weight, 300 g based on the value obtained from Standard Compaction
Test. The prepared kaolin was transferred to the customized mould and compacted, followed by the drilling
process. A 13 mm drilling bit was used to drill a hole in the middle of the prepared specimen based on the
arrangement as shown in Fig. 4. The specimen had been prepared and the crushed coconut shell was
poured inside through a filter funnel by raining method.

il =

Customized mould with 50 Prepared kaolin in the
mm diameter and 100 mm customized mould
height

New specimen l

After compaction, a 13mm
drilling bits was used to

The specimen is ready for
the installation of column drill a hole

Figure 5. Crushed coconut shell column preparation process.

3. Results and Discussion

This chapter focused on the value obtained after conducting the related laboratory works, it was split
into the engineering properties of kaolin clay S300 and the crushed coconut shell, efficiency of the materials
used and the correlation of shear strength parameters in accordance to the specific parameters.

3.1. Engineering Properties of Kaolin Clay S300 and Crushed Coconut Shell

The engineering properties of these materials involved in the research were determined based on the
tests as stated in Table 3. The properties of kaolin clay S300 was tabulated in Table 5 while crushed
coconut shell properties was tabulated in Table 6.
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Table 5. Kaolin clay S300 properties.

Test Parameter Value

Soil Classification AASHTO A-6
USCS (Plasticity Chart) ML

Atterberg Limit Plastic Limit, wp (%) 26
Liquid Limit, wy, (%) 36
Plastic Index, Ip (%) 10

Standard Compaction Optimum Moisture Content, wopt | 19.40
(%)
Maximum Dry Density, pd(max) | 1.55
(Mg/m®)

Small Pycnometer Specific Gravity, Gs 2.62

Falling Head Permeability Coefficient of Permeability, k (m/s) 8.96 x 1072

From this table, it was noticed that the kaolin clay was a soft clay soil. In terms of its particle size, it
fell under ML based on the USCS chart, or inorganic silt with very fine sands as shown in Fig. 6 (a). The
results were inferred referring to the plastic limit value of 26 % and a liquid limit value of 36 % and hence,
obtaining the value of the plastic index was 10 %. Referring to AASHTO, it had A-6 value. This value
indicated that kaolin was a clayey soil. Although it was a clayey soil, it was a well-graded soil with more
than 75 % of the amount passed through the #200 sieve size based on the hydrometer test as depicted in
Fig. 6 (b). The above findings were significant as compared to the results by Syamsul et al. [21], which
reported the similar results by inferring kaolin clay S300 was a highly compressible soil. Regarding the
Maximum Dry Density (MDD) and Optimum Moisture content (OMC), the compaction graph was plotted
and the values were determined according to the graph in Fig. 6 (c). The association of the MDD and OMC
values in the coconut shell column preparation process demonstrated a vital role as it provided the
fundamental reference between the relationship of water volume required and the kaolin clay to acquire the
highest efficiency of product. The falling head permeability test proved that the kaolin clay S300 was less
permeable with the value of 8.96 x 10-'2 m/s, where it was susceptible to water accumulation issue. As
reported by previous results, the authors obtained the value of permeability value at 8.89 x 10-'2 m/s from
kaolin clay, proving the soil can deform easily when axial loading was applied [34].
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Figure 6. Kaolin clay S300 properties (a) USCS chart (b) Particle size distribution
(c) Compaction curve from standard compaction test.

For crushed coconut shell, it was a well graded particle and behaved like gravel or sand type, with
A-2 value based on the AASHTO. A-2 signified that this material was a clayey gravel sand, and the majority
of the particle size was ranging within 2-9 mm as shown in Fig. 7. The constant head permeability test
showed it was a highly permeable material with the value of 2.32 x 10-3 m/s, promoting a good drainage
system for discharging the excessive accumulated water within itself. The minimum and maximum dry
density value of coconut shell obtained from the study were 0.497 g/cm? and 0.596 g/cm? respectively, and
the values were utilized in the column preparation process. From the obtained values, the in-situ density
was generated by applying the raining method, where the average density of coconut shell obtained was
0.58 g/cm? and therefore, the relative density was approximately 87.50 %. Nonetheless, an average higher
value of relative density did not only accelerate the dissipation of excessive pore water pressure generated
within the soil, but the compacted coarse material of crushed coconut shell potentially acted a stiffer
reinforcement beneath the soil.

Table 6. Crushed coconut shell properties.

Test Parameter Value
Soil Classification AASHTO A-2
Small Pycnometer Specific Gravity, Gs 1.70
Relative Density Test Pdmin) (9/Ccm?3) 0.497
Pd(max) (9/cm?) 0.596
Constant Head Permeability Coefficient of Permeability, k (m/s) 2.32x 10

Percentage Passing (%)

0.1 1 10
Particle Size (mm)

Figure 7. Particle size distribution curve of coconut shell.
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3.2. Analysis of Shear Strength Parameters

The shear strength values were obtained from UCT, and further parameters were calculated and
analysed. The average deviator stress, exerted loading, strain, stress and shear strength values were
analysed with the appropriate graphs and tables. For Table 7, it demonstrated the strain, stress and exerted
loading on the control sample, and the reinforced specimens of S1360, S1380, and S13100. The variation
of stress with strain against in responds to the exerted load by the UCT machine was plotted in Fig. 8.

Table 7. Parameters of shear strength for stress, strain and exerted load

Specimen Strain (%) Stress (kPa) Exerted load (kN)
Control 1.85 7.12 0.0586
S1360 2.79 8.35 0.0870
S1380 2.88 8.98 0.0930
S13100 2.71 9.15 0.0880
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Figure 8. The variation of stress and strain of specimens against the exerted load.

Table 7 showed that the S13100 column was able to withstand the largest stress, 9.15 kPa while the
least was by S1360, only recorded 8.35 kPa. The increase in the content of replaced coarse material,
crushed coconut shell will directly result in the enhancement of stress. Although the increment trend was
observed by increasing the column height, the increment of stress only recorded 0.17 kPa from the S1380
column to the S13100 column which was lesser compared to the increment from the S1360 column to the
S1380 column, recorded 0.63 kPa. This may be due to the disturbance of the nature state of kaolin clay,
where it was replaced with foreign material, crushed coconut shell and thus causing the reduction of shear
strength [35]. From Table 7, it was inferred that the increase of strain value halted at 2.88 %, then decreased
to 2.71. The above phenomena was interpreted as the S13100 column was not sheared completely and
failure occurred before the axial loading was effectively transferred to the bottom part of the reinforced
column. Although the S1380 column was not reinforced thoroughly, the bottom part of the unreinforced soil
performed better than the reinforced part of the S13100 column which was attributed to the coarse coconut
shell substitution that did not cancel out the effect of soil disturbance during the drilling process. For both
strain and exerted load category, the value increased as the column height increased, but showed reduction
after the peak value by the S1380 column. The detailed performance of reinforced column was analysed
by interpreting the data of shear strength parameter in Table 8. All the shear strength improvement of
reinforced specimens, S1360, S1380, and S13100 were computed in accordance to the shear strength
value of control specimen.
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Table 8. Parameters of shear strength deviator stress, shear strength and its improvement.

Specimen Deviator stress (kPa) Shear strength (kPa) Shear strength
improvement (%)
Control 14.24 7.12 -
S$1360 21.36 8.35 17.28
S1380 23.71 8.98 26.12
S13100 21.89 9.15 28.51

As mentioned previously, the shear strength of soil was reduced by the replacement of foreign
material, the shear strength values and its improvement were affected by the substitute effect. By using the
control sample as the calculation reference, the shear strength improvement showed an increment from
17.28 % to 26.12 %, then increased again to 28.51 %. As reported by the previous study, the authors
utilised the single and group bottom ash columns resulted in an identical trend [21]. Coherent to that, the
difference between the shear strength improvement rate between the 80 mm and 100 mm column height
marked a smaller rate as compared to the 60 mm and 80 mm respectively, where the loosened particles of
kaolin soil that incurred by the drilling activity contributed to the reduction of strength of the entire specimen
[36]. From the perspective of column parameters, the column height, column diameter, and the amount of
replaced coarse material can exert immense influence on the performance of the column through its shear
strength value. The analysis continued with the correlation techniques by correlating the shear strength
parameters in sub topic 3.3, where it simplified the complexity of the relationship between the dependent
and independent variable of an engineering system by statistical method [37].

3.3. Correlation of Shear Strength Improvement versus Column Penetrating Ratio

Referring to Table 8, the highest shear strength improvement was recorded at S13100 column with
the value of 28.51 % with the Hc/Hs value of 1.0, followed by the S1380 column with 0.8 Hc/Hs resulted in
26.12 % of improvement rate. The increment of shear strength improvement was directly proportional to the
column penetrating ratio, from 0.6 to 1.0 produced the improvement rate of 17.28 % to 28.51 % respectively.
Similarly, the S1380 column with a 0.8 of Hc/Hs recorded a moderate value of improvement, with only
26.12 %. This was due to the bulging of the column occurring at the top part of the column extended to
80 mm, whilst the remaining part of the column was less functional to receive the load from the reinforced
section. Precisely, a column height with 100 mm coconut shell reinforcement can produce the highest value
of improvement, whereas the 60 mm produced the least improvement with 13 mm diameter of kaolin clay.
The regression method with the correlation equation of R2= 0.9857 was presented in equation (1). Fig. 9
showed the correlation of shear strength improvement versus column penetrating ratio.

ASu=29.693(HC/HS)+0.1618. (1)
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Figure 9. Correlation of shear strength improvement versus column penetrating ratio.
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3.4. Correlation of Shear Strength Improvement versus Column Penetrating Ratio

For this sub-topic, the column penetrating height was examined in accordance to the width of the
column. The H¢/Dc ratio varied from 4.6153 to 6.1538, then increased to 7.6923. The favourable value of
column height to column diameter ratio lied within the range of 4—6 [38], where in this study it did not really
indicate in the range values, where 7.6923 of Hc/Dc produced the largest shear strength improvement and
thus, further study on this specific ratio is required to determine the behaviour of column parameters.
Previous research explained the above situation by considering the critical column length factor and the
suggested value was within approximately 6 times its diameter value [39], where this study presented about
7.69 times. The obtained ratio of this value was classified as the nature of the coarse material, crushed
coconut shell which performed differently as compared to other potential materials for instance bottom ash.
Equation (2) showed the correlations of the crushed coconut shell column in accordance with the kaolin clay
shear strength improvement with R? = 0.9857. Fig. 10 showed the correlation of shear strength
improvement against column height to column diameter ratio.

ASu:3.8601(HC/DC)+0.1619. (2)
. Ny
g 30 | -
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am:lﬁ 3 = 48, =3.8601(H/D,) +0.1619
N 2= 09857

§ 10 r REZ05% - Linear (Column
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Figure 10. Correlation of shear strength improvement versus column height
over column diameter ratio.

3.5. Correlation of Shear Strength Improvement versus Volume Replacement Ratio

Based on Table 4 and 8, the volume replacement ratio with the value of 0.0676 showed the highest
rate of shear strength improvement while the least was recorded when the value was 0.0405, yielding a
different of shear strength improvement of 11.23 %. From both values, it was noticed that the volume
alteration of column was from 2535 1 cm? to 4225 1 cm? or an increment of 66.91 % which produced the
shear strength difference of 2.03 kPa. This result data was supported by the study using PP column as a
reinforcement material in enhancing the soil bearing capacity of kaolin, where the authors reported the
change of about 66.81 % of the volume will generate the additional shear strength value of 4.05 kPa [22].
The additional substituted amount of coarse material where in this study crushed coconut shell increased
the capacity of the penetrating column, enhanced the stiffness of the column, and promoted the ability to
carry additional load. The more particles of crushed coconut shell inside the specimen, the higher the ability
to withstand a larger pressure from the axial loading hence, preventing the earlier failure of the column from
occurring during the shearing process. The regression equation (3) showed the value of R? = 0.9854. Fig. 11
demonstrated the correlation of shear strength improvement against volume replacement ratio.

ASu =439.38(V,/V,)+0.1718. (©)
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Figure 11. Correlation of shear strength improvement versus volume replacement ratio.

4. Conclusion

This chapter summarised the results gathered from the respective geotechnical tests, which

encompassed the determination of the physical and mechanical properties of research materials, kaolin
clay S300, and coconut shell, together with the investigation of reinforced specimens via the implementation
of UCT. Both of the objectives were achieved and the deduced conclusions were as follows:

1. The kaolin clay soil, type S300 was a problematic soft clay soil, which was examined by the soil
classification through the AASHTO and USCS plasticity chart. Both standards concluded the kaolin
soil was an inorganic silt soil with slight plasticity. In addition, the deployment of standard
compaction test verified the kaolin had the OMC of 19.40 %, and a MDD value of 1.55 Mg/m3,
produced from the proctor curve. The coefficient of permeability of kaolin also signified it can cause
the water accumulation issue, by having an extremely low value of 8.96 x 10-'2 m/s.

2. The coconut shell that was grinded was analysed through geotechnical approaches and found to
behave like a coarse aggregate with the AASHTO value of A-2. This value verified it was a gravel-
sand type material, with the coefficient of hydraulic conductivity value of 2.32 x 103 m/s. The
computed relative density value was 87.50 % following the minimum, maximum, and in-situ dry
density, suggesting it was a very dense material. Thus, the association of this material was a
potential substitute for resolving the soil swelling matter through the provision of additional drainage
to the kaolin sail.

3. The fabrication of a singular coconut shell column beneath the kaolin clay soil recorded positive
results, with the range of shear strength enhancement from 1.23 kPa to 2.03 kPa in reference to
the control specimen shear strength value. This study verified the insertion of a singular coconut
shell column can prolong the failure of soil, by raising the soil-bearing capacity to 28.51 %.
Therefore, the current research suggested the optimum design of reinforced specimen possessed
the values H/Hy =1.0, H/D. = 7.6923, and V./Vs = 0.0676. Coherently, the fully penetrated
column design delivered the highest value of improvement, showing that a larger amount of grinded
coconut shell was able to distribute the axial load effectively.
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Abstract. The theory of designing rational load-bearing structures from the standpoint of strength,
durability, manufacturability, and material consumption has too much of an energy basis. New variational
principles operate at all levels of designing the configuration of load-bearing structures: topology, geometry,
parameters of elements with parallel selection of materials. They can also be used for rational distribution
of load on the structure. The study examined the foundations of new variational principles of synthesis of
supporting structures with the content of an objective criterion of optimality of their practical application.
Based on this, a rational energy principle was selected in the design of supporting structures, as well as
algorithms for the development of rational systems focused on software design. The obtained
dependencies as a result of the study allow to obtain a rational solution in strength, durability,
manufacturability, and material consumption, which in turn helps to reduce the cost of construction of
buildings and structures, as well as the costs of their reconstruction. Also, the proposed algorithms for the
development of rational systems are aimed at software design.
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1. Introduction

The object of this study is new variation principles for the synthesis of load-bearing structures with
the content of an objective criterion for the optimality of their practical application.

Technical progress is driven by the development of scientific knowledge in advanced industries. The
art of construction primarily ensures the load-bearing capacity of structures associated with the rational use
of the materials used. On this basis, optimal design of structures was developed [1].

In creating harmony between the environment and human society, an important role is played by the
design of technical systems and structures based on the natural principles of structure formation. The
design of rational load-bearing structures should be associated with the direct use of the principles that
govern the deformation of a solid body. Common to artificial and natural systems is the principle of
stationary action [2—4].

The natural constants 1, e, @ can be considered as discrete manifestations of the laws of structure
formation arising from the mentioned principle [5].
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The presence of round bodies in nature led to the birth of the number 7, which expresses the ratio

of the circumference to the diameter. The well-known isoperimetric problem of Dido is associated with the
shape of a thread of a given length, covering the largest area. The desired line is a circle (in the case of a
closed thread) and an arc of a circle (in the case of an open thread).

Equally widespread is the number e — the base of natural logarithms. In technology, a formula is
known for the cross-sectional area of beam of equal resistance, stretched by force and its own weight.

The constants 7t and e are related by the Euler formula:

eZm -1

) (1)
which testifies to their natural unity.

The golden ratio used in the creations of man and present in the organization of nature has a long
history. It corresponds to such a division of an integer into two parts when the ratio of the larger part to the
smaller one is equal to the ratio of the whole to the larger part ((D = 1.618033...).

In the 13" century, the Italian mathematician L. Fibonacci discovered a sequence of numbers, in
which each subsequent component is equal to the sum of the two previous ones. |. Kepler supplemented
this discovery with the fact that the ratio of adjacent components of this sequence in the limit tends to the
golden ratio.

The golden ratio is an irrational value (like m, e)and symbolizes irrationality in natural proportions,
while the Fibonacci numbers emphasize the wholeness in the organization of nature. In general, both
patterns reflect the dialectical unity of heterogeneous principles — continual and discrete.

Formula
d=2 cos%, (2)

together with formula (1) testify to the organic unity of the three constants.

Ancient architects, not having a scientific explanation of the properties of the golden ratio, rather
applied it intuitively under the influence of the harmony and beauty of nature’s creations. There is a
hypothesis of informational resonance: if the shape of the perceived object contains the golden ratio, then
the brain is “tuned” to it. The purpose of the analysis of the uncertainty of the state of a technical system is
to translate the uncertainty of the initial parameters and assumptions used when the risk assessment into
the uncertainty of the results.

Relevance lies in the fact that the ratios obtained during the study allow us to obtain a rational solution
from the standpoint of strength, durability, manufacturability, and material consumption, which in turn helps
to reduce the cost of constructing buildings and structures, as well as the costs of their reconstruction.

The purpose of the study is to present the foundations of new variation principles for the synthesis
of load-bearing structures with the content of an objective criterion for the optimality of their practical
application.

The following objectives were addressed within the study:

1. Consideration of new variation principles of structure formation and load arrangement in terms of
their practical application;

Selection of a rational energy principle in the design of load-bearing structures;

Selection of algorithms for the development of rational systems that are focused on software design.

2. Methods

To create a fundamental theory of the structure formation of load-bearing structures, a high level of
development of mathematics, in particular, the calculus of variations, was necessary. It works effectively in
mechanics. Variational principles have a deep theoretical significance, denoting the energy basis of the
organization of matter.

The energy gives a synergistic understanding of the golden ratio. The level of organization of matter
is estimated by the ratio of chaos and order in an entropy measure. Harmony function
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P =L, (3)
Smax o)

includes the entropy S, determined by the Boltzmann—Shannon formula, and the maximum entropy of the

system S, .x

zero to infinity.

corresponding to the equiprobability of all its states (chaos). The function P varies from

Limitation function

R="ma = 4)

max

decreases from 1 to 0. Harmony corresponds to the intersection of the curves P and R. In this case, the
proportion of chaos is 0.382, and the proportion of order is 0.618 (golden proportion).

The unity of the physical forms of the motion of matter reflects the general physical principle, from
which particular laws follow. This is the principle of stationary action (according to Hamilton). Differences in
the forms of motion of matter reflect the Lagrange functions chosen on the basis of generalization of
experimental data. These functions have energy content.

A special case of the principle of stationary action is the principle of possible work, the mathematical
expression of which is:

oU —-oT =0, (5)

where 07 and dU are variations of the functionals of the introduced mechanical energy and potential
strain energy. They depend on the increments of a number of parameters: 1) displacements, 2) internal
forces, 3) body configuration, 4) material moduli, 5) load. The first two factors are taken into account when
formulating the principle of possible displacements (the Lagrange principle) and the principle of possible
changes in the stress state (the Castigliano principle). Both are extreme principles and are used to analyze
the stress-strain state of structures.

The remaining three factors are aimed at the formulation of variational principles related to the
problem of structure formation and the rational distribution of the load assessment into the uncertainty of
the results.

3. Results and Discussion

The functional aspect of analyzing the stress-strain state of a structure involves Euler—Lagrange
equations and natural boundary conditions derived from established deformation theory equations and
boundary conditions. However, for novel problem types, additional equations are introduced into the
functional framework to account for variations in system energy concerning changes in configuration,
material elastic moduli, and load distribution. Ensuring functional stationarity concerning variable
parameters necessitates the incorporation of additional conditions, typically in the form of coupling
equations, imposed on the desired functions . These conditions encompass factors, such as stress-strain

state functions, configuration, material elastic moduli, and load distribution, thereby facilitating a
comprehensive analysis of structural behavior under varying conditions:

o(v)=0, (6)

Joo(v)do=c, )

where o is the admissible region of integration, ¢ is a given constant.

Conditions (6) and (7) encompass geometric constraints, design specifications, load restrictions, and
functional requirements for the structure, expressed through a combination of algebraic, differential, and
integral equations. To address a variational problem with these additional conditions, the Lagrange
multiplier method is employed to transform it into an equivalent free variational problem.

A variational problem with additional conditions is reduced to a free variational problem by means of
the Lagrange multiplier method. In this case, this can be interpreted as a generalization of the principles of
Lagrange and Castigliano for cases of expanding the functional space due to configuration, material moduli,
and load fields.
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If Jj (Jz) is a functional corresponding to the Lagrange (Castigliano) principle, and A is the
Lagrange multiplier, then the functionals of generalized principles have the form:

* =T—
i =d [ eV, (8)

* =T~
h=5+bk@W’ (9)

where V' is the volume of the body. Under condition (6), the Lagrange multiplier A is a variable. Under
condition (7), the multiplier A is a constant value (isoperimetric problem).

Following the theory of the calculus of variations, the possible variations of the configuration
functions, material moduli, and load are infinitesimal changes in these functions that satisfy the directive
requirements for the construction, material, load, and differentiability requirements.

Consequences arising from the stationarity of the functional (Jl) include: 1) equilibrium equations

within the body’s volume and static boundary conditions; 2) coupling equations (6) or (7); 3) equations
governing structure formation or loading systems.

The variational principle of structure formation based on the Lagrange principle has the following
formulation: the potential energy of the system in the position of stable equilibrium reaches an absolute
minimum in terms of displacements in the functional space, expanded due to the fields of configuration
functions and (or) material moduli. This corresponds to the moment when the load-bearing structure
acquires maximum rigidity indicators, so that at the stationarity point the functional has a minimax, namely
minimum in terms of displacement functions of maxima in terms of the configuration and (or) material moduli
function.

The formulation of new variational principles for the synthesis of load-bearing structures and the
formation of the load in the presented form was carried out by A.G. Yuriev in 1982 [6]. The special cases
that took place included the formulation of isoperimetric problems of determining the geometric parameters
of structures [7].

The new approach to solving design problems excludes the adoption of any criterion a priori. Its role
is played by the equation of structure formation (location of the load), which, as mentioned above, is a
consequence of the stationarity of the functional of the variational problem under consideration.

Thus, the criterion of minimum volume (mass, cost) in the established optimal design loses its force.
With it, there is no guarantee that the goal functional will achieve a global extremum due to the possible
absence of the convexity property.

A sufficient condition for achieving this objective can only be attained through integrating an energy
based approach into the optimal design process, aligning with the duality inherent in constrained extremum
problems with integral constraints [8—10]. Consequently, formulating the volume minimization problem
aligns precisely with the overarching physical principle of stationary action, albeit under restricted
circumstances. The new variational principles ensure a global minimum in the volume (or cost) of
homogeneous material. In specific instances, the structure can exhibit uniform stress distribution throughout
its entirety. As per Vasyutinskii’'s theorem [11], applicable to linearly elastic bodies, the structure possesses
a minimum potential energy of deformation. Given this energy is directly proportional to the body’s volume,
minimizing volume serves as a rational criterion in this context.

The need to put into circulation a new method of structure formation is confirmed by comparison
using another, the ordinary criterion [12—-14].

Example 1. The console, having a length of / = 2m, is loaded at the end with a moment
M =50 kN-m. The cross section of the beam is presupposed in the form of an |-beam with the given: wall
thickness 2.2 cm (=2¢) and shelf height #, = 1cm. The relative deflection of the console end is set

f% = 0.006. The modulus of elasticity of the material £ = 2:105 MPa. It is required to determine the
height of the section /4 and the width of the shelf b.

It is known that the deflection at the end of the console is:
_ MI?

&_2H’

(10)
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where [ is the moment of inertia of the section. The absolute value of stresses in the extreme longitudinal
fibers is equal to:

M h
Gy =——. 11
o712 )
Consequently,
ﬁ = G_Ol’ (1 2)
[ Eh
GOZEEhl:6Oh. (13)
/ /
Substituting expression (13) into the formula
M
GO = W, (14)

where W is the moment of resistance of the cross-section during bending, we find the expression b, and
then the area of the cross-section (taking into account formula (13)):

1
A=21h +[0.1Mt2 —24t, (h—-2t, )3}(3h2t2 —6ht3 + 4t§) —4tt,. (15)

From the condition of minimum cross-sectional area (15) for given values of M, ¢, t, follows the
equation:

h* —4h® + 6h* —22730h+22730 =0, (16)

whence % =29.32 cm. In this case, b =1.07 cm, A =62.24 cm?2.

The same values of b and /4 will be obtained by solving the isoperimetric problem for
A =62.24 cm2. Let us determine the value b = 33.32 — 1.1/ and substitute it into the expression for the
moment of inertia I, which we will introduce into the energy functional:

M7

=—. 17
2EI an

2

From the condition GJ%h =( follows the equation:

h? —30.29h+28.95=0,
whence A =29.32 cm. In this case, b = 1.07 cm (the confluence of [ -beam).

In this case, the direct use of the J, — functional turned out to be acceptable. Therefore, there was
no need to use the method of Lagrange multipliers.

Example 2. In the condition of example 1, instead of the given value o we introduce the

l >

admissible stress o =160 MPa.

adm

From the strength condition, the expression b can be derived, so that the cross-sectional area is
equal to

6Mt,h
(e)

A=2th+

adm

_zq&(h—fo}@h%2—6m§+4§)4—4qg. (18)
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The condition o4 = 0 implies an equation that, for given values of M, ¢, t,, G,,, takes the

form:
h* —4h® —420.13h% —6h+568.18 =0, (19)

whence 4 =22.6 cm In this case, b =8.26 cm, 4 = 61.84 cm?, moment of inertia / =3530.9 cm*.

Let us now solve the isoperimetric problem for 4 = 61.84 cm2. Having determined the value b =
= 33.32 — 1.1/, let us substitute it into the expression for the moment of inertia 1, which we introduce into
the functional (17).

From the condition GJ%h =( follows the equation:

h*=30.11h+28.77 =0, (20)
whence /1 =29.13 cm. In this case, b =1.08 cm, =4088.7 cm*, G4, = 178.1 MPa.

The solutions do not coincide, since in the case of minimizing the cross-sectional area, the condition
C,am = 160 MPa has no energy meaning, which eliminates the duality of the problem statement. The
problem statement in example 1 is deprived of this deficiency.

Yuriev’s variational principles and the theory of structure formation of load-bearing structures based
on them changed the nature of design. The subjective design criteria, which are speculative in nature, have
been replaced by the laws of structure formation arising from the general physical principle of stationary
action.

Designing a structure configuration within the specified requirements includes determining its
topology, geometry, and element parameters [15, 16].

The topology of rod systems provides for the mutual arrangement of nodes and the way they are
connected to each other to form a geometrically unchanging structure. The variational principles of structure
formation make it possible to reveal a rational construction from the allowed variants by studying the
corresponding energy functionals.

In the case of a linear-elastic formulation of the problem, the values of the potential strain energy are
compared for directive geometric parameters. The problem statement can be extended by varying some
geometric parameters within each topology variant.

In rod systems, it is possible to change the sign of longitudinal forces in some rods by varying the
geometric parameters. When a stretched rod passes into a compressed one, in addition to strength, it is
necessary to ensure the stability of its equilibrium.

In the case of an isoperimetric problem for a truss under the generalized variational Castigliano
principle, the functional has the form [17-20]:

NI,
JE=sn it +)\‘z”1— Al, (21)
2 i=l1 2E(Pi2Ai =144

where n is the number of rods of length /;, having a cross-sectional area 4; and longitudinal forces N,
@, is the coefficient of reduction of the design resistance.
This problem is solved in an iterative way. The coefficient @ is assigned in accordance with the

regulatory requirements for ensuring of the stability of the belt and lattice rods.

Based on Yuriev’s variational principles [6], the problem of structure formation of dispersely and
discretely reinforced material was solved [21-26]. In the case of dispersed reinforcement, the desired is
the modulus of longitudinal elasticity of the composite material, which corresponds to a certain nature of
fiber reinforcement [27-30].
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In the case of discrete (bar) reinforcement, the generalized functional Jl* contains the term

EZiSiqi, where §; is the internal force in the reinforcing bar, g is the corresponding displacement. The

2

i

generalized functional J; contains the term Zi , where /; is the length of the reinforcing bar, B; is

i
the stiffness of its cross-section, which has a specific expression depending on the type of deformation (in
tension B; = EA;, where E is the modulus of longitudinal elasticity of the reinforcing material, 4. is the

4
cross-sectional area of the rod) [31-34].

4. Conclusion
Based on the conducted research, the following has been established:

1. The considered new variational principles of structure formation and load location have a strict
physical basis — the principle of stationary action. The solution of practical problems based on them
does not require the introduction of any criterion, which is typical for pre-existing design methods.
First of all, this concerns the formulation of design tasks with an especially economic criterion
(minimum volume, mass, cost).

2. The proposed energy principle in the design of load-bearing structures makes it possible to obtain
a rational solution from the standpoint of strength, durability, manufacturability, and material
consumption and helps to reduce the cost of constructing buildings and structures, as well as the
costs of their reconstruction. In turn, this contributes to the implementation of an ecological
approach to the habitat with the effective use of building materials, energy, space, and the entire
ecological system.

3. Rational systems development algorithms aimed at software design are considered.
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Abstract. The object of the research is the hydraulic structures in the Neva Bay, including ports, dams, and
navigation facilities, which are subjected to natural loads such as ice, wave, wind, and water level
fluctuations. The study focuses on analyzing the impact of these forces on the stability and safety of these
structures. The research is of high relevance due to the increasing challenges posed by climate change,
which alters hydrological and ice conditions, and the growing human activity in the region that places
additional pressure on the bay's ecosystem and infrastructure. The analysis of natural loads is crucial for
the design of resilient structures that can withstand extreme weather events and maintain safe operations
in the Neva Bay. The goal of the research is to assess the natural loads on hydraulic structures in the Neva
Bay, providing reliable calculation methods for their impact. The tasks include analyzing the ice regime,
wave and wind loads, and utilizing modern modeling techniques to develop optimal design solutions for
these facilities. The results demonstrate that ice and wave loads significantly affect the safety of hydraulic
structures in the Neva Bay, and appropriate measures, such as protective piers and icebreaker assistance,
can mitigate these impacts. The research provides valuable data for the design of durable and resilient
infrastructure in the region, accounting for the specific natural conditions of the Neva Bay.
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1. Introduction

The object of study is the hydraulic structures located within the Neva Bay. These include various
infrastructure elements such as dams, culverts, shipping locks, berthing facilities, and other navigation and
port structures. The research focuses on analyzing the natural loads these structures experience,
particularly from waves, ice, wind, and water level fluctuations. Additionally, it examines the hydrological,
climatic, and ice effects in the bay, evaluating their impact on the stability and safety of these engineering
facilities.

The Neva Bay is the eastern part of the Gulf of Finland of the Baltic Sea, located near Saint
Petersburg and the Leningrad Region, where the Neva River flows into the Gulf of Finland, and extends
from the mouth of the Neva to the line connecting the cities of Sestroretsk and Lomonosov [1]. The Neva
Bay is of great hydrographic, ecological and socio-economic importance for the region [2-4]. The Neva Bay
is distinguished by its relatively shallow nature, with depths not exceeding an average of 6-8 meters, which
is due to the presence of significant bottom sediments brought by the Neva River [5-6]. These sediments

© Kozinete, G.L., Badenko, V.L., Sharapov, D., Shonina, E.V., 2024. Published by Peter the Great St. Petersburg
Polytechnic University.
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include sand, silt and organic matter, forming unique ecosystems of the coastal zone [7-8]. The hydrological
regime of the Neva Bay is subject to significant fluctuations in water level caused by both river runoff and
sea tides, as well as periodic surges of water during strong westerly winds, which can lead to flooding in
Saint Petersburg [9-10]. From an ecological point of view, the Neva Bay is a significant natural zone, which
includes a variety of biotopes and is a habitat for many species of aquatic flora and fauna [5, 11-13]. At the
same time, the bay ecosystem experiences significant anthropogenic pressure as a result of human activity,
including urbanization, industrial production and shipping [14-16]. This leads to pollution of water resources,
eutrophication and changes in the natural processes of self-purification of the reservoir.

The Neva Bay is an important transport hub, where many hydraulic structures are concentrated,
which ensure shipping, industrial production, passenger transportation and protection of the territory from
unfavorable hydrological conditions. An important element of the protection of the Neva Bay and adjacent
territories from floods was the construction of the Complex of protective structures of St. Petersburg from
floods, which is dams, culverts and shipping locks. This complex not only protects the city, but also allows
regulating the water exchange between the Neva Bay and the rest of the Gulf of Finland [17]. The Big Port
of St. Petersburg is a large port of Russia in the waters of the Neva Bay, including several cargo terminals.
Various cargo terminals are concentrated here. The sea passenger port of St. Petersburg ("Marine
Facade") specializes in receiving passenger ships, including cruise liners and ferries [18-19]. The berthing
facilities are equipped for the comfortable reception of large passenger ships and provide access for tourists
to the city center. The Neva Bay is home to large shipbuilding companies, such as the Admiralty Shipyards,
which have their own berthing facilities for launching ships, repairing them, and maintaining them. Along
the coast, there are yacht clubs equipped with marinas for small vessels, making the water area attractive
for sailing and walking. Dredging operations are regularly carried out to prevent coastal erosion and
maintain the necessary depth for shipping.

Hydraulic structures and berthing facilities in the Neva Bay are subject to various natural loads,
including hydrological, climatic, and ice effects [20].

In the Neva Bay, waves are formed under the influence of the wind blowing from the west from the
Gulf of Finland. The average wave height in the bay is about 0.5—-1.5 meters, but in severe storm conditions
it can reach 2.5-3 meters. Wave loads affect berthing structures, especially during autumn and winter
storms, causing erosion of the coastline and affecting the structural elements of hydraulic structures
[21-22].

The Neva Bay is subject to a seasonal ice regime, when an ice cover forms in winter. Typically, the
ice reaches a thickness of 30-50 cm, although it can be thicker in severe winters. Ice loads include ice
pressure on hydraulic structures, dams, piers, and bridge supports [23-24].

Hydrostatic loads in the Neva Bay are associated with changes in the water level, which are caused
by both the Neva river runoff and sea surges. The water level can rise by 2—3 meters in the case of strong
westerly winds.

This research topic is highly relevant due to several critical factors that intersect ecological,
engineering, and socio-economic concerns in the Neva Bay region. With the ongoing impacts of climate
change, the frequency and intensity of extreme weather events, such as storms, surges, and ice cover
variations, are expected to increase. Given the critical role of hydraulic structures—such as dams, locks,
and piers—in protecting Saint Petersburg and the surrounding region from flooding and facilitating maritime
transport, ensuring their safety and functionality is of paramount importance. The research directly
addresses the risks posed by wave and ice loads, which can undermine the stability of these structures,
potentially leading to catastrophic failures with significant economic and environmental consequences.

The goal of this research is to analyze the natural loads acting on hydraulic structures in the Neva
Bay, with a focus on ice, wave, wind, and water level fluctuations, to ensure the safe design, operation, and
durability of engineering facilities such as ports, dams, and navigation structures in the region. Some tasks
of the research include:

Analyze the impact of natural loads on hydraulic structures in the Neva Bay, specifically addressing
ice, wave, wind, and water level variations.

Develop calculation methods for determining the values of various impacts (ice, wave, wind, and
water level changes) that affect the stability of structures in the Neva Bay.

Investigate the ice regime of the Neva Bay, including its formation, thickness, and effects on hydraulic
structures, with a particular focus on ice hummocking and mid-winter ice conditions.

Calculate ice loads using the relevant formulas considering key factors such as ice movement speed,
thickness, and compressive strength.
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Assess wind loads in the Neva Bay region, especially the effects of prevailing west and west-
northwest winds on hydraulic structures.

Examine wave heights and wave loads in the Cabotage Harbor, and propose measures, such as
protective piers, to mitigate wave impacts and ensure the safe operation of hydraulic structures.

Apply modern methodologies, including numerical modeling, to more accurately assess natural loads
and optimize design solutions for hydraulic structures based on the specific conditions of the Neva Bay.

Methods and approaches to determining loads on hydraulic structures include both traditional
engineering methods and modeling and monitoring technologies [25]. In recent years, there has been
significant progress in the field of numerical modeling, the use of remote sensing data, and the application
of intelligent systems for load assessment. The use of software packages for numerical modeling allows
calculating wave loads and currents in a reservoir, taking into account the bottom topography, wind speed,
and other factors [26]. Ice regime models take into account the formation and movement of ice, ice pressure
on structures and possible collisions with icebergs. In Arctic conditions, it is possible to use models that
take into account multi-year ice and its drift. Satellites and drones provide data on ice conditions, wave
height, water level and other parameters. This data can be quickly processed to assess loads in real time.
Analysis of natural loads on hydraulic structures is an important aspect of engineering design and operation
aimed at ensuring the safety, durability and cost-effectiveness of these facilities. Without an accurate
analysis of loads, there is a risk of structural failure, which can lead to emergency situations and
environmental disasters. Load assessment allows you to design structures taking into account expected
extreme conditions, reducing the likelihood of failure. One of the tasks of the analysis is to assess the
intensity and frequency of various natural loads. For example, it is important to know the average and
maximum wave height, ice thickness, the likelihood of extreme events (storms, water surges). In the current
conditions of climate change, it is important to consider how natural loads may change in the future (for
example, rising sea levels, more frequent storms or melting ice). This helps to adapt designs to changing
conditions.

2. Methods

The ice cover of the Neva Bay is usually smooth [23, 27]. The upper layer of ice is cloudy white,
opaque; it consists of frozen wet snow. The lower layers of ice are lead-gray and quite transparent.
Sometimes at the beginning of winter, before the ice reaches a thickness of 15-20 cm, its movements and
hummocking are observed. This occurs mainly during westerly winds, which are accompanied by a rise in
water level. As the level rises, the ice cover breaks away from the banks, and through cracks appear in it.
The wind completes the destruction. It happens that a solid ice cover turns into a bizarre mosaic of slabs
of various shapes and sizes. Each slab lives its own life. At the junction of two slabs, either hummocks or
leads are formed. Crawling onto the shore, the ice floes seem to plow it; and then low sand banks appear.

In mid-winter, the ice cover of the bay, the thickness of which is 30-60 cm, at an air temperature of -
5 °C has the following strength characteristics: bending strength - 8.5 kg/cm?, one-sided compression
strength - 16.0 kg/cm? (1.6 MPa). The ice thicknesses are presented in the Table 1.

Table 1 - Maximum ice thickness (cm) during winter [23, 28].

Characteristics of winter

Water body, area

Soft Normal Harsh
Coastal areas of the Neva Bay 30 —40 50— 70 80 — 100
Central regions of the Neva Bay 20—30 30 — 40 60 — 80

According to the Ministry of Emergency Situations and Roshydromet [28], the thickness of the ice in
the Kronstadt area usually does not exceed 60 cm. It is worth considering that the fairway along which the
design object is located, as well as the port infrastructure, are regularly cleared using icebreakers, as shown
in the figure 1.
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Figure 1. Breaking ice using icebreakers.

The maximum load on the outer southern pier of the Coastal Harbour from fields of level ice on an
extended structure is determined by formula (1) in accordance with Russian State Standard SP
38.13330.2018:

F,,=22107-V h;-\JA-k,-R.-p ~42MN (1)
where J/ — the speed of movement of the ice field, m/s, is taken as 0.6 m/s;
h; — the guaranteed thickness of level ice, m, is taken as 1 m;

A — the maximum area of an ice field (or the total area of several ice fields exerting pressure on
each other), m2, is taken as 12000 m?;

k,, — coefficient, 0.5 is taken;
p — water density;
R. — The one-way compression strength is taken as 1.6 MPa;

There are no loads on internal structures from flat ice fields. It is worth noting that the instructions for
assessing ice loads according to SP 38.13330 differ for different versions of the documents. In the work
[29] using the example of ice load on a pile foundation, it was shown that in some cases the load according
to the new method becomes greater, while in others it is possible to reduce the load for the 2018 version.

The loads on structures from a continuous ice cover during its thermal expansion are determined by
formula (2) in accordance with SP 38.13330.2018 per 1 meter of the structure:

=h, k, -p= k]V
q="hy k- p=80""%" 2)
where /; — the guaranteed thickness of level ice, m, is taken as 1 m;

k; — coefficient of loss of stability of ice cover, 0.8 is taken;
p — pressure due to elastic and plastic deformation, kPa, 100 is taken.

The latest version of Russian State Standard SP 38.13330 (2018 version) introduced a large fork in
the calculations of salt and fresh ice. Figure 2 shows a surface illustrating the behavior of the calculated
force from ice action when varying the initial data. Some studies [27], indicate that the result of calculations
with a salinity of more than 3%. should be additionally checked. In the Gulf of Finland, the salinity of the
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water is not high, which is due to the large influx of fresh water from the rivers, especially from the Neva
(2/3 of the total flow). The salt water of the Baltic mixes with fresh water, but has a higher density and is
located at depth, and fresh water spreads over the surface. Therefore, the further west and deeper the

water sample is taken, the saltier it will be. Thus, the result according to SP 38.13330.2018 can be accepted
as for relatively fresh ice near the mouth of the rivers.

5.00
4.00

3.00

Force, MN

2.00

1,00

0.00

Figure 2. Behavior of the calculated ice force on a structure with varying width and thickness
[20].

The vertical load (per 1 m of length along the front of the structure) from the ice cover frozen to the
structure when the water level changes is determined by formula (3) in accordance with SP 38.13330.2018:

1
2 12

224102 p-o -l by | - —20kN,
£,=224107 p-g-hy-hy e =20/ 3)

where /iy — change in UV, m, we take 0.5 m;

h; — the guaranteed thickness of level ice, m, is taken as 1 m;

v — kinematic viscosity of water at 0 °C, v=1,793- 10m? Js .

Ice load modeling using numerical methods is recommended in some works [20], to move to the next
step of technological development, however, when implementing projects in the current legal field,
significant efforts are required to justify the use of the results of a numerical calculation that is not
standardized.

According to in-kind observations of meteorological stations located in the area of the navigation
passage S1 KZ, the prevailing wind direction is W, WNW (240 - 290 degrees). The maximum wind speed
is 29 m/s, the average value of the maximum wind gusts is 12.6 m/s.

For the worst mooring option, in the south direction or north direction, the load value is calculated
using formula (4) in accordance with SP 38.13330.2018:

0,, = 460kN 4)

where A, — lateral above-water projection, m?, is taken as 100 for a yacht with dimensions of 20*5, 1000
for a yacht with dimensions 100*10

V,, — transverse component of wind, m/s, we take 25 m/s

& —the coefficient depending on the largest horizontal dimension is taken as 1.
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For a vessel 100 m long, Q,, = 460kN , the longitudinal component is insignificant.

3. Results and Discussion

The analysis showed that: the estimated wave load height is 1.1 meters for a half-wave in the fairway
area. The loads on structures from a solid ice cover with its thermal expansion are 80 kN/m. The loads on
structures from an ice cover frozen to a structure with a change in water level are 20 kN/m. Wind loads for
the worst-case location of a vessel with an above-water part length of 20 m, a height of 5 m and a wind
speed of 25 m/s are 46 kN/m, for a vessel 100 m long and 10 m high — 460 kN/m. The maximum load on
the outer southern pier of the Coastal harbor from flat ice fields is 4.2 MN. Verification dynamic calculations
of wave loads and wave heights were carried out for two options. The calculations are shown in the figures
3, 4, 5, 6. The recommended maximum wave height according to clause 6.1.8 of Russian State Standard
GOST R 58736—2019 is 0.3 meters. Figures 29 and 30 show 2 different scales: from -0.7 to +0.7 meters
and, for clarity, a scale from -0.15 to 0.15 meters is shown.

Cartesian Grid Module WSE Animatj

Figure 3. Result of wave height calculation in Kabotazhnaya and Kupecheskaya harbors
(option 1), example 1.




Magazine of Civil Engineering, 17(8), 2024

Figure 4. Result of wave height calculation in Kabotazhnaya and Kupecheskaya harbors
(option 1), example 2.
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Figure 5. Result of wave height calculation in Kabotazhnaya and Kupecheskaya Aharbors
(option 2), example 3.
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Figure 6. Result of wave height calculation in Kabotazhnaya and Kupecheskaya harbors
(option 2), example 4.

Figures 7, 8 have wave height in meters (ETA) and the wave load in kN/m are determined for a
design period of 600 seconds. Table 2 shows the maximum values of the wave height and the force of its
impact at each design point.

Figures 7, 8 show graphs of wave height and loads at the design points. The maximum values of
wave height and force at a given time at the design points are shown in Table 2 for two design cases.
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Table 2. Maximum values of wave height and force at the calculated points at the
moment of time.

No. of calculated Maximum wave height. h Maximum force from wave. F

point Option (m) (kN/m) Time. s
1 1 1.6 580 340
2 1.6 580 340
9 1 0.13 137 370
2 0.14 141 380
3 1 0.14 224 360
2 0.16 227 360
4 1 0.4 370 360
2 0.4 380 360
5 1 0.18 96 380
2 0.07 92 380
5 1 0.6 410 355
2 0.002 34.1 370
7 1 0.19 91 380
2 0.025 82 400
8 1 0.6 380 400
2 0.005 22.5 460
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Figure 7. Design point 1, option 1, h (m) F (kN/m).
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Figure 8. Design point 2, option 1, h (m) F (kN/m).

Based on the results of calculating the wave height at design points 1 and 2, in the first design option
(without a protective pier with a 250 m long berth wall) the maximum wave height is observed at the
entrance to the harbor (design point 1) is 1.6 meters. The wave height at design point 2 is 0.6 meters, which
exceeds the maximum wave height recommended by the manufacturer for the selected pontoons, which is
0.5 meters, as well as the recommended wave height of 0.3 meters according to clause 6.1.8 of Russian
State Standard GOST R 58736—2019. In this regard, the optimal design option is option No. 2, with a
protective pier with a 250 m long berth wall.

To analyze the results a comparison with another works were performed.
The study by Ryabchuk [1] focuses on the anthropogenic and natural influences on Neva Bay, addressing
the bay's role as a technogenic lagoon. Similar to the conclusions of the current research, it highlights the
significance of hydrodynamic factors, such as ice and wave conditions, which impact the hydraulic
structures. The research acknowledges the importance of natural forces like ice and wave activity, aligning
with the emphasis on these factors in the current study. Kozinets and colleagues [2] focus on anthropogenic
impacts, particularly on the bottom morphology of the Neva Bay. While the current study is more concerned
with the design and calculation of loads on hydraulic structures, it also touches on similar aspects related
to the environmental changes in the bay, such as the influence of water level fluctuations and ice conditions.
Both studies stress the need for tailored engineering solutions based on the bay's dynamic conditions.
Prishchepenko [5] discuss the long-term impacts of human activity on the region’s ecosystem and
geological environment. The current research shares an understanding of how natural forces, such as wind
and ice, interact with human-made structures, influencing their design and longevity. Both studies reflect
the importance of regional factors like ice cover and wind direction in shaping engineering solutions.
Sharapov [20] made an emphasis on the development and application of calculation methods for ice loads,
including parameters such as ice thickness, movement speed, and compressive strength. The current study
aligns with the approaches outlined by Sharapov particularly in using SP 38.13330.2018 for ice load
estimations. Vali [26] suggest that accurate hydrodynamic models are necessary for understanding and
mitigating the risks posed by changing water conditions, which are crucial for designing resilient
infrastructure. Golubkov [11] study the ecological impacts of environmental changes in the Neva Estuary,
while the current research focuses more on engineering solutions for hydraulic structures. Both works
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acknowledge the importance of monitoring regional environmental conditions, such as water turbidity and
primary production, which can influence structural stability indirectly by affecting water properties.

The research findings align closely with the conclusions in the references, particularly with respect

to the significance of ice, wave, and wind loads in the design and operation of hydraulic structures in the
Neva Bay. The reviewed studies corroborate the need for specialized calculations, regional modeling, and
tailored engineering solutions to address the unique challenges posed by these environmental forces.

4. Conclusion

. The analysis of loads on hydraulic structures in the Neva Bay is crucial for the design and operation of

engineering facilities, such as ports, dams, and navigation structures.

. Special attention must be given to ice and wave loads, as well as the influence of wind and changes in

water levels, since these factors significantly impact the stability of structures. The study addressed
various types of impacts typical for the Neva Bay's conditions and provided calculation methods for
determining the values of these impacts.

. The ice regime in the Neva Bay is characterized by a relatively smooth ice cover, largely due to the low

salinity of water caused by the influx of freshwater from the Neva River. lce hummocking, which can
occur at the beginning of winter, is linked to ice movement caused by westerly winds and rising water
levels. In mid-winter, the ice thickness ranges from 30-60 cm. According to the Ministry of Emergency
Situations and Roshydromet, the ice thickness in the Kronstadt area does not exceed 60 cm, confirming
regional characteristics of the ice regime.

. Calculations of ice loads show they can be determined using the formula from SP 38.13330.2018,

considering factors such as ice movement speed, thickness, and compressive strength. Structures
within protective facilities are not subject to significant ice loads, as icebreaker assistance enables the
timely removal of ice from shipping routes and port waters.

. Wind loads also significantly impact structures in the Neva Bay, with the prevailing wind direction being

west and west-northwest.

. The analysis of wave heights and wave loads in the Cabotage Harbor suggests the need for measures

to reduce wave activity to ensure safe operation of hydraulic structures. Protective piers could help
mitigate wave impact.

. Load analysis and calculations aid in selecting optimal design solutions that ensure the safety and

durability of hydraulic structures. The application of modern methods, such as numerical modeling,
allows for a more precise assessment of loads and the design of hydraulic structures tailored to regional
conditions. As a result of the study, the loads on structures in the Neva Bay were calculated.
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Abstract. Gypseous soils are widely distributed all over the world, particularly in Irag. These soils exhibit
unpredictable behaviour including losing strength and collapsing upon wetting. Treatment of gypseous soil
is necessary to improve its geotechnical properties and assess its potential applications in engineering
practices. Compacted gypseous soil samples stabilized with different binders, including cutback asphalt
and lime. Slope stability analysis was performed to determine the factor of safety and analyze the behaviour
of the stabilized gypseous soil. ADONIS 3.25, a computer program based on the finite element method,
was used to characterize the gypseous soil and to analyze the slope stability by Mohr—Coulomb failure
criteria and visco-plastic algorithm. The effects of varying the percentages of binders and the slope angle
(H:V) were investigated. A total of thirty numerical analyses were performed. Results of the numerical
analysis indicated that the best slope stability was obtained when the gypseous soils stabilized with 4 %
cutback asphalt and 3 % lime at a slope angle of 3H:1V. It was also observed that the slope angle has a
considerable effect on the safety factor of the slope, such that, the steepest the slope angle — the lowest
the safety factor.
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1. Introduction

Slope stability analysis is required in geotechnical projects, such as cuts, fills, dams, and road
embankments, since it concerns the safety of human life and property. As a result, appropriate slope
inspections, remedies, and engineering solutions must be provided to prevent potentially devastating
collapse [1]. A slope failure is the failure of a mass of soil in a downward and outward movement of a slope.
The surface along which the slide occurs has different shapes and represents the surface of minimum
resistance. A variety of methods and techniques have been used for the analysis of earth slopes, including
the finite element method (FEM) based on cohesion (c) and internal friction angle (®) reduction, the finite
difference method (FDM), the limit analysis (LA), and a combination of the FEM and the FDM [2]. Slope
geometry, soil type, soil shear strength, soil stratification, groundwater condition, and seepage significantly
impact slope failure and should be considered during slope stability analysis [3].

Slope stabilization can be accomplished using a variety of approaches including structural and
geometric methods [4]. For example, reducing the slope height (H) results in a higher factor of safety (FS)
of the slope. Many other studies have employed soil improvement and stabilization to investigate the
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behaviour of reinforced slope stability soils made of various materials [5-8]. Soil stabilization alters the
engineering properties of soils, such as gypseous soils, in such a way that it gains long-term strength and
stability. Gypseous soils are soils that contain gypsum and are susceptible to losing strength when
introduced to wetting. Gypseous soils with varied proportions of gypsum contents cover a large portion of
Irag. The estimated coverage area of gypseous soils was reported to be about 12.2 % by Barazanji [9] as
shown in Fig. 1. The amount of gypsum in the upper north and centre parts of the Euphrates and Tigris
beds can reach 80 %, whereas the gypsum content of the Al-Jazirah area ranges from 3 % to 10 % in the
upper parts to 50 % in the lower parts [10].

Several stabilizers can be used to improve the characteristics of gypseous soils by limiting the effect
of water, such as cutback asphalt and lime. Bituminous soil stabilization is one of the oldest methods for
improving soil properties. Cutback asphalt dissolves in certain solvents, such as gasoline, to improve its
fluidity and workability. Cutback asphalt is classified into rapid, medium and slow curing cutback depending
on the solvent used [11]. When the solvent evaporates, the bitumen remains to bond the particles together.
The asphalt acts as a waterproofing agent and enriches the cohesive strength and durability characteristics
of gypseous soils. Asphalt coating the soil particles provides a membrane that prevents or limits water
infiltration, which would otherwise result in a loss of soil strength. In the waterproofing of bituminous
materials, two hypotheses can be explained. The theory of the plug at which the bituminous globules
operate as plugs or stoppers in the soil void spaces or soil capillaries, removing or eliminating the flow
pathways via which surface water might enter or exit the mix [12]. The membrane theory is the second
theory that assumes a thin bituminous film will operate as a covering or segregator for individual soil
particles, resulting in the same consequence of waterproofing the soil as the plug theory, however in a
slightly different way. Cutback asphalt also acts as a cementing agent, such that the soil particles also
adhere to the asphalt allowing it to act as a binder or cementing agent. The cementing effect thus increases
shear strength by increasing cohesion [13]. According to the intimate mix theory, the efficiency of a
bituminous material’'s cementing activity is primarily explained by the adhesion that occurs between the
binder and soil particles. The action of surface tension, adsorption, and other features of the solid and liquid
surfaces interact to produce this adhesion. Since water has a higher wetting power than any bituminous
binder, full cementation and total adhesion can only be achieved when the binder displaces any water on
the surface and when too much binder is applied and the film covering around the particles becomes too
thick. Because the bituminous cohesiveness is reduced, contact between the particles is prevented, and
strength is reduced. Lime soil stabilization, on the other hand, has been often used. The lime is added in
the form of calcium oxide or calcium hydroxide to the soil at the optimum moisture content [14].

Generally, all fine-grained soils treated with lime show lower plasticity, enhanced workability, and
reduced volume change characteristics. Not all soils, however, have better strength properties. The
characteristics of a soil-lime mixture are influenced by several factors, the most important of which are soil
type, lime type, lime percentage, and curing conditions [15]. When lime is added to fine-grained soil, it
causes a series of reactions. Cation exchange is taken place in which the positively altered ions cling to
the surface of clay particles. The common cation replacement happens in the form of lyotropic series (Na+
K+ Mg++ Ca++). It is clear from this series that if multivalent cations are accessible in the soil, monovalent
cations will be replaced by them [16]. As a result of the modifying effects of electrolytes on the extension of
the electrical double layer from the surfaces of clay particles, clays flocculate when electrolytes are added.
The electrolyte reduces the electrostatic repulsive interactions between clay particles by repressing the
double layer. This causes a net pull between negatively charged faces and positively charged edges of
neighboring clay particles, especially between negatively charged faces and positively charged edges of
nearby clay particles [17]. The other series of reactions can occur in the form of pozzolanic reactions. The
pozzolanic reactions are lime reactions with soil silica and/or alumina that result in the development of a
stiff water-insoluble gel that cements the soil particles [18]. When lime reacts with the silica and/or alumina,
it forms calcium silicate hydrated and/or calcium aluminate hydrated in the form of a soluble gel that coats
and cements soil particles as it hardens. Pozzolanic reactions are lime-dependent, and strength improved
slowly and steadily over time [17]. A potentially negative impact reaction on the stabilizing process could
be lime reacts with carbon dioxide in the air to generate calcium carbonate, a rather weak cementing agent
(CaCO03) [15].

Stabilization of gypseous soil with asphalt and lime has been recognized as an economical treatment
in Irag due to the abundance of limestone from which lime is manufactured and the availability of cutback
asphalt as refineries wastes [19]. These stabilizers have been successfully used to improve the engineering
properties of gypseous soils. Studies on examining the potential application of stabilized gypseous soils in
engineering practice, such as earth slopes are scarce. Therefore, this study aims to evaluate the slope
stability of gypseous soils stabilized with different percentages of cutback asphalt and lime using the FEM.
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2. Materials and Methods

Experimental results of a study conducted by Al-Safarani [19] was used in this study. Al-Safarani [19]
used a gypsume-rich soil that obtained from Abu Ghraib, 30 km from Baghdad with 48.6 % gypsum content.
The sample was collected at a depth of 0.5-1.0 m below the natural ground level [19]. Table 1 lists the
physical and chemical characteristics of the soil used [19]. Soil stabilization was achieved using the
hydrated lime (Ca(OH)z2) generated when quick lime reacts chemically with water. Table 2 shows the
chemical composition of the lime used [19]. A medium cutback asphalt [MC-30] produced by the Dora
refinery in Baghdad was used. The properties of asphalt used are given in Table 3 [19].

Two groups of stabilized samples were prepared. The first group were stabilized with 0 %, 2 %, 4 %,
6 %, 8 %, and 10 % cutback asphalt (MC). While, lime (L) of 3 %, 5 %, 7 %, and 9 % were added to the
soil samples with the best percentage of cutback asphalt to stabilize the second group. It was found that
the best percentage of cut back asphalt was 4 % as it shows better soil behavior in terms of compression,
permeability, collapse, and compaction. The stabilized samples were air-cured for seven days and then
soaked for about one hour. A series of direct shear tests were conducted on the prepared samples and the
results are summarized in Table 4 [19]. The dry unit weight for each condition was obtained from the
compaction tests.

Moderately to migniy
& sesiferous soils ove:
and unhydrite rock
B Gypsum des
Highly
pleistoce:
None to slight gypsiferous

Modeataly 1o highly gypsiforous assosiaied with lime

Figure 1. Gypseous soil in Iraq (after, Barazanji [9]).
Table 1. Geotechnical properties of the soil [19].

Standard
Gypsum content (%) 48.6
Liquid limit (%) BS1377: 1975, test No.2, A 31.0

Plastic limit (%) BS 1377:1975, test No.3 NP

Specific gravity of soil solids BS 1377:1975, test No.6 B 2.39
Maximum dry unit weight (kN/m?3) ASTM D698-78 16.0
Optimum moisture content (%) 14.7

Soil property Result

Sand (%) ASTM D422-72 90.5
Fines (%) ASTM D422-72 9.5
Soil classification USCS SP-SM
Sulphate content (SO3z) (%) BS 1377:1975, test No.5 22.21
Total soluble salt (T.S.S) (%) BS 1377:1975, test No.8 63.7
Chloride content (CL) (%) BS 1377:1975, test No.7 0.09
Organic matters (%) BS 1377:1975, test No.3 0.2
pH BS 1377:1975, test No.9 8.1

Table 2. Chemical analysis of Lime [19].

Composition

Percentage by weight

CaO 72.33
MgO 6.83
SiO2 10.25
Al203 1.68
Fe20s3 8.13
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Table 3. Properties of the cutback asphalt after Dora Refinery lab. Baghdad [19].

Property MC-30
Kinematics viscosity at 60°C (c.Stoke) 75-150
Specific gravity of soil solids 0.99
Distillate, %vol. of the total, Distillate to 360°C
To 225°C 25 max.
To 260°C 40-70
To 315°C 75-93

Residue from distillation to 360°C%vol. by difference 50 min.
Test on residue from the distillation

Penetration at 25°C (100g, 5 sec.) 120-300
i ‘ ' 100 min.

Ductility at 25°C _
99.5 min.

Solubility in CCl4, Y%wt. min.

Table 4. The effect of binder on shear strength parameters [19].
Percentage of binder c (kPa) @ (degree) yd (kN/m3)

0% MC 10.0 46.3 16.00
2% MC 28.0 39.8 15.25
4 %MC 39.5 42.0 14.90
6 % MC 435 37.6 14.75
8 % MC 38.5 37.0 14.60
10 % MC 37.0 36.2 14.20
4%MC+3%L 51.5 445 14.90
4%MC+5%L 53.0 40.2 14.85
4%MC+7%L 36.1 39.8 14.70
4%MC+9%L 35.0 28.6 14.70
2.1. Failure Criteria

Several failure criteria for characterizing the strength of soil as an engineering material have been
developed. The best-known criterion for soils with both frictional and cohesive components of shear
strength is Mohr—Coulomb, which has the shape of an irregular hexagonal cone in primary stress space.
Cylindrical failure criteria are acceptable for metals or undrained clays that behave in a frictionless manner

(ou =0, ou is the angle of internal friction in undrained condition). These are the most basic conditions,

and they are not affected by the initial invariant S or ©,,. Since the Tresca criterion is a particular case of

the Mohr—Coulomb criterion, it does not require independent mathematical treatment [20]. According to the
Mohr—Coulomb criterion, the shear strength increases with increasing normal stress on the failure plan [21].

1=C+otang, (1)

where T is the shear stress on the failure plane, C is the cohesion of the material, ¢ is the normal effective
stress on the failure surface, and @ is the angle of internal friction. This failure criterion is shown graphically

in Fig. 2. The concept of the Mohr circle can be used to express the criterion in terms of principal stresses.
According to Fig. 2,

% — AB+ BF. (2a)

That is

%: OAsind + C cos . (2b)

Hence:
61 -63 _ 0
2

; 3 sin @+ Ccosd. (2¢)
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Here, 6; & o3 are the major and minor principal stresses, respectively. In the stress space,
Equation (2c) describes an uneven hexagonal pyramid. The projection of this surface on the m-plane is
shown in Fig. 2. The three stress invariants are G,,, ¢ and 0. In which G,, describes the mean stress, ¢
describes the shear stress, and 0 gives the direction of the shear stress. The relationship between principal
stresses and invariants is given as follows.

Glzcm+2/365in(6—23—nj; (3a)
6, =0, +2/3Gsin(0); (3b)
_ . 2n
G3=Gm+2/3681n(9+?J, (3c)
where:
—S/\/g G=t 2 S—L +0,+0,); 4
Oy = S _\/5(6)6 o, +5.); @)
1 2 2 2 > 5 2 1/2.
tzﬁ[(cx—cy) +(Gy—GZ) +(GZ—0x) +6rxy+6tyz+6rzx} ; (5)
Ozlarcsin _3—\/8J3 , (6)
3 £
where:
J3=8,8,8. = 8,1, =S, 10 — 8.1, +21,,1,.T... (7)
And
26,-6,—-C
sz( — Z), ®)
3
etc.

The substation of ¢; and G5 from equations (3a and 3c) in equation (2c) provides the function

cosO sinBOsind

3 3

Which is dependent upon all three invariants (Gm, G, 6). The Tresca criterion is obtained from

F=Gmsin@+6( J—Ccos@. 9)

equation (3) by using (@ = O).

F:Gcose_c

NI

(10)
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Figure 2. Mohr-Coulomb criteria on (a) o-T1-plane, (b) stress space and (c) 1 plane.
2.2. Finite Element Method

The FEM is often used to obtain a realistic evaluation of stresses and deformations within earth
structures as an approximate solution for gypseous soil. The results of finite element analysis can also be
effectively used to evaluate the overall degree of safety and stability of these structures. The proper
modelling of materials behavior and the efficient simulation of different loading conditions confirm to a high
extent the reliability of the finite element results. The mathematical formulation related to the theoretical
aspects of the finite element techniques is presented by Reddy [22].

The solution technique utilized in the present analysis is based on the modified Newton—Raphson
method where the elastic solutions are repeated for a constant stiffness matrix. To achieve the required
convergence, the load vector (the right-hand side) is to be changed iteratively. The following equations are
used for each load increment:

K& =P (11)

Must be solved for displacements &' where i represents the iteration number. The element
displacement increments u; are extracted from the nodal displacement vector oi and these lead to total

strain increment according to the strain-displacement relationships:
A€’ = Bu', (12)

where B is the B-matrix of an element. If the material is yielding, the strains will comprise both elastic and
plastic or visco-plastic components, as given in Equation (13):

Ag' = (Ag(3 +A8P)i. (13)

Only the elastic strain increments Ag® cause stresses to be generated by the elastic stress-strain

matrix (De); thus:

Ao’ = D (Ase )i. (14)



Magazine of Civil Engineering, 17(8), 2024

These stress increments are added to the stresses already existing from the previous load step and
updated stresses are substituted into the failure criterion. If stress redistribution is required, the load

increment vector £ in equation is changed (15). This load vector, in general, holds two sorts of loads as

shown by:
B=F,+F, (15)

where P, denotes the actual applied load increase, and Pbi denotes the body load vector, which fluctuates

from iteration to iteration. The Pbi vector must be self-equilibrating in order for the system’s net load to be
unaffected.

The visco-plasticity algorithm established by Zienkiewicz [23] is used to generate the body-loads
vector. The material is allowed to endure stresses that are outside the failure criterion for finite elements in

this manner (periods). Overshoot of the failure criterion, denoted by a positive value of (f), is a crucial

component of the approach and is utilized to create the algorithm. The plastic strains generated by this
algorithm are referred to as visco-plastic strains because their rate is proportional to the amount by which
yield has been violated by the expression:

&7 -r%, (16)
oo

where the potential function (Q) is used instead of the yield function to account for the non-associative
flow rule.

For dimensional considerations, a pseudo-viscosity property equal to unity is implied on the right-
hand side of Equation (16). The increase of visco-plastic strain is accumulated from one “time step” or
iteration to the next by multiplying the visco-plastic strain rate by a pseudo-time step:

(&Wyzm@WY; (17)

(AgVP )i :(AsVP )H +(88VP )j. (18)

Since the time step for unconditional numerical stability is dependent on the stated failure criterion,
the Mohr—Coulomb criterion:
4(1+v)(1-2v)
E(l—2v+sin2 (p)

At = (19)

where v is Poisson’s ratio and E is the modulus of elasticity. The derivatives of the potential function (Q)
concerning stresses are conveniently expressed through the chain rule; thus:

o0 _ 0Q do,, N 00 aJ, N 00 0J;
o 0o, 0c @8J, 0o 0J; 0o

(20)

Summing the following integrals for all elements having a yielding Gauss point, the body loads Pbi
are accumulated at each time step inside each load phase:

i _ pi-l  xoall T e (s VP Y
By =B+ ioment ) B D (88 ) d(element). (21)

At each time step or iteration, this process is repeated until no Gauss point stresses violate the failure
condition within a given tolerance. The convergence criterion is based on a dimensionless measure of the
change in the displacement increment vector | from iteration to iteration. Description of the entire algorithm
are given in [20].
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2.3. Factor of Safety Calcualtion

ADONIS is a free geotechnical nonlinear finite element software (http://geowizard.org) that employed
the visco-plastic algorithm presented by Smith and Griffiths [20]. The problem to be investigated is a Mohr—
Coulomb slope subjected to gravity loading. The FS of the slope must be determined, and this factor is

defined as the proportion by which tan (@) and C must be reduced to induce failure. This differs from
the author’s software, which caused failure by raising loads while keeping the material attributes constant.

From integrals of the type, the gravity loading vector P, for material with unit weight (y) is
accumulated for each element.

all T
P, = yzelementh d (element). (22)

These computations are made in the same program that creates the global stiffness matrix. It is worth
noting that the integrals only include the freedoms that correspond to vertical movement. The 1-d array
ELD is used at the element level to collect the contributions from each Gauss point. After multiplying by the

unit weight GAMA (y), the global gravity loads vector GRA VLO gathers ELD from each element.

In this software, the gravity loads vector is applied to the slope in a single increment, and the “load
increment loop” is now known as the “trial factor of safety loop”. Each step in this loop corresponds to a
distinct soil strength parameter's FS. The elastoplastic analysis requires calculated soil strength
parameters, which are obtained.

D= arctan (tan &/ FOS); (23)
C

Cr=—- 24

/" Fos )

Several (typically increasing) values of the FS are tried until the algorithm fails to converge while
keeping the load constant. The value to induce failure is the actual factor of slope safety.

2.4. Slope Stability Analysis

Three slope angle geometries were considered for the analysis (1H:1V), (2H,1V), and (3H:1V) as
shown in Figs. 3a, b and c, respectively. Fig. 3 also illustrates the typical generated finite element mesh
with the boundary condition of the slope problem. The parametric studies were the slope angle and binder
contents in the gypseous soil.

3. Results and Discussion

Table 5 presents the safety factors calculated for the three slopes of gypseous soils stabilized with
various percentages of cutback asphalt and lime binders. Results of the slope stability assessment
indicated that the gentlest slope of (3H:1V) produced a higher FS compared to the other steeper ones.
Such slope geometry impact on the slope stability was also reported by Shiferaw [1] and Taher et al. [24].
By decreasing the slope angles from 1:1 to 3:1, the safety factor increased by a range of 76 % to 84 % for
all treated gypseous soils and by about 107 % for the untreated gypseous soil. The optimum percentage of
cutback asphalt that produced the highest FS was found to be 6 %. This observation differs from the
experimental results, in which 4 % was the optimum content of cutback asphalt. The reason could be related
to the fact that the numerical analysis takes into consideration various stress distributions for each point
along the failure surface, such as triaxial compression, direct simple shear, and triaxial extension, whereas
the experiment results were only based on the direct shear tests [25] as explained in Fig. 4.
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Figure 3. Typical generated mesh for prototype slopes geometry
at (a) 1H:1V, (b) 2H:1V and (c) 3H:1V.
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Figure 4. Stresses distributions for each point along the failure surface
(after Nitzsche and Herle) [25].

The results presented in Table 5 also revealed that the stability of the slope was further improved
when gypseous soils stabilized with mixed binders of 4 % MC and up to 5 % L. While no improvements
were obtained with further addition of lime. Thus, it can be concluded that the greatest increase in the
degree of stability was observed on slopes of gypseous soil with 4 % MC and 3 % L added binders. The
reason could be mainly related to the increase in the soil strength (see Table 4), which resulted in increasing
the FS.

Potential failure plane

o

Figs. 5a, b and c show the percentage increase in the FS versus the percentage of binders in the
gypseous soil for slope angles 1:1, 2:1 and 3:1, respectively. The increasing percentage in the FS was
calculated based on the following Equation:

FS, ~FS,

reated soil

FS,

untreated soil

ntreated soil %100.

FS (increasing percentage %)= (25)

It can be noticed from the results that the best increase in the FS of about 155 % was produced by
the steepest slope followed by 130 % for the slope of 2H:1V and 120 % for the gentlest slope.
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Table 5. Factors of the safety of the three slope angles with different percentages of binders.

Binder percentage

1HAV 2HAV 3H:AV

0 % MC

2% MC

4 % MC

6 % MC

8 % MC

10 % MC
4%MC+3%L
4%MC+5%L
4%MC+7%L
4%MC+9%L

FS
2.467 3.838
3.904 5.580
5.092 7.221
5.264 7.373
4.826 6.787
4.752 6.678
6.275 8.873
6.193 8.686
4.873 6.721
4.135 5.783

5.110
7.182
9.225
9.373
8.650
8.510
11.279
11.029
8.592
7.314

Fig. 6 presents the contours of the total displacement of the slope (3H:1V) at three selected
percentages of the binder. It can be observed that as the binder content increased, the deformation
decreased. The results of the failure mechanism slope also indicated that the majority of the failure surface
was circular, which can be classified as face slope failure. This is because the soil employed in this study
was gypseous soil, which is prone to collapse at the slope’s face.
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60
40
20
0
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160
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120
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2%MC 4%MC 6%MC 8%MC10%MC4%MC 4%MC 4%MC 4%MC
+3%L +5%L +7%L +9%L
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(c)

2%MC 4%MC 6%MC 8%MC10% MC4%MC 4%MC 4%MC 4%MC
+3%L +5%L +7%L +9%L

Binder (%)

Figure 5. Percentage of increase in the FS with different content of binders
of the three slopes at (a) 1H:1V, (b) 2H:1V and (c) 3H:1V.
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(c) 4% MC + 3% L

Figure 6. Contours of total displacement of 3H:1V slope at

(a) 0% MC, (b) 6% MC and (c) 4% MC + 3% L.

4. Conclusions

The stability of slopes of gypseous soil stabilized with different percentages of cutback asphalt and
lime was assessed using ADONIS computer program based on the FEM. The influence of slope angle
(H:V) and binder percentages were considered in the analysis. The main findings from the numerical

analysis can be summarized as follows: [1]

1. The angle of the slope has a substantial impact on slope stability. Such that, when the slope angle
was changed from the steepest (1H:1V) to the gentlest (3H:1V), the safety factor increased
dramatically. A similar finding was also reported by Shiferaw, and Taher et al. [23].

2. Based on the calculated FS, it can be suggested that stabilization of gypseous soil with cutback
asphalt and lime offers a possible implication of the improved soil in engineering practice.

3. Results of the stability analysis revealed a disagreement with the experimental results concerning
the optimum content of the cutback asphalt stabilizer. The numerical results showed that when
stabilizing the gypseous soil with cutback asphalt alone, the 6 % MC provides the highest safety

factor.

4. The greatest stability of slopes was attained when gypseous soils were stabilized using 4 % MC
and 3 % L at a slope angle of 3H:1V.

5. Comparison between unstabilized and stabilized gypseous soil indicated that the steepest slope of
1H:1V provided the greatest increase in the safety factor.
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Abstract. The elevated standards for architectural and artistic expression, pivotal in enhancing the livability
of urban landscapes, are significantly influenced by the innovative characteristics of materials employed in
landscaping features and minor architectural structures. This paper delves into the influence of the particle
size distribution of photoluminescent pigments on the quality of afterglow observed on the surface of
hardened cement paste. Utilizing a method of computer image analysis, the study scrutinized samples with
diverse compositions containing varying proportions of photoluminescent pigments. The principal aim of
the investigation was to evaluate the uniformity of afterglow luminosity across the surface of hardened
cement paste integrated with photoluminescent pigment. Experimental results revealed that the pigment
fraction measuring 100-110 ym demonstrated superior uniformity and longevity of afterglow, while
maintaining the integrity of the hydration processes within the cement matrix. In contrast, fractions sized
30—40 uym and 180-190 um exhibited a diminished uniformity in the dispersion of light spots on the surface
of hardened cement paste by 79 % and 88 %, respectively. This discrepancy can be ascribed to variations
in the quantity of particles capable of photoluminescence and their distribution within the volume of the
cement matrix.
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1. Introduction

Photoluminescent materials constitute a crucial category in construction due to their afterglow
capability, rendering them appealing for various applications such as signaling, emergency lighting, and
decorative purposes. Typically, in the manufacturing of construction materials, photoluminescent pigments
(PLPs) are incorporated into cement-based formulations [1-5]. However, for the effective utilization of PLPs
in construction materials, ensuring their uniformity and stability of light emission is imperative [6—8].
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Afterglow denotes a phenomenon wherein a material retains light energy and emits it for a specific
duration after the external light source is removed. This phenomenon relies on the properties of
photoluminescence, which are achieved by integrating PLPs into the material. PLPs possess the ability to
absorb and store light energy, subsequently emitting it as visible light for a certain period [9, 10].

With an increase in the concentration of pigments, the brightness of the afterglow increases, but at
certain concentrations, attenuation and degradation of the light properties of the material are observed [11].
At the same time, different types of pigments exhibit varying durations of afterglow and spectral
characteristics. For example, some pigments have a long afterglow, which can be useful for decorative and
safety lighting, while other pigments provide a brighter glow, suitable for signal markings [12].

Various additives and substances in PLPs cement composites have different effects on afterglow.
Thus, some additives contribute to a better dispersion of pigments and an increase in the uniformity of light
emission, while others can lead to undesirable interactions that affect light emission [13]. In [14], methods
for synthesizing PLPs and their effect on the afterglow brightness were studied. The authors presented a
new method for the synthesis of pigments, which makes it possible to obtain particles with improved light-
emitting properties. It has been shown that the use of such pigments in cement-based composites improves
the brightness of the afterglow and the uniformity of light emission [14].

Conditions for the production and optimization of the process of applying PLPs on the surface of
hardened cement paste on the light-emitting properties of materials. Mixing parameters, curing temperature
and humidity play a decisive role in the formation of a homogeneous structure of the material and its light-
emitting properties [15]. At the same time, new application methods, such as mixing pigments with
transparent coatings and the use of special adhesives, make it possible to achieve a more uniform
distribution of pigments on the surface and increase the brightness of the afterglow [16—-18].

The use of PLPs in building materials, such as concrete, represents an important class of materials
with afterglow results. These PLPs facilities are designed for a variety of purposes including alarms,
emergency lighting, and decorative features. However, for the beneficial use of PLPs in building materials,
it is necessary to ensure their visibility and stability of luminescence [19, 20].

Uniformity means that the luminous properties of a material should be uniform and uniform across
its entire surface to avoid the appearance of uneven bright or dull areas. Glow stability is important so that
the luminous properties of the material do not change over time and under the influence of various operating
conditions [21-23].

To achieve this goal, it is necessary to study the influence of the particle size distribution of pigments
on the afterglow quality, since when analyzing the afterglow of the surface of hardened cement paste, it is
important to consider how the particle size affects the texture and homogeneity of the coating and the color
intensity due to the fact that, based on available data [9, 10], the influence of the particle size of pigments
is (or should be) an important factor influencing the uniformity and quality of the afterglow of hardened
cement paste. Particle size distribution refers to the size and distribution of particles within a pigment.
Studying the particle size distribution will help determine large particle sizes to achieve high results and
stable luminescence.

Based on previous studies in the field of PLPs building materials, further research should probably
be conducted to study the light after luminescence of the hardened cement paste surface with PLPs.

The aim of the work is to establish the possibility of providing the best uniformity of afterglow of
hardened cement paste by using PLP of different sizes.

The use of hardened cement paste is due to the fact that, unlike concrete, it does not contain concrete
aggregates, which allows for a better study of the effect of PLPs on the properties of hardened cement
paste and a more accurate assessment of how different particle sizes of pigments affect the formation of
hydrates.

The main objectives of the study are: to study the effect of different pigment particle sizes on the
brightness distribution after the light source is removed; to apply an image entropy analysis algorithm to
identify areas with increased brightness and to assess the uniformity of the distribution of light spots on the
surface of the hardened cement paste; to compare the obtained data on the brightness and homogeneity
of the afterglow for different pigment fractions in order to determine the optimal particle size to achieve the
best results and to assess the effect of the selected pigment fractions on the hydration processes in the
cement matrix to ensure that they do not disrupt the formation of the necessary hydrates that provide the
strength and stability of the hardened cement paste.

2. Methods

This study employed a primary method based on computer image analysis. Each sample consisted
of hardened cement paste with PLPs, substances capable of absorbing and then emitting light. Aalborg
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White CEM | 52.5R Portland cement (specific surface area 425 m2/kg; mineral composition, %: C3S — 78.7;
C2S — 7.1; C3A — 5.37; C4AF — 0.49) was used to prepare specimens with a water-cement ratio of 0.43
measuring 10x10x10 cm. Waterproof, long-lasting, high-brightness pigment SrAl204: Eu?*, Dy3* particle
sizes of 3040, 100-110, and 180-190 ym and a yellow-green tint in an amount of 10 % of the cement
mass were used as PLP for concrete. The glow intensity increases with increasing content of PLP in
concrete, however, according to [8], the glow intensity of samples with a pigment content above 10 %
changes insignificantly. The use of this type of pigment of such a particle size is due to its high quantum
efficiency, long afterglow phase, and high resistance to ultraviolet radiation. When measuring the initial
brightness of the afterglow under standard experimental conditions, we photographed the samples after 14
days of their hardening in natural humid conditions. This allowed us to capture the initial level of
luminescence that occurs after exposure to light and subsequent extinction.

For analyzing the quality of the surface afterglow, we utilized an image entropy analysis algorithm.
This algorithm enabled us to identify areas of the image where brightness changes most intensively,
indicating transitions from dark to light regions [24, 25]. Subsequently, we applied binarization to divide the
image into “white” and “black” areas, helping evaluate how evenly the luminescent spots were distributed
across the surface of the hardened cement paste.

Within the scope of the study, several criteria were selected for quality assessment, including the
average level of the brightness histogram (1), contrast (Ac), and uniformity (S) of light spots. A comparison
of the histogram median (|) across different samples enables conclusions to be drawn regarding the
contrast of light spots on the surface. Samples exhibiting higher median entropy generally exhibit greater
contrast. The width of the histogram (Ac) allows for the comparison of samples based on the uniformity of
changes in brightness over the surface. A narrower histogram typically indicates a more uniform distribution
of afterglow foci. The afterglow brightness was estimated by measuring the afterglow of the sample using
a lux meter in a dark room at an illumination brightness of 0 lux, after removing the excitation (charge)
irradiation from the D65 light source [7].

3. Results and Discussion

Histograms of images were analyzed, which displayed the distribution of the entropy of brightness in
magnitude (Fig. 1). The images presented in the graphs show the distribution of brightness entropy with 5,
50, and 95 % quantiles labeled.
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Figure 1. Uniformity of the afterglow of the surface of samples with PLP with different fractions:
a-180-190 pm 10 %; b — 30-40 pm 10 %; ¢ — 100-110 pm 10 %.

The results demonstrate that incorporating fractions of PLPs sized 30—40 ym and 180-190 um into
hardened cement paste significantly reduces the uniformity of light spot distribution on its surface. The
reduction in uniformity amounts to 79 % and 88 %, respectively. This reduction is consistent with findings
from Wang et al. [2], who observed a 75 % decline in uniformity with larger particle sizes.

To delve deeper into the impact of the 180-190 um PLPs fraction, introducing this fraction while
maintaining a constant pigment mass ratio in the cement matrix results in a lower number of PLPs particles
capable of generating photoluminescence. This leads to non-uniform afterglow within the cement matrix
volume, thereby causing a reduction in the uniformity of light spot distribution on the surfaces of specimens
containing this PLPs fraction (Fig. 1, a).

In contrast, the 30—40 pm PLPs fraction promotes the formation of a denser surface layer through
the growth of new formations, such as calcium silicate hydrate and tricalcium aluminate hydrate (Fig. 1, b).
This results in the formation of a dense surface layer of C-S-H, the main product of cement hydration, and
AFt (aluminoferrites) as crystalline structures formed in the presence of excess calcium and sulfate during
hydration, which in turn results in partial pigment closure or pigment encapsulation (Fig. 2). This
encapsulation is critically important as it is directly related to the observed reduction in brightness and
afterglow duration. Gao et al. [3] observed a 65 % reduction in brightness due to densification with smaller
PLP fractions.
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n CH+n S+(n-1) H=n C-S-H
Figure 2. Scheme of C-S-H and AFt around PLPs particles.

The fraction of PLPs with a size of 100-110 um exhibits properties that contribute to a uniform
afterglow of the surface of the hardened cement paste. This particle size is smaller than the particle size of
Portland cement, allowing the PLPs to form a layer on the surface of the cement sample that is uniform and
open to light irradiation, maintaining a uniform distribution of light spots (Fig. 1, c). He et al. [5] found a 90 %
improvement in uniformity with optimal particle size selection.

The 100-110 ym PLPs fraction fills voids in the mixture, creating a denser structure. These particles
penetrate the pores of the cement matrix, optimizing its structure (Fig. 3), which apparently has a positive
effect on the subsequent strength of concrete with photoluminescent properties. Wang et al. [4] reported a
20 % increase in compressive strength with similar optimization.

After the initial increase in concrete strength, a slow stage begins, during which a significant change
in the composition of hydration products occurs. This stage is critical for the formation of a concrete
structure that will have optimal properties throughout its entire service life. Thus, the selection and use of
the 100-110 uym PLPs fraction does not disrupt the hydration of the components in the mixture (Fig. 4),
without leading to excessive formation of C-S-H and AFt around the particles, which critical to ensure the
durability and reliability of concrete structures.

The PLPs fraction of 100—110 ym has an optimal size that allows it to be integrated into the cement
matrix without disrupting the hydration process. This means that PLPs particles do not interfere with the
formation of C-S-H and AFt hydrates around them. Thus, the PLPs fraction does not cause unnecessary
formations or anomalies in the structure of concrete, which can lead to a deterioration in its quality.
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Figure 3. Microstructure of hardened cement paste containing PLP with fraction of 100-110 pm.
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Figure 4. Radiographs of hardened cement paste using Portland cement and Portland cement
containing PLP with fraction of 100-110 pm.

Due to their size and chemical composition, PLPs particles of 100-110 ym are integrated into the
structure of the hardened cement paste, maintaining its strength and stability. This integration creates more
durable and reliable concrete structures, reducing the risk of deformation or destruction due to
inhomogeneities in the structure. Solis et al. [11] observed a 15 % reduction in structural deformation with
optimal PLP integration.

The introduction of PLPs into building materials aims to improve the decorative properties of the
material without reducing its physical and mechanical characteristics. It is crucial that these pigments do
not affect the hydration of the mixture components or lead to excessive formation of hydration products
around the pigment particles. Hydration is the chemical process of cement reacting with water to form the
hydrate compounds necessary for a strong concrete matrix. Suleymanova et al. [8] found that improper
selection of PLP fractions can result in a 30 % increase in unwanted hydration products.

The study confirmed that the correct choice of the PLPs fraction plays a key role in ensuring a uniform
and high-quality afterglow of the surface of the hardened cement paste. The PLPs fraction with a size of
100-110 um showed the best properties in this regard, providing a uniform and long-lasting afterglow
without interfering with hydration processes in the cement matrix. Tunali and Selli [10] emphasized the
importance of particle size, noting that the 100—110 um fraction provided 25 % longer afterglow than other
sizes in the natural state, which is consistent with studies conducted on pigment afterglow in hardened
cement paste.

Based on the studies, the pigment fractions were ranked according to the increase in the
homogeneity of the afterglow of the hardened cement paste with their use in the following sequence: 180—
190 pm — 30—40 ym — 100-110 pm.

4. Conclusion
The results of the study on the example of waterproof, long-lasting, high-brightness pigments
SrAl204: Eu?*, Dy3* show that the particle size distribution of PLPs has a significant impact on the afterglow
quality of the hardened cement paste surface.

It was found that with the introduction of PLP fractions with sizes of 30—40 um and 180-190 pum, the
uniformity of the distribution of light spots decreases by 79 % and 88 %, respectively, in relation to PLP
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fraction 100—-110 um. This means that the use of these PLPs fractions leads to a less uniform distribution
of luminous points on the surface of the hardened cement paste.

Pigment fractions are ranked according to the increase in the afterglow uniformity of the hardened
cement paste when used in the following sequence: 180-190 ym — 30—40 ym — 100-110 ym.

With equal consumption of different pigment fractions by mass, the low efficiency of the large fraction
(180—190 um) is explained by the smaller number of particles capable of exhibiting photoluminescence, as
well as their heterogeneous distribution in the volume of the cement matrix. In the case of the finely
dispersed fraction (30-40 um), the pigment particles, due to their size, form a denser coating of the surface
with new formations of hardened cement paste, which leads to a decrease in the brightness and duration
of the afterglow.

It has been established that the results of the study of the deep glow allow selecting the stage of
PLPs to ensure high quality afterglow and the effect of light spots on the surface of the hardened cement
paste. It is possible that the effect of pigment size established in this work may be somewhat different
quantitatively when using other pigments and cements. However, the results of the work showed the
possibility of ensuring the best uniformity of the afterglow of hardened cement paste by using PLPs of a
certain size.

The 100-110 um fraction is gaining attention as the strongest choice of this decade. Its use gives
the best results in terms of uniformity and duration of afterglow without disturbing the hydration processes
in the cement matrix. This indicates that the working fraction is capable of providing not only effective glow,
but also maintaining the stability and strength of the material itself.

These findings represent an important step in the development of the construction industry, where
the requirements for the aesthetic and functional characteristics of materials are constantly evolving. The
research results will be useful in creating new building materials with photoluminescent effects, which will
allow engineers and architects to create more sustainable, attractive, and reliable structures.

Therefore, proper selection of PLPs is a key factor to ensure post-glow quality of building materials,
and this study will help in this process.
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