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Abstract: The relevance of the study is driven by the expanding use of numerical models in the design practice
of retaining structures and the need for their verification. A promising design solution for retaining walls is a
stepped structure, sequentially constructed from hollow-body box type blocks infilled with crushed stone. This
solution has several features that require the adaptation of existing calculation methods.

A numerical model of a retaining structure made of thin-walled blocks infilled with soil has been developed
based on the analysis of the interaction between the structure's components under load, taking into account the
work of the foundation and surrounding soil. The SiO2D finite element modeling computer software was used as
a modeling tool. The calculation results for the proposed numerical models are compared with corresponding re-
sults for analytical solutions. The parameter values of the main physico-mechanical properties of the numerical
models were determined as a result of field and laboratory tests in accordance with standard methodologies con-
sidering the scale of the tests.

The features of the design solution and construction technology of retaining structures made of thin-walled rein-
forced concrete blocks infilled with crushed stone were examined. Numerical models of retaining structures
made of soil-infilled blocks were constructed using the domestic software package SiO2D. Laboratory and field
tests established the parameters of the numerical model of the retaining structure. The research demonstrates
high values of the structural cohesion («interlocking») parameter ¢ (up to 60 kPa), alongside a high internal fric-
tion angle value ¢ (up to 60°), ensuring high shear stability of the infilled blocks.

The study, using numerical models, proposes a calculation basis for retaining structures made of soil-infilled
blocks forming a stepped construction, where the blocks are not rigidly connected but are held in their design po-
sition by the internal resistance forces of the soil against shear.

Keywords: retaining structures, new structures, calculation methods, numerical models,
mechanical strength characteristics of crushed stone
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AHHOTAUMSA: aKTYaJIbHOCTh HCCIIEOBAaHMA 00yCIOBICHA pacIIipeHueM 00IacTH MPUMEHEHHS YHCICHHBIX MO-
JIeNieil B IpaKTUKE MPOSKTHPOBAHMUS MOAIOPHBIX COOPYKEHHH 1 He0OOXOANMOCTEIO NX Bepupukarmn. OqHIM 13
MIEPCIICKTUBHBIX KOHCTPYKTUBHBIX PEIICHHUH IMOATIOPHBIX CTEH SIBIISIETCS CTYIIEHUATast KOHCTPYKIIMS, TIOCIeI0Ba-
TETHFHO BO3BOJMMAS U3 IYCTOTEBIX OJIOKOB-KOPOOOB C 3aloHEHHEM ToJocTel meOHeM. Pemienne oOnagaet
PsAIOM 0COOCHHOCTEH, TPeOYIOIINX aJanTalliy CyIECTBYIOIINX METOIOB pacuéTa.

UYucieHHas MOJCTH MOIMOPHOTO COOPY>KEHHUS U3 TOHKOCTEHHBIX OJIOKOB, 3aIIOIHEHHBIX TPYHTOM, pa3paboTaHa
Ha OCHOBE aHaJIM3a B3aMOCHCTBUSI KOMIIOHEHTOB COOPYKEHUSI MEX]ly COOOH 1MoJ1 AeHCTBUEM HArpy3KH C y4e-
TOM paboThl OCHOBAHMSI M OKPY)KAIOLIET0 IPyHTa. B KayecTBe MHCTPYMEHTa MOJEIUPOBAHUS IPUMEHEHA KOM-
NBIOTEPHAs [TPOrpaMMa KOHEYHO-3JIeMeHTHOTo MojenupoBanus SiO2D. Pe3ynbraThl pacdyeToB IO MPEIOKEH-
HBIM YHCJICHHBIM MOJIEJISIM COIIOCTABIISIFOTCSI C COOTBETCTBYIOIIMMH pe3yJIbTaTaMH aHAINTHYECKUX PEIICHUH.
3HaveHHs NapaMeTPOB OCHOBHBIX (PU3MKO-MEXaHMYECKHX XapaKTEPUCTHK YHCICHHBIX MOJEJIEH OIpee/ieHbI B
pe3ynbTaTe MOJIEBBIX M JTa0OPATOPHBIX MCIBITAHUN B COOTBETCTBUM C HOPMATHBHBIMU METOIWKAMH C YIETOM
Macitada UCTIBITaHui.

PaccMmoTpeHBI 0COOEHHOCTH KOHCTPYKTHBHOTO PEIICHUS M TEXHOJIOTUH BO3BEACHHUS MOIIIOPHBIX COOPYKCHHIA,
COCTOSIIITNX U3 TOHKOCTEHHBIX JKEIe300€TOHHBIX OJIOKOB, 3aMOTHIEMBIX IIeOHeM. [TocTpoeHbI unciieHHbIe Moe-
JIU TIOJTIOPHBIX COOPY’KEHUH M3 3aII0HEHHBIX TPYHTOM OJIOKOB C MMPHUMEHEHHEM OTE€YECTBEHHOT'O NMPOrPaMMHO-
ro kommurekca SiO2D. B pesynprare 1ab0paTOPHBIX M MOJEBHIX HCIBITAHNN yCTAaHOBJICHBI TApaMETPhl YHCIICH-
HOW MOJIEJIU TOJIIIOPHOTO coopysKeHusi. ViccaenqoBanus IeMOHCTPUPYIOT BHICOKHE 3HAUCHHUS Mapamerpa CTpyK-
TypHOTO creneHns («3auermieHus») ¢ (no 60 klla), Hapsay ¢ BBICOKMM 3HaY€HHEM yTJla BHYTPEHHETO TPEHUS ¢
(0 60°) 06ecreYnBarOIIEro BEICOKYIO YCTOHUMBOCT 3aI0JHEHHBIX OJIOKOB HA CIIBHI.

B pabote ¢ mpuMeHEHHEM YHCIEHHBIX MOJCINCH TMPEeAIOKCHO PacdeTHOe 0OOCHOBAHHE MOAMOPHBIX COOPYXKE-
HUH, COCTOSAIINX W3 3aMIOJTHCHHBIX TPYHTOM OJOKOB M COCTAaBIIIONINX CTYIEHYATYI0 KOHCTPYKIIHIO, B KOTOPOH
OIIOKM HE UMEIOT MEeKAY cOO0M JKECTKUX KOHCTPYKTHBHBIX CBSI3CH, a YICPKUBAIOTCS B TIPOCKTHOM TIOJOKECHUHT
3a C4ET CHJI BHYTPEHHETO CONPOTUBICHUS TPYHTA CABHTY.

KuroueBbie ¢j1oBa: MOANOPHBIE COOPYKEHNUSI, HOBbIE KOHCTPYKIMH, METOMBI PACYETA, YNCIIEHHBIE MOJIENH,
MIPOYHOCTHBIE XapaKTEPUCTHUKHU IIEOHS

INTRODUCTION

Numerical modeling of geotechnical systems is
currently a relevant and routine task for design
engineers [1, 2]. Modern finite element comput-
er software packages, designed for mathemati-
cally describing system behavior, are typically
verified by authoritative expert communities
through a set of test solutions that possess a
more rigorously established mathematical cor-
rectness [3, 4]. Such software packages serve
largely as automated tools, allowing users to
create models of system elements within the
limits of their own ability, describe their interac-
tions with each other and with the surrounding
environment, based on their own understanding
of the physical processes characteristic of the
system. The methods for modeling system com-
ponents in each program are implemented as a
set of special user tools, enabling each compo-
nent to be assigned a mathematical model that
best corresponds to its actual performance [5,
6]. Therefore, despite the near-complete auto-
mation of calculations, system modeling re-

mains a creative task, and the development of
nearly any engineering model depends on the
user’s creative experience and preferences,
rooted in their understanding of the actual be-
havior of the modeled system. As a result, re-
search tasks aimed at justifying and developing
methods for modeling complex engineering sys-
tems using mathematical tools, implemented as
a set of tools in specific computer programs,
remain highly relevant.

This is also true for systems that describe the
interaction of retaining walls with surrounding
soil and other components [7, 8]. Compared to
analytical solutions, numerical models allow for
more accurate reproduction of the configuration
of the retaining structure within the computa-
tional model, the layering of soils, more precise
positioning of applied loads, and the considera-
tion of their distribution characteristics [9, 10].
The setup of the calculation allows for the de-
scription of the retaining structure's behavior,
taking into account the stages of its construction
and loading, as well as changes in loads over
time and other factors.
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Currently, combined solutions for retaining
structures, where soil is used as a construction
material, are becoming increasingly widespread
[11]. This study investigates retaining walls
composed of individual hollow-body box type
blocks, stacked with an offset toward the slope
and infilled with crushed stone (Fig. 1) [12, 13].
The use of retaining walls of this design began
relatively recently in Japan [14], where initial
studies on the stability of such structures under
seismic loads were conducted [15].
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Figure 1. Cross-section of a retaining wall
made of blocks infilled with crushed stone

The design offers several advantages, includ-
ing  high  construction  speed, cost-
effectiveness, and aesthetic appeal. The main
feature of the design, which affects its per-
formance as part of a geotechnical system, is
the absence of rigid structural connections be-
tween the blocks. The blocks are held in their
design position by internal resistance to shear,
generated by the weight of the infilled blocks
and the shear resistance on the interfaces be-
tween the levels of the blocks.

The computational justification of this design
and the potential expansion of its application
scope require the substantiation of methods
and techniques for numerical modeling. One
of the criteria is the comparison of numerical
modeling results with more mathematically
rigorous analytical solutions, which should
also be developed considering the design's
specific features, including the perception of
active soil pressure along the irregular profile
of the retaining surface [16].
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MATERIALS AND METHODS

The research is based on fundamental princi-
ples of structural mechanics, soil mechanics,
elasticity and plasticity theory, as well as on
methods of numerical modeling of spatial
combined systems [17, 18]. When developing
computational models of retaining walls made
of soil-infilled blocks, the Coulomb-Mohr
model was used by the authors to describe the
properties of the granular medium [19].

In forming the computational models, modern
achievements in applied mathematics and
structural mechanics were utilized, particular-
ly in the development of numerical methods
for assessing the stress-strain state of calculat-
ed systems under static and dynamic loads.
The SiO2D computational software was used
as the primary modeling tool [20]. The main
physical and mechanical properties of the
computational models were determined
through large-scale physical experiments and
laboratory studies. The experiment planning
adhered to the principles of similarity theory
and dimensional analysis. The developed nu-
merical models of retaining structures were
verified by comparison with more rigorous
mathematical solutions, feasible under specif-
ic computational conditions.

RESULTS OF THE RESEARCH

Provided below are the research results on the
studied retaining structure, including the de-
velopment of the computational model, results
of numerical modeling, as well as the method-
ology and results of laboratory studies con-
ducted to determine the parameters of the
computational model.

Numerical Modeling in SiO2D

To enable a comparative analysis of the re-
sults from the analytical solution [16] with
those obtained from numerical solutions, a
calculation was performed for a retaining wall
consisting of hollow-body reinforced concrete
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blocks infilled with soil. The profile of the
retaining structure, along with the indication
of the soil’s physical and mechanical proper-
ties, is shown in Fig. 2. The blocks are
numbered from top to bottom.

In general, the analytical and numerical ap-
proaches can be considered comparable, alt-
hough there are differences that can lead to
significantly different results. The main dis-
tinction lies in the determination of active
pressure. Analytical calculations typically as-
sume wall movement and therefore use active
pressure, with a coefficient Ka of approxi-
mately 0.2+0.4.

Specific weight of
retained soil mass

19 kN/m?

Surface load 10
kN/m?

Inclination angle of
the backfill surface to
the horizontal p = 0"
Internal friction angle
of the backfill soil
p=30"

Friction angle along
the retaining wall's
surface ps = 30"

5500

500

Specific cohesion of retained soil ¢ = 0 kN/m*

Height of each block — 1 m;

Internal friction angle of the filler o = 30

Specific cohesion of the filler ¢ = 0 kN/m’

Specific weight of the block with soil 20,15 kN/m?

* The calculation is simplified by assuming that the bottom
of the wall rests on a firm. non-deformable foundation.

Figure 2. Profile of the retaining wall

Numerical modeling, through displacement cal-
culations, allows for determining the degree of
transition from at-rest pressure to active pres-
sure. It should be noted that active pressure is
lower than at-rest pressure (KO is approximately
0.4+0.6). A similar situation applies to passive
pressure, where the transition from at-rest state
to passive resistance must be determined, with
the passive pressure coefficient being greater
than the other two, being approximately 2+6.
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Another difference is the complexity of ac-
counting for the existing slope with other
strength characteristics. It is common to encoun-
ter situations where a retaining wall must be
constructed in front of an existing slope. In this
case, the slope, whether in its natural state or
after partial cutting, must be stable, meaning
that its contribution to active pressure follows
different laws. The simplest way to account for
such situations is to limit the volume of backfill
when calculating active pressure. Sometimes,
active pressure from backfill is combined with
potential landslide pressure in the natural slope,
but this is only possible if, given the specified
safety factor, landslide pressure can take place.
Active Pressure) For comparing pressure val-
ues with analytical calculations, numerical
modeling was performed using the finite ele-
ment method in the SiO2D program. Figure 3a
shows the results of horizontal displacements
after the complete construction of the structure.
The bottom block is fixed and has zero dis-
placements, so maximum pressure is expected
at this level not only due to the maximum soil
height but also due to the use of the at-rest state
lateral pressure coefficient KO. The top block
has maximum displacement, and active pres-
sure coefficient Ka is used in determining the
pressure.

Initially, at-rest pressure was calculated by
adding boundary conditions prohibiting dis-
placements on the front face of each block. The
pressure distributions are shown in Fig. 3b. The
displacement constraints were then removed,
and stress recalculation was performed. This
resulted in the active pressure distributions
shown in Fig. 3c.

In the studied scheme, the bottom block is as-
sumed to be conditionally fixed, so its dis-
placements can be considered zero. In this
case, the pressure for this block will be calcu-
lated based on the at-rest lateral pressure coef-
ficient (K0), and the pressure value will be sig-
nificantly higher than the analytically calculat-
ed value based on the active pressure coeffi-
cient Ka. The average stress values on the ver-
tical face of the block are presented in Table 1.
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Table 1. Calculation results for block pressure

according to FEM

Numerical pressure Analytical

Block calculation valent™

Ne by KO0, by Ka, eq”’;; ent

kPa kPa a

1 13 5,5 12
2 36 19 20
3 52 20 25
4 65 22 34
5 68 19 35
6 66 66 43

*The analytical pressure equivalent is calculated for
a rectangular pressure distribution
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Figure 3. Stress distributions on the back face of
the blocks: a — horizontal displacements of the
blocks (min: -64,70<10° m (bar 8694 - section ()
max: 0,00x107% m (bar 1614 - section 11)); b —
Static pressure (normal stresses in "-' interfaces
o, kPa/m. min: -76,08 (element 4493) max: 0,00

Volume 20, Issue 4, 2024

(element 1736)), ¢ — active pressure (normal
stresses in - interfaces o, kPa/m. min: -78,59
(element 1757) max: 0,00 (element 1736))

Conclusions: 1) The analytical calculation [16]
takes into account the varying inclination of the
back surface, considering each block level indi-
vidually as a conditional monolith. Meanwhile,
the numerical analysis can reveal several areas
of shear deformations, forming local areas of
active pressure within one global area;

2) In the analytical calculation, the distributed
load is usually applied across the entire height
of the wall, considering the coefficient of active
lateral pressure. In the numerical calculation,
the stresses are redistributed depending on the
ultimate and pre-ultimate state of the finite ele-
ment nodes;

3) The pressure distribution curve in the analyti-
cal calculation has a smooth shape, whereas in
the numerical model, the shape depends on the
mesh size of the finite elements;

4) In some cases, the uneven horizontal dis-
placements of the front face of the modular re-
taining wall lead to different states of the soil
behind it: part of the volume may be in a state of
rest, part in a state of active pressure, and part in
an intermediate state. This results in varying
values of the lateral pressure coefficient depend-
ing on the state.

Determination of Numerical Model Parame-
ters

A crucial task for successful numerical model-
ing was determining the actual values of the
physico-mechanical properties of the soil mate-
rial used to infill the blocks and voids between
them — granite crushed stone with a particle size
of 20-40 mm. Considering that the retaining
walls are constructed using a unified technolo-
gy, the parameters of the crushed stone had to
be determined under conditions similar to those
achieved in the field, corresponding to the de-
sired compaction density. To achieve this, a se-
ries of tests on the soil material was conducted
at the KorBet LLC testing site.
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To ensure the crushed stone used met the sup-
plier's declared specifications, a series of tests
was conducted at the Petromodeling Lab LLC
laboratory in accordance with GOST 8269.0-97
and GOST 8267-93 standards. The tests con-
firmed the compliance of the crushed stone with
GOST 8267-93 and established its main physi-
cal characteristics.

The actual compaction density was determined
by placing crushed stone in an air-dry state into
the cavity of a KBP 100/200 block, positioned
on a horizontal concrete foundation, with layer-
by-layer compaction using a hand-operated vi-
brating tamper. After the cavity was filled, the
horizontal alignment of the infill surface was
checked, and excess crushed stone was re-
moved. The crushed stone was then extracted
from the cavity and weighed. This compaction
and weighing process was repeated three times,
resulting in obtaining the mass value of
crushed stone filling the cavity of the KBP
block with the selected compaction method.
The cavity volume was measured by filling it
with liquid and was determined to be
0.506+£0.01 m?.

Based on the obtained crushed stone mass (M)
and the known cavity volume (V), the average
density of the crushed stone skeleton (p) was
calculated as 1815+72.5 kg/m>. This value was
used as the target density for subsequent labor-
atory determination of shear resistance parame-
ters.

The determination of shear resistance parame-
ters was carried out in the Petromodeling Lab
LLC laboratory using mobile shear units MSU-
1 in accordance with GOST 20276.4-2020 and
GOST 12248.1-2020 standards. The tests were
conducted on disturbed structure samples with
a diameter of 256 mm and a height of 195-200
mm [21]. The samples were formed directly in
the shear carriage rings by filling them with
compaction. The target density was specified
as the previously obtained value of 1.82 g/cm?.
However, under laboratory conditions, this
density could not be achieved, and the actual
density range of the samples during testing was
1.48-1.66 g/cm’.

Igor V. Kuzovatkin, Tatyana I. Chernova

The tests were conducted without water satura-
tion, in a drained mode. The range of vertical
stresses applied during the tests was 25-300
kPa, with a step of 25 kPa. The vertical stress
was applied in one step and maintained until
the displacement of the stamp stabilized to 0.1
mm/30 min. Then, a stepwise application of
shear load was performed with holding until
stabilization, in accordance with GOST
20276.4-2020 (0.1 mm/1 min). The shear load
step was 5 kPa. A total of 12 tests were con-
ducted. After completing the entire series of
tests, some of the results were rejected based
on the actual achieved density of the samples.
The Coulomb-Mohr envelope constructed in
the «o — ™ coordinates is shown in Fig. 4.
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Figure 4. Coulomb-Mohr envelope constructed
in «o — ™ coordinates. Points excluded from
consideration due to deviations in sample densi-
ty are marked in red

As a result of processing in accordance with the
requirements of Sections 7.6 — 7.12 of GOST
20522-2012, the normative and calculated val-
ues of shear resistance parameters were ob-
tained. The average density of the samples was
1.6 g/cm?, which is 12% below the target value.
It is worth noting that within the investigated
range of normal stresses, no deviations from
linearity were observed in the Coulomb-Mohr
envelope, allowing for the continued use of the
Coulomb-Mohr strength theory in further mod-
eling without switching to more complex non-
linear theories (such as the Hoek-Brown failure
criterion).
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It is also noteworthy that even at a density lower
than that achieved in field conditions, this type
of crushed stone exhibits significant interlock-
ing (cohesion was 63 kPa). It is reasonable to
assume that at the actual density in the mass,
this crushed stone will have even higher cohe-
sion values. The minimum pressure at the base
from a single infilled block is 18 kPa, making
lower normal pressure values in the retaining
wall structure technically impossible. This al-
lows us to disregard changes in cohesion in the
low-stress region.

Considering the mono-fraction composition of
the crushed stone used and the high compaction
density, the dilatancy angle was determined to
improve calculation accuracy. The determina-
tion was carried out during single-plane shear
tests by additionally measuring vertical defor-
mation. As a result, dependencies of vertical
displacement of the stamp on the horizontal dis-
placement of the shear carriage were obtained.

Table 2. Final table of physical and physico-
mechanical properties of crushed stone

Ne Parameter Sym- Unit Val-
bol ue
1 | Bulkdensity | norm. | pun | glem® | 1,47
Density after 5 | 1,82+
2 compaction norm. P glom 0,07
Particle 3
3 density norm. Ps g/cm 2,69
Moisture

4 | content in
air-dry state

norm. w % 0,1

5 norm. O 60,2

6 | Internal “= or ° 57,3
friction angle 0,95

7 (;1 3;5 i 58,3

8 norm. Cu 62,6

9 | Specific oy a 55,9
cohesion 0,95 kPa

10 ogs | e 58,1

1 Dilatancy norm. v o 7.9
angle

The dilatancy angle was determined using the
formula proposed by Bolton (1986) [22], based
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on the assumption of equality between the rela-
tive vertical deformation and the relative shear
deformation. The range for determining the dila-
tancy angle was the section of maximum graph
rise, which in most cases corresponded to the
sample's hardening stage during shear. Table 2
presents the obtained values of the physico-
mechanical properties sufficient for numerical
modeling.

CONCLUSION

The main results obtained from the research are
summarized by the authors in the following
conclusions:

1) Stepped retaining structures made of box type
blocks infilled with crushed stone are a promis-
ing design solution suitable for reinforcing soil
slopes in civil, industrial, transportation, and
hydrotechnical construction. However, due to
the design’s structural features (primarily the
absence of rigid connections between the
blocks), this solution requires the development
of traditional analytical calculation methods, as
well as the justification for the creation of nu-
merical calculation models;

2) For modular retaining walls, the use of nu-
merical calculation methods is preferable due to
the advantages of the finite element method.
The "structure-soil" system is multiply statically
indeterminate, and the soil's lateral pressure dis-
tribution under the same external load scheme
will differ. Numerical calculations allow to
identify a single stress state from a multitude of
likely and permissible possibilities, determined
by the set parameters of all system elements;

3) During a series of tests conducted in accord-
ance with standard methodologies, the actual
values of the physico-mechanical properties of
the soil material used to fill the blocks and the
spaces between them were determined. Norma-
tive and calculated shear resistance parameters
were obtained. It was found that within the stud-
ied range of normal stresses, the Coulomb-Mohr
envelope is linear. This allows the justified use
of Coulomb-Mohr strength theory when model-
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ing the considered retaining walls without re-
sorting to more complex nonlinear theories,
which require a larger number of parameters.
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