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Stability of retaining wall on subsidence soils
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Abstract. The paper presents the results of survey and calculation of stability of retaining walls along motorways located at
the slope of the slope. The results of numerical solution in modelling of slope and retaining wall interaction are analyzed,
showing that the most dangerous are the zones of development of maximum horizontal deformations at retaining walls caused
by shear deformations. The shear deformation propagation zone covers a large volume of slope soils. Subsidence soils, subsid-
ing from their own weight on the slope under water saturation, deteriorate the initial value of cohesion, angle of internal fric-
tion, modulus of deformation, changing the stress-strain state. The trajectories of movement of subsidence soil particles during
the change of stress-strain state of the slope on the retaining wall show that the movement of soil particles occurs at the bound-
ary of subsidence and non-subsidence loams. Numerical calculations using PLAXIS programme showed that in water-
saturated state, the slope is landslide-prone. The retaining wall on the slope of the slope, composed of subsidence soils, is not
stable and soil sliding occurs only in the layers of subsidence soils of the slope.
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1. Introduction

Retaining structures are various kinds of underground
structures combined with the ground environment, which
provide stability of structures under the action of horizontal
soil pressure [1]. One of the examples of such structures are
retaining walls, which are built to strengthen soil slopes from
collapse, fence excavations, prevent erosion of the coastal
zone of rivers, seas, lakes, when building road embankments
in confined conditions (on mountain slopes, in the city limits,
etc.), as well as in the construction of buildings and struc-
tures near the slopes. Retaining walls experience significant
horizontal pressure from the soil, are often subjected to dy-
namic, seismic and vibration effects from mobile transport,
frost heave pressure, the action of filtration forces. Calcula-
tion and design of retaining walls begins with determining
the value of horizontal soil pressure. There are two types of
pressure on the retaining structure: active and passive. Active
pressure is the lateral pressure from the soil in the ultimate
stress state in the direction of displacement of the structure.

Passive pressure is the lateral pressure from the side of
the soil, which is in the limit stress state, in the direction
opposite to the displacement of the structure There are vari-
ous methods for calculating the values of active and passive
pressure on retaining structures according to Sorochan [1],
according to Eurocode 7 [2]. At the same time, none of these
methods considers the strength anisotropy of soils, which
significantly reduces the accuracy of determining the internal
forces in retaining wall structures and, as a consequence,
leads to an increase in the cost of structural solutions adopted
in the project.

Soil anisotropy is inhomogeneity of its properties in dif-
ferent directions. Numerous experimental studies have
shown that most types of soils have filtration, deformation,
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strength anisotropy, manifested by changes in these proper-
ties when changing the direction of external influence.

The method of circular-cylindrical sliding surfaces is the
most widely used in practice, as it allows to consider the
complex nature of the slope surface, soil conditions, external
loads and is based on reliable empirical data. At the same
time, the calculation of slopes on structurally unstable soils
raises problems that were not considered in calculations and
that in some cases caused landslides. It is a question of base
deformations that can radically change the stress-strain state
and strength of slopes. Existing calculation methods, which
do not reflect such processes, naturally cannot provide relia-
ble results of slope stability calculation under such condi-
tions, as an example, the stability of slopes underlain by
subsidence loess loams and sandy loams. In the second type
of subsidence, subsidence from its own weight exceeds 5 cm
and can reach about 1 m, thus a subsidence funnel is formed,
within which, in addition to vertical deformations, horizontal
displacements to the center of the funnel with the formation
of cracks in the soil are essentially developed [3,4].

The effects of such processes on the slope are, on the one
hand, similar to the effects of slope erosion, which results in
a reduction of the resistance forces. On the other hand, the
geometry of the slope is changed, and horizontal defor-
mations and the formation of cracks in the soil lead to a sig-
nificant reduction in the influence of cohesion within the
collapse prism. Since cohesion plays a decisive role in ensur-
ing the strength of cohesive soils, the influence of these pro-
cesses in the development of subsidence cannot be ignored in
the calculation of slope stability.

The problem we have studied is an example of the occur-
rence of different types of soils in the same slope massif
behind a retaining wall.
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The site under consideration for the study of slope effect
on retaining walls is located in Almaty region at the foot of
the Alatau mountains. The available absolute ground surface
elevations range from 916.0 to 985.835m, which is a differ-
ence of 69.835m. The geological and lithological structure
includes Lower Quaternary aeolian deposits represented by
loess-like subsidence loams (QI) and Upper Quaternary allu-
vial-proluvial deposits (apQIIl) represented by gravelly soils
overlain by loams and modern soil and vegetation layer
(QIV). The loams (QI) are brownish-grey in colour, up to the
depth of 21.0 m they are subsiding, below they are non-
subsiding. The loams (QI) were penetrated to a depth of 40.0
m. Pebble-nick soils with sandy aggregate were discovered
in the northern part of the site and are characterised by the
following content of fractions: boulders 10-15%, pebbles 50-
55%, gravel 10-15%, aggregate 15-20%.

1.1. Subsection

In subsidence loess soils there are problems of slope
slope mass collapse at full or partial water saturation of soils
due to significant deterioration of design parameters (cohe-
sion, angle of internal friction and modulus of deformation).
The objective of the research was to analyse the stress-strain
state of the slope of the slope composed of subsidence soils
and to assess the stability and strength of the retaining wall
structure to ensure safety during the operation of the motor-
way.

2. Materials and methods

As a result of instrumental inspection of slopes and re-
taining walls made of monolithic reinforced concrete and
drainage systems, numerous defects have been identified in
the design process, which endanger the safe operation of the
motorway and the structure. Monolithic reinforced concrete
retaining walls with natural stone facing with a height of 4.0-
20.0 m and a width of 0.6 m are supported on slabs with
dimensions of 1.2 x 2.40 meters.

They are rigidly pinned with pile foundations. The slope
is exposed to atmospheric and flood waters during the year.
The identified defects indicate inadmissible cracks and slope
of the retaining walls along the motorway (Figure 1).

A retaining wall made of any material must have a foun-
dation, the wall body itself and drainage. The depth of the
foundation depends on the height of the structure, but in any
case, its width should be greater than the width of the wall
body by about 20 cm to ensure the required strength and
stability, in addition, it is necessary to provide drainage for
water drainage, which is not done with this retaining wall.

Figure 1. Defective retaining wall design
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The study of limit state parameters of loess soils is con-
nected with the peculiarity of this special group of clayey
soils. Low-moisture loess soils under consolidated in natural
state can have significant structural strength due to rigid
crystallization bonds. Moistening of loess promotes the tran-
sition of crystallization bonds into water-colloidal ones,
which in turn leads to a decrease in structural strength. For
the same physical properties ((density, mineralogical compo-
sition, etc.), a change in moisture content alone leads to a
significant difference in strength parameters. Since moisten-
ing reduces the structural strength of loess soils, the value of
the structural strength Pstr, is a determining factor that must
be considered when determining the strength properties of
loess [4]. The structural strength of loess soils of different
moisture content was estimated by the method developed in
MSCU by V.F. Sidorchuk and V.F. Shahi Biswa [5] accord-
ing to the compression dependence of lateral and vertical
pressures: cb= f (ov).

Compression tests were carried out on a PKP-10 type de-
vice on loess soils of undisturbed structure. Vertical loading
was carried out in steps of 0.025 and 0.050 MPa. The dwell
time at each stage was 10 minutes. Figure 2 shows the graphs
of dependence ob= f (ov) of loess soils of different moisture
content, confirming the results of research and it is estab-
lished that the graph of dependence of lateral and vertical
pressures is characterized by two linear sections with a break
point depending on the soil moisture content. So, for loess
soil with humidity 0.02 the vertical pressure determining
structural strength is 0.276 MPa, for humidity 0.12-0.140
MPa and at humidity 0.18, P-0.640MPa. There is a signifi-
cant decrease in the structural strength as the soil moisture
increases. The intensity of lateral pressure at the first plot of
the dependence is always less than at the second plot (beyond
Pstr). In addition, the moisture content of loess soil also
affects the lateral pressure coefficient. For low-moisture soil,
the values of Co are almost twice less than the similar Co (on
the first and second plots) for soil with moisture content of
0.18, while the difference in the lateral pressure coefficient
of samples with moisture content of 0.12 and 0.18 is less
significant.

To determine the value of the design resistance R, as stat-
ed earlier, knowledge of the strength properties of the loess
soil @ (angle of internal friction) and cohesion C. The tests
were carried out on twin specimens of soils of the same
physical condition on which the previous series of compres-
sion experiments had been performed. The vertical static
load was assigned considering the structural strength of the
soils. The displacement was performed using the shear force
step loading technique. Shear forces were applied at a rate of
10 min, after which the magnitude of the specified displace-
ments was recorded.

The first group of tests of loess loam with moisture con-
tent of 0.02 were conducted at vertical loads of 0.10 and 0.20
MPa (ov<Pstr). Figure 3 shows the shear diagrams t = f (ov),
the angle of internal friction ¢ was 33°, and the cohesion was
0.34 MPa. The second group of experiments was performed
at loads of greater structural strength (ov > Pstr).

The test results show that in the second case there is an in-
crease in the angle of internal friction up to 44° and a decrease
in adhesion up to 0.27 MPa (vertical load was 0.30;0.40;0.50
MPa). In addition, from the shear diagram it can be seen that
the point of intersection of the dependencies 1 = f (6v), at loads
before and after Pstr is close (on the abscissa axis Pstr) to the
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value of structural compressive strength. Studies of strength
properties of soils of higher moisture content have shown that
this regularity regarding the change of strength properties
depending on the vertical pressure ov is also observed in these
cases. Similar tests were carried out for loess loams with hu-
midity 0.12 and 0.18, at loads depending on the value of Pstr.
Shear was performed at loads 0.025; 0.050; 0.075 MPa (less
than Pstr) and at pressures 0.15; 0.200; 0.300 MPa (more
structural strength). The shear diagrams are shown in Figure 3.
Numerical values are given in Table 2.

Table 2. Numerical values

Humidity = When ov<Pstr When ov > Rstr

W o degree = C(MPa) ¢ degree = C (MPa)
0.02 33 0.34 44 0.270
0.12 15 0.165 375 0.139
0.18 13 0.077 30 0.061

Wetting of loess soils promotes the transition of crystalli-
zation bonds to water-colloidal bonds, which leads to a de-
crease in structural strength. Since moistening reduces struc-
tural strength, this value is a determining parameter in deter-
mining all deformation and strength characteristics of loess.

The stress-strain state of the slope under the impact on re-
taining walls was assessed considering the behavior of subsid-
ence soils. The slope soils are characterized by: variability of
physical and mechanical properties (reduction of porosity,
deformation modulus, cohesion, angle of internal friction);
change of stress state due to their redistribution after soaking;
change of strain tensor components, which is associated with
the development of elastic-plastic and viscoplastic defor-
mations [7,8,9].

In the simplest elastic-plastic models, the strength charac-
teristics of soils are added to the calculation. These models
allow to consider the non-linear character of foundation de-
formation with increasing load. The limit state criterion in this
case looks like some surface in the space of principal stresses,
limiting the area of possible stresses for a given material. In
soil mechanics, the limit surface defined by the Coulomb-
Mobhr criterion is most often used.

The advantage of such a model is the use of traditional pa-
rameters (modulus of deformation, specific cohesion and angle
of internal friction) obtained in standard engineering-
geological surveys. The disadvantages include ignoring the
nonlinear relationship between stresses and strains in compres-
sion under compression conditions, as well as the assumption
of equality of strain moduli at the loading and unloading stag-
es.

In the classical Cam-Clay strengthening model, as de-
scribed in K. H. Roscoe and J. B. Borland [5]. H. Roscoe and
J. B. Borland [5], an elliptical surface is assumed as the load-
ing surface, which is justified energetically and defined by a
rather simple equation. According to the concept of critical
state, the loading surface in the coordinates of principal stress-
es corresponds to the same volumetric plastic deformations of
the soil at different combinations of stresses acting on the
element of the medium.

The disadvantage of the classical Cam- Clay model is the
lack of consideration of cohesion for clayey soils due to previ-
ous compaction. The simplest modification of the model to
take this factor into account is to move the elastic work area of
the soil by the value ¢ - ctge. Such an approach, for example,
is used in the well-known geotechnical programme PLAXIS.
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In clayey soils, shear resistance depends on the strength of
water-colloid bonds and the number of contacts of particles
(with their water-colloid shells) with each other, but not on the
amount of friction at these contacts. The number of contacts is
obviously related to the density (porosity) of the soil, which
for fully water-saturated soils in undrained conditions does not
change practically with increasing or decreasing total volumet-
ric stresses.

The inconsistency of the Cam-Clay model behavior with
experience under deviatoric loading can adversely affect the
modelling of real geotechnical situations. The absence of
nonlinear shear deformations in a part of the loading trajecto-
ry can lead to a general underestimation of the magnitude of
deformations within the whole calculation scheme. This is
especially significant in the calculation of clayey soils with
low filtration coefficients, in which volumetric deformations
will occur over a long period of time. Shear deformations
play the main role in the behavior of such soils during con-
struction and operation. To eliminate the described contradic-
tions, we have developed a modification of the hardening
elastic-plastic soil model that more correctly reflects the
behavior of weak clayey soils. The model under considera-
tion can be called ‘Coulomb-Prandtl medium’ or ‘elastic-
ideal-plastic medium with Coulomb plasticity criterion’. It is
universal enough and allows modelling various types of soils
and rocks. The deformation model should establish in math-
ematical form the relationship between deformations and
stresses in the element of the medium. The deformation
model of an elastic medium is Hooke's law, which establish-
es a linear relationship between stresses and strains for plane
deformation conditions. Stresses o1 and 63 are coaxial with
corresponding deformations €1 and €3. This important state-
ment, as well as the unambiguous relationship between
stresses and strains in elastic-plastic medium is valid only in
unidirectional process of deformation, the absolute majority
of real geotechnical problems satisfy this condition: the
change in the stress state under the foundation of the erected
building, in the slope of the deepening pit, around the passa-
ble excavation has a unidirectional character. Thus, the rela-
tionship between stresses and deformations in the zone of
plastic flow has been established.

Under water saturation in subsidence soils, a stress state
appears, which differs significantly from the initial one. We
consider a plane problem in elastic-plastic formulation using
the Coulomb-Prandtl model, which assumes elastic behavior
of the medium at stresses below the yield stress and equal-
volume (with zero dilatancy) plastic flow at stresses at the
yield stress. The yield stresses are described by the equation
[10,11,12]

Omax==S + AOmin

Where A=ctg?(#/4 - ¢/2) - coefficient of passive soil pres-
sure; S=2Cctg(#4 - #2) - uniaxial compression strength;
Omax, Omin - maximal and minimal principal stresses. In the
area of tension the yield (rupture) criterion has the form:

Omin =-T

where T is the tensile strength, taken in the programme as
C/5.

After rupture occurs at stress O =- C/5, in further anal-
yses the tensile strength of the element is assumed to be zero
(T=0).
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3. Results and discussion

The model of elastic-plastic solution is realised by the fi-
nite element method and is achieved by the well-known
method of ‘initial stresses’ using the iterative Newton-
Raphson procedure [13,14] with a constant stiffness matrix
but with a variable vector of loads replenished during the
iterative process by ‘initial forces’ in plastic elements [15.
16.17] Newton's method, also called the Newton-Raphson
method, is a simple and efficient algorithm for approximate
finding the roots of real-valued functions, i.e. solving equa-
tions of the form: f(x)=0. The soft creeping soil model is an
improved version of the soft soil model, including modelling
of the second stage of creep. The error as a result of the FEM
calculation consisted of the discretization error due to the
replacement of a body possessing an infinite number of de-
grees of freedom by a model with a finite number of degrees
of freedom, and the error of rounding of numbers when per-
forming computational operations on a computer [18.19]. As
a result of the numerical analysis of the set problem using the
calculation scheme (Figure 2) and the deformation mecha-
nism (Figure 3), the following results were obtained:

[1. m]

(L. m]

Figure 3. Deformation mechanism

Distortion of the finite element mesh (Figure 4), horizontal
and total deformations of the slope at change of design charac-
teristics of subsidence soils (Figures 5 and 6), as well as the
isoline of maximum horizontal (shear) stresses (Figure 7) and
trajectory of movement of subsidence soil particles (Figure 8) at
change of stress-strain state of the slope to the retaining wall.
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Figure 4. Horizontal deformations
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Figure 5. General deformations
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Figure 8. Isolines of maximum shear stresses

4. Conclusions

The calculation scheme for determining the stability of a
slope on subsidence soils should consider:

- subsidence - vertical displacements of the slope base
within the limits of the subsidence funnel based on the most
disadvantageous location of the soakage centre at the base of
the soil mass;

- horizontal displacements of the soil mass within the
subsidence funnel;

- formation of cracks in the slope surface;

- changes in soil characteristics during wetting

As a result of accumulation of melt water in the gully at
the base of the landslide, soaking and subsidence of the loess
base occurred, which led to violation of the slope stability
and destruction of residential houses. Calculation of slope
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stability without considering the processes associated with
subsidence confirms its stability. At the same time, the calcu-
lation performed considering the processes occurring during
soaking of loess base gives the value of stability coefficient
less than one.

Analysis of the results of numerical solution in modelling
the interaction between slope and retaining wall shows that
the most dangerous are the zones of development of maxi-
mum horizontal deformations at retaining walls due to shear
deformations. The zone of shear deformations spreading
covers a large volume of slope soils. Subsidence soils subsid-
ing from their own weight on the slope under water satura-
tion worsen the initial value of cohesion, angle of internal
friction, modulus of deformation, changing the stress-strain
state. The trajectories of movement of subsidence soil parti-
cles when the stress-strain state of the slope on the retaining
wall changes show that the movement of soil particles occurs
at the boundary of subsidence and non-subsidence loams.
Numerical calculations have established that the retaining
wall on the slope of the slope composed of subsidence soils
is not stable and the soil sliding occurs only in the layers of
subsidence soils of the slope.

As a result of instrumental inspection of the slopes and
measurements of protective retaining walls made of mono-
lithic reinforced concrete and drainage systems, numerous
defects and damages were identified during the design and
construction process, which threaten the safe operation of the
motorway and the structure.

According to the results of compression tests, loams oc-
curring up to the depth of 15.5-21.0 m show subsidence
properties when soaking. The initial subsidence pressure
varies from 0.028 to 0.361 MPa. Calculations show that the
value of total subsidence is 8.8-73.51cm. According to the
results of numerical solution when modelling the mutual
interaction of the slope and retaining wall, it is established
that the most dangerous are the zones of development of
maximum horizontal deformations at retaining walls, caused
by shear deformations of the slope.
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IHlerinai TonsipaKkTarsl Tipey Ka0bIPFACBIHBIH TYPAKThLIbIFbI
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AnpaTrna. Makanaga eHic OaypaibiHIa OpHAJacKaH aBTOMOOWIIL KOJIAPBIHBIH OOWBIHIAFBI Tipey KaObIpFalapbIHBIH
TYPaKTBUIBIFBIH 3€PTTEY JKOHE ecelnTey HoTIKenepi kenrtipinreH. Kenbey MeH Tipey KaOBIpFaCchIHBIH ©3apa oCEepiH MOJEIbACY
Ke3iH/Ie CaHJBIK IMIEIIIMHIH HOTHKeepi Talan b, OyJI eH KayinTiBUTHICY AeopMalusuiapblHaH TYbIHAaFaH Tipey KaObIpra-
JapbIHIa MaKCHUMAJbl KeJIeHeH AeQopMaIisuiapablH JaMy ailMakTapbl eKeHiH KepceTTi. JKbUhKbIMaibl ae(opMarisiHbIH
Tapayly aiiMarbl KeJ0ey TOIBIPaKThIH YJIKeH KeseMiH KamTuiabl. CyFa KaHBIKKaH Ke3/le OeTkeiie o3 caiMarblHaH IIereTiH
IIOTriHJII TONBIPAKTap aAre3usiHbIH OacTankbl MOHIH, iIIKi yiKesic OypbIbH, AedopMalys MOLYJIH HalapiaaTaabl, KepHEeyJ
nedopmanmsianran kyiini esrepreni. Illerinai Tonsipak GesmeKTepiHiH KO3FAIBIC TPACKTOPHUsIIAphl TipeK KaObIprara eHICTiH
KepHeyi-nedopMalisiIanFal Kydi e3repreH Ke3ie TONbIpaK OeJIIeKTepiHiH KO3FalbIChl LIeTiH/I JKoHE INeriHAl eMec cas-
JaKTappIH IIeKkapacbiHaa xyperinairin kepcereni. PLAXIS Garnapiamachkl O0bIHINA JKYPIi3iIreH CaHABIK dIICIIEH ecerTe-
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yJep cy KaHBIKKaH JKaraala eHic KOIIKiH OoJaThIHBIH KepcerTi. IlleriHai TompIpakTapMeH OYKTelIreH keidey OeTkeimeri
Tipey KaOBIPFachl TYPAKTHI eMeC JKOHE TOIBIPAKTHIH CHIPFYHI TeK Kenbey merinzi TombipakTap sy KadaTTapeiHaa 00maibl.
Heeizei co30ep: wiocindi monvipak, ininicy, cObicy, IWKI YUKenic OYpoiuibl, MUKPOOBICY, Oepopmayusi, depopmayus MOOYIL.
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AnHoTanus. B crarbe npuBeneHb! pe3yabTaThl 00CIEJOBAaHHS U pacyéra YCTOHYMBOCTH MOJIIOPHBIX CTEH BJIOJb aBTOMO-
OWIBHBIX JOPOT, PACHOJIOKEHHBIX Y CKIOHA OTKoca. [IpoaHanm3upoBaHbl Pe3yIbTaThl YUCICHHOTO PEIICHUS MPH MOJCIHUPO-
BaHUH B3aWMOJICHCTBHS OTKOCA W MOAIIOPHOW CTECHBI MOKA3BIBABINNE, YTO HAMOOJIEE OMACHBIMH SIBISIOTCS 30HBI Pa3BUTHS
MaKCHUMaJbHBIX TOPU30HTAIBHBIX Ae(opMaIiii y MOAMOPHBIX CTCH, BBI3BAaHHBIC CABHUTOBBIMH JeQOpMalUsIMHU. 30HAa pacIpo-
CTpaHCHUS COBUTOBBIX Je(OpMAIH OXBATHIBAET OOIBIION 00BEM TPYHTOB OTKOCca. [IpocamouHbie TPYHTHL, IIpocenas oT coo-
CTBCHHOTO Beca Ha CKJIOHE IPH BOJOHACHIIICHUH, YXYAIIAOT IIEPBOHAYATIFHOEC 3HAUCHUE CICIUICHUS, YTIa BHYTPEHHETO Tpe-
HUS, MOIYJS eOpMalny, U3MEHSS HaNPsHKCHHO-Ie(OPMIPOBAHHOE COCTOSHUE. TpaeKTOPHH ABIKCHHS YaCTHIl POCaI0U-
HBIX TPYHTOB IIPH U3MECHEHHWH HANPSHKEHHO-Ie(OPMHPOBAHHOTO COCTOSHUSI OTKOCA Ha IOANOPHYIO CTEHY MOKa3bIBAIOT, YTO
JBIDKCHUE YacTHUI] TPYHTA MPOMCXOTUT HA TPAHUIIE MPOCAJOUYHBIX M HEMPOCAJA0YHBIX CYTJIMHKOB. Pacyersl YMCIeHHBIM METO-
JIOM, TpoBenieHHble 1o nporpamMe PLAXIS, noka3zanu, 4To B BOJOHACHIIIEHHOM COCTOSIHHM, OTKOC SIBJISIETCS OTOJI3HEBBIM.
[ToamopHasi cTeHa Ha CKJIOHE 0TKOCA, CJI0)KEHHOTO MPOCaJA0YHBIMU IPYHTaMH, SBJISCTCS HE YCTOWUYNBON M CKOJIbKEHUE TPYHTA
MPOUCXOJUT TOJIBKO B CIIOSIX IPOCAOYHBIX TPYHTOB CKJIOHA.

Knrouesoie cnosa: npocadounviii epyHm, cyenienue, cosue, Y20 6HYmpeHHe20 mpenus, MUKpocogue, degopmayust, MOOyb
deghopmayuu.
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