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Abstract. Results are considered of systematic study of stress-strain state (SSS) of a seepage-
control wall arranged in the embankment dam foundation. The following factors affecting the wall SSS
were studied: the wall depth, deformation modulus of the wall material, the pattern of the wall resting.
Studies were conducted with the aid of numerical modeling. They revealed significant role of friction
processes and slippage at the contact with soil on the wall SSS formation. It is friction through which soil
transfers to the wall the compressive longitudinal forces which increase while the wall stiffness increases.
It was also revealed that conditions of operation of suspended walls are more favorable that those of
walls resting on rock. Empirical formulae were proposed which permit predicting the value of maximum
compressive forces in the wall. Compressive strength of the wall was assessed. At that, it was taken into
account that strength of plastic clay-cement concrete considerably increases if it is compressed from all
sides as compared to uniaxial compression. A considerable role of accounting this effect was shown at
selecting material for arrangement of the wall. It was obtained that to provide the wall strength it is
necessary to have its material deformability exceeding the deformability of the surrounding soil not more
than 5 fold. It was revealed that at perceiving by the wall the horizontal forces of seepage or hydrostatic
pressure the longitudinal forces in it sharply decrease. It was obtained that then there is a danger of the
wall tensile stress failure, because bend deformations in the wall cause irregular distribution of stresses in
it. Especially it is hazardous for the walls made of rigid materials.

AHHOTaumMAa. PaccmaTpuBaloTCs pesynbTaTbl METOAMYECKOro UCCRefoBaHUs  HanpshkEHHO-
aedopmmpoBaHHoro coctosHua (HOC) npoTnBOMIbTPaLUMOHHON CTEHbl, YCTPOEHHOW B OCHOBaHWMU
rpyHTOBOM MMOTUHBLL. Bbino mnccnegosaHo BnusHue Ha HAC cTeHbl cnegyowmx akTopos: rrybuHa
CTeHbI, MoAynb AedopManmm MaTtepuana CTeHbl, CXema onnpaHusa cTeHbl. ViccnegosaHusa npoBogunmch
NyTEM YMCNEHHOro MoAenmpoBaHns. OHN BbISABUAW 3HAYMTENbHYIO ponb Ha dopmupoBaHme HOC cTeHbl
NpPOLECCOB TPEHUSA U NPOCKanb3blBaHNS Ha KOHTAKTe C rpyHTOM. VIMEHHO 4Yepes TpeHue rpyHT nepegaért
Ha CTeHy 3HauuTelbHble CXKUMallMe MpOoAOoSibHble YCUNWs, KoTopble Tem 6onblwe, 4Yem Gonblue
KECTKOCTb MaTepuarna CTeHbl. Takke BbISIBIEHO, 4TO YcrnoBus paboTbl BUcAYMX CTeH Oornee
GnaronpusaTHble, YeM Yy CTeH, OnépTbix Ha ckany. [MpeanoxeHbl aMnupuyeckne opmynbl, KOTOpble
NO3BOMNSAIOT CMNPOrHO3NPOBaTb BEMUYMHY MaKCUMarbHbIX CKUMAOLWUX HanpskeHWn B cTeHe. BeinonHeHa
OLEeHKa MPOYHOCTM CTeHbl Ha coxaTtue. [lpy 3TOM y4UTBIBANOCb, YTO MPOYHOCTb MNNACTUYHOrO
rmMHouemeHTobeToHa CyLLeCTBEHHO BO3pacTaeT Mo CPaBHEHMIO C OAHOOCHBIM CXaTWeM, eCnv OH cxaT
CO BCex CTOpOH. [lokasaHa cyliecTBeHHas porb y4éTa aToro adpdpekta npu Bbibope maTepuana ans
ycTponctBa CTeHbl. [lonydyeHo, 4To Ana obecneyeHus MNPOYHOCTU CTeHbl Heobxoaumo, 4TOoObI
aedopmmnpyeMocTb e€ MaTepuarna He bornee yem B 5 pa3s npesbllana AedopMnpyeMOoCTb OKpyXXatoLwero
rpyHta. OBHapyXeHO, 4YTO MpU BOCMPUATAM CTEHOW TFOPU3OHTAalNbHbIX CWUM (PUMBTPALUOHHOIO WK
rmapocTaTMYeckoro AaBneHusi, NPoAoSibHbIE YCUIMA B HeEW pesko yMeHbluaiTcd. [lonyyeHo, 4To npu
3TOM BO3HWKaET ONacHOCTb HapyLLEHUS NPOYHOCTU CTEHbl Ha pacTsxeHue, T.K. u3rmbHble gedopmMaunm
CTeHe BbI3bIBalOT B HEW HEpaBHOMepHOe pacnpegeneHue HanpsxeHuin. OcobeHHO 3TO onacHo ANS CTeH,
KOTOpble BbIMOSHEHbI U3 XECTKUX MaTepuanos.
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Introduction

As it is known, very often deep curtains are arranged by a cutoff wall method for seepage control in
foundations of embankment dams. The advantage of this type of curtains as compared to injections is the
fact that they reliably intersect water permeable layer. At that, arrangement of the walls is cost-saving,
because they have small thickness (0.6+1.2 m). If the wall is made of materials based on cement
(concrete, clay-cement concrete), in compliance with the existing standards! it may withstand
considerable head gradient (more than 100). Due to this seepage-control walls may perceive great
heads. At use of modern technologies their depth may reach 135 m as at Peribonka dam in Canada [1].
Therefore, the cutoff wall methodology at present is widely used in hydraulic construction against
seepage. The examples may be dams Karkhe [2], Xialongdi [3], Kureika [4], Yumaguza [5], Sangtuda [6],
Peribonka [1], Merowe [7], Sylvenstein [8] and others.

In order to provide safe operation of seepage-control walls (SCW) it is necessary to provide their
crack growth resistance and strength. Therefore, to assess strength at SCW designing it is required to
assess their stress-strain state (SSS).

By present time the issue of SCW SSS has not been sufficiently studied. SSS analyses of wall
made of non-soil materials were conducted in Moscow Civil Engineering University by a number of
authors
[9-12]. However, in most cases they referred to walls arranged in dam bodies.

Recently there appeared papers about SSS of SCW arranged in dam foundations [13-16]. A
number of papers devoted to SSS of SCW have been also prepared by us [17-21]. It was established
that walls in embankment dam foundations may subject to considerable compressive and tensile
longitudinal stresses. We revealed that these stresses are more the more is the ratio between
deformation moduli of the wall material and foundation soil. The results of our studies showed that to
provide the wall strength it is necessary to have its material deformability exceeding the deformability of
the surrounding soil not more than 5 fold which complies with ICOLD recommendations [22].

However, these studies were not of systematic character; their results refer only to particular
considered conditions. This paper describes the results of more full systematic study of SSS of seepage-
control walls arranged in foundations of embankment dams. The purpose of this work is to reveal
operation conditions and peculiar features of CSW SSS in foundation of an embankment dam as well as
to verify recommendations for selection of material for SCW. These studies also permit assessing the
effect on SSS of such factors as material rigidity of the wall, its depth, and conditions of rest.

In the studies there considered a seepage-control wall made in the uniform non-soil foundation of
100 m high embankment dam. It is a rock-earthfill dam with a core. The dam shells are filled with gravel-
pebble soil; the core is made of loam. The wall is arranged along the core axis (Fig.1). The scheme of the
wall and core conjugation (with the aid of a cantilever or a concrete gallery) was not considered not to
complicate the analysis of SCW operation conditions. The wall does not propagate into the dam core.

V 94.5 V 100
//\ 100
VO
4a 3 h
200
4b
V_-200

Figure 1. Design diagram of the wall in foundation of an embankment dam:
1 -loam core, 2 —shells of gravel-pebble, 3 — seepage-control wall, 4a, 4b — foundation layers

Two alternatives of foundation structure were considered. The first alternative is a homogenous
structure of the earth foundation. In the second alternative the upper layer which is cut out by a wall,
consists of earth and the lower layer refers to rock.

1 Building Code SP 23.13330.2011. Foundations of hydraulic structures. Updated version of SNiP 2.02.02-85.
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Foundation soils were taken to be linearly deformable at active loading and unloading. Deformation
modulus of the earth where the wall was arranged at active loading was taken equal 100 MPa and at
unloading 500 MPa. This earth refers to gravel-pebble-sand soil. The earth Poisson’s number was taken
equal 0.35. Earth friction coefficient (f =tg ¢) along the wall was taken equal 0.78 (¢ = 38°); specific
cohesion was absent.

Methods

Studies were conducted with the aid of numerical modeling by finite element method (FEM).
Computations were conducted with use of software worked out by Dr. Ph. (Tech) M.P. Sainov [23].

Finite-element model of the structure covered the dam body and the foundation block. It was
sufficiently detailed and comprised 1157 finite elements (Fig. 2). Width-wise the wall 3 rows of finite
elements were distinguished. Among the finite elements 38 were contact elements; they simulated non-
linear behavior at interaction of foundation soils with the wall. Besides, contact elements simulated
possibility of occurrence of shear cracks in the soil mass above the wall top and the foot of the wall. At
creation of a finite-element model the high-order finite elements were used with cubic approximation of
displacements inside the element. The number of the model degrees of freedom comprised 11208.
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Figure 2. Diagram of FEM computational mesh

Studies were conducted for 6 design diagrams. The wall depth (20, 40 or 80 m) and conditions of
its rest (suspended or resting). The resting wall was deepened into a rock layer with deformation modulus
5000 MPa; i.e. conditions of embedding were modeled. Parameters of design diagrams are given
in Table 1.

Table 1. Parameters of design diagrams

No. of alternative 1A 1B IC A 11B Ic
Wall depth, m 80 40 20 80 40 20
Thickness of earth foundation
120 160 180 0 0 0
under the wall, m
Conditions of rest suspended resting

Rock on which the wall rested in the design was taken as waterproof. Therefore, in the
alternatives of series Il the resting wall took hydrostatic pressure of the upstream and downstream sides.
In the alternatives of series | the suspended wall worked on taking loads from streamlining the wall by
seepage flow. Therefore, to determine seepage loads in alternatives IA, IB, IC the seepage task was
solved (Fig. 3). Analysis shows that suspended walls perceive horizontal forces 2—3 times as less as
compared to resting walls.

For each of the design diagrams several alternatives of the wall materials were considered: from
liquid plastic clay-cement concrete to reinforced concrete (Table 2).
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Table 2. Parameters of wall material alternatives

(0]
> .
=] . deformation Uniaxial Angle of
© density, . . . .
c s modulus Poisson’s ratio compression internal
s t/m [MPa] strength [MPa] friction
<
1 1.93 100 0.30 1.27 30°
2 1.98 500 0.30 2.13 32°
3 2.10 1000 0.30 2.66 35°
4 2.12 5000 0.25 4.45 40°
5 2.40 29000 0.18 11.5

These parameters were determined by us based on the results of experimental studies of clay-
cement concrete properties conducted by other authors [5, 24—26]. For concrete, uniaxial compression
strength (11.5 MPa) was adopted in compliance with Building Code SP 23.13330.2011.

32 design steps were considered. The first and the second step modeled the foundation SSS
before the dam construction. The next step simulated the process of the wall arrangement by the trench
method: trench excavation for the wall was modeled and its filling by the wall material. It was assumed
that the wall material was not in the hardened state at perceiving its own weight. Its deformation modulus
was taken equal 20% of the final one and Poisson’s ratio was 0.45. At this step it was taken into account
that non-hardened wall material could freely slip with respect to the trench walls.

At the next 16 steps there was model the process of the embankment layered construction. The
next 13 steps modeled the process of the reservoir filling and the process of forming seepage
(or hydrostatic) forces in the foundation. The task on stabilized seepage regime was solved for
determining seepage forces (Fig. 3).
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Figure 3. Seepage loads on the wall (in meters of water column):
a — at wall depth 80m, b — at wall depth 40m, ¢ — at wall depth 20 m

Results and Discussion

Analysis of the results of SCW SSS computations was conducted for two most dangerous
moments of time:

1) moment of the dam construction completion,
2) moment of the reservoir filling completion.

As it was shown earlier [21], the first moment is dangerous from the point of view of hazardous
failure of compression strength. At this moment the wall perceives maximum vertical load and has
maximum compressive stresses. The wall vertical load appears due to settlements of the surrounding

Sainov M.P., Lubyanov L.V. Stress-strain state of seepage-control walls in foundations of embankment dams.
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earth mass under the action of the dam weight. This load is transferred to the wall by the foundation soil
through friction on the contact “soil-wall”.

The second moment of time is dangerous from the point of view of possible appearance of tensile
stresses in the wall. Tension in the wall may appear due to bend deformations, which the wall acquires at
perceiving water pressure horizontal forces.

The results of analyses are given in Figures 4-15, 18-29 for some design alternatives in the form
of curves of stresses and displacements. The curves of stresses given in the figures do not take into
account stresses in the wall from its own weight.

Analysis of the results of SCW SSS computations for the moment of the dam construction
completion shows the following:

o |If the wall is made of rigid material, at the foundation settlements the considerable compressive
longitudinal stresses are transferred to the wall. Due to this compressive stresses are
concentrated in it.

o The more the wall material differs by deformability from the foundation soil, the higher are
vertical compressive stresses y in it.

o For the alternatives where SCW is made of rigid materials (No. 3, No. 4, No. 5), there develops
the typical process of the soil slip with respect to the wall due to the contact shear strength
failure. The slip processes occur mainly in the upper part of the contact “wall-soil”.

¢ Due to this maximum compression is observed in the wall lower part.
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Figure 4. Wall SSS of alternative IA-1 for the moment of the dam construction completion:
a — settlements (cm), b — vertical stresses (MPa) on the upstream and downstream faces

Green lines correspond to the curves for the wall. Pink-violet lines correspond to soil settlements.
The dotted line indicates the wall material compressive strength.
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Figure 5. Wall SSS in alternative IA-3 for the moment of the dam construction completion.
Legend see at Figure 4
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Figure 6. Wall SSS in alternative IA-5 for the moment of the dam construction completion.
Legend see at Figure 4
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Fig.7. Wall SSS in alternative IIA-1 for the moment of the dam construction completion:
a — settlements (cm), b — vertical stresses (MPa) on the upstream and downstream faces

Green lines correspond to the curves for the wall. Pink-violet lines correspond to soil settlements.
The dotted line indicates the wall material compressive strength.
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Figure 8. Wall SSS in alternative lIA-3 for the moment of the dam construction completion.
Legend see at Figure 7
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Figure 9. Wall SSS in alternative IIA-5 for the moment of the dam construction completion.
Legend see at Figure 7
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Figure 10. Wall SSS in alternative IC-1 for the moment of the dam construction completion:
a — settlements (cm), b — vertical stresses (MPa) on the upstream and downstream faces
Green lines correspond to the curves for the wall. Pink-violet lines correspond to soil settlements.
The dotted line indicates the wall material compressive strength.
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Figure 11. Wall SSS in alternative IC-3 for the moment of the dam construction completion.

Legend see at Figure 10
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Figure 12. Wall SSS in alternative IC-5 for the moment of the dam construction completion.
Legend see at Figure 10
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Figure 13. Wall SSS in alternative IIC-1 for the moment of the dam construction completion.

Legend see at Figure 10
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Figure 14. Wall SSS in alternative IIC-3 for the moment of the dam construction completion.
Legend see at Figure 10
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Figure 15. Wall SSS in alternative IIC-5 for the moment of the dam construction completion.
Legend see at Figure 10
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For each design diagram there were drawn variation curves of maximum stresses G?ax depending
on the ratio between deformation modulus Ewan and foundation deformation modulus Efound (Fig. 16).

50 1
L G, MPa
B | A
40 - IA T
== B
30 - |C [ ,‘ — + ~
== ||1A "+,, [
20 ——1IB A
~-lic [ £~ :
. i 7 7 - —
10 i —
0 _——!ﬂd‘a } ‘\ — ECT/EOCH

1 10 100 1000

Figure 16. Variation of maximum values of longitudinal stresses
in the wall depending on ratio Ewai/Efound

It is possible to distinguish two typical sections in this relationship. The first section is characterized
by smooth increase of compressive stresses in the wall as the ratio Ewai/Efound increase. It is realized at
Ewal/Efound. NOt exceeding 20. These conditions are characterized by weak development of slip processes
at contact «wall-soil». Slip occurs only in the upper part of the contact; its shear strength is minimum.

At the first section the relationship between Ewai/Erouna may be rather strictly described by the
following relationship:

n
oy =A~p-(E°T J , (1)

EOCH

where p — pressure transferred from the dam to the foundation,
A, n — empirical values.
By the results of analysis the pressure p amounted to approximately 1.5 MPa.

One of the empirical relationship parameters is always A~1. The obtained values of index n are
shown in Table 3.
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Table 3. Values of index n

Design diagram 1A 1B IC I1A IIB 1IC
n 0.84 0.78 0.70 0.76 0.73 0.66

Analysis of the obtained graphs (Fig. 16) shows that at the first section of relationship Ewai/Efound is
characteristic the following:

e In the resting walls the maximum stress values y grow slightly less intensively than in
suspended walls. This is explained by increase of contact “wall-soil” length where slip
processes develop;

e Stress maximum values y have small dependence on the wall depth, though less deep walls
have slightly less values of stress.

The study permitted revealing that the value of index n depends on the wall depth and conditions

of the wall performance (suspended or resting). Dependence of n from the wall depth H may be
described by relationship:

n=BHM (2)

Empirical index B is within limits 0.46 + 0.48, and m ~0.12 + 0.13 depending on boundary
conditions of the wall operation conditions.

At the second section (at Ewal/Erund >10 + 20) the possibility of further increase of stresses in the
wall is limited by intensive development of slip processes at contact “wall-foundation”. The more is the

. . X .
length of the contact where shear strength fails, the higher are the values of stresses Gga in the wall.

Failure of the contact shear strength develops mainly from the wall upper end downward. Suspended
walls have the contact strength failure near the lower end also.

Due to presence of slip there is limit value of maximum compressive stresses which may be
transferred to the wall.

Analysis of the results shows that:

e The deeper is the wall, the higher is limiting compressive stress in it. For example, in diagram
IA-5 (H=80 m) they comprised 29.2 MPa (Fig. 6b), and in diagram IC-5 (H=20 m) — 7.2 MPa
(Fig. 12by);

e In the walls resting on rock foundation the limit value of compressive stress is higher that in
suspended walls. For example, in diagram 1A-5 limit stresses amounted to 29.2 MPa (Fig. 6b),
and in diagram IIA-5 — 41.8 MPa (Fig. 9b).

Thus, resting walls of large depth have more favorable SSS.
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Figure 17. Diagram for the wall analysis

In [27] for the simplified design diagram (Fig. 17) we obtained an analytical dependence for
determining the limit value:

cﬁpeﬂ=p+T[Zpktgcp+20+vktg<r>h]f ©

where h — length of the contact section, where shear strength failed,
t — wall thickness,
¢, ¢ — angle of internal friction and specific cohesion at contact “wall-soil” respectively,
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v, L — specific weight and coefficient of soil lateral pressure respectively.

Formula (3) shows that strength parameters of contact “soil-wall” considerably affect the limiting
state of compressive stresses. The stronger is the contact the more are compressive stresses in the wall.

Dependence (3) also permits assessing the effect of depth on values of compressive stresses.
Theoretically it is quadratic, however, the results of SSS analysis for the considered case show that the
role of the quadratic term is small and stresses are actually increased linearly with growth of the wall
depth.

This dependence also indicates on the method of decreasing compressive stresses in the wall, i.e.
increase of the wall thickness.

However, analytical dependence (3) is approximate; it does not allow considering the effect of the
foundation SSS peculiar features. The true values of compressive stresses in the wall may be obtained
only by numerical modeling.

The obtained SCW SSS permitted us to assess the wall strength and reveal what material is the
best for arranging SCW.

At assessing strength of the wall made of plastic material (for example, clay-cement concretes) we
proposed to take into consideration the fact that SCW is in a complicated stress state. Experimental
studies with clay-cement concrete show that its compressive strength increases when we have lateral
compression [24-25]. This effect may be considered based on the theory of strength of Coulomb—Mohr.
In compliance with this theory the material compressive strength proportionally increases with lateral
compression growth:

1+sine

R=R,+co ,
! 11—sin(p

4

where R1 — uniaxial compression strength,
o1 — compressive stress (maximum principal stress),
¢ — angle of soil internal friction.
The wall compression is achieved by lateral pressure of the surrounding soil.

Analysis of meeting compressive strength conditions conducted for various alternatives showed
the following:

¢ Consideration of lateral compression considerably improves the wall condition from the point of
view of assessing compressive strength. Compression effect is especially noticed in the
alternatives with liquid clay-cement concrete (alternative No. 1);

e In most alternatives compressive strength is not provided, even with consideration of strength
growth at lateral compression;

e In most alternatives with liquid clay-cement concrete (Alternative No. 1) the most dangerous
section is the wall top. In this section compressive stresses have maximum values and
compressive strength values are minimum. It should be noted that SSS of foundation itself
significantly affects SCW performance. By the results of analyses the foundation under the
action of dam weight «sprawls». This results in the fact that the wall upper part turns to be
weakly compressed by soil lateral pressure and the wall operation conditions are close to
uniaxial compression state;

¢ In the alternatives of making SCW of rigid materials (alternatives Nos. 3-5) the most hazardous
section is located in the wall lower part where compressive stresses are maximum;

e Operation conditions of suspended walls are more favorable, because compressive stresses in
them are less and therefore, it is easier to provide the material strength;

e The only wall material whose strength was provided in any patterns and operation conditions is
liquid clay-cement concrete (alternative No. 1). At that, safety factor in the wall upper part as a
rule is close to O;

e |n operation mode of wall IC (suspended wall 20 m deep) (alternatives C) compressive strength
was provided not only in alternative No.1 but also at arrangement of a concrete wall (alternative
No. 5). This was achieved due to actually full slip of the foundation soil against a not deep wall.

This analysis shows that SCW operation conditions are very complicated; they depend on many

factors, that is why it is not possible to formulate general recommendations for selection of material and
providing SCW strength, which could be applicable to all possible SCW operation conditions. Depending
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on loads transferred by the dam to the foundation, conditions of resting, the wall thickness and depth,
foundation structures the SCW operation conditions may differ greatly. In each particular case it is
necessary to conduct numerical studies of SCW SSS.

Tentative recommendations may be as follows:

For arrangement of the wall it is desirable to use the material whose deformability differs from
that of the surrounding soil by not more than 2 times. This recommendation differs from ICOLD
recommendations [22] and makes the requirements tougher;

For improvement of SSS and strength condition of the SCW upper part it is desirable to exclude
direct transfer of the dam weight loads to it. For this purpose a concrete gallery may be
provided above the wall separated from it by a gap (cavity);

One more way of improving the strength state of SCW made of rigid materials is increase of its
thickness. Increasing thickness of the wall will permit decreasing concentration of compressive
stresses in it;

In some cases the use of more rigid and strong material, reinforced concrete may be allowed
for SCW arrangement and the required strength will be provided. This is possible in conditions if
compressive forces transferred to the wall are not great. For example, this is possible due to
slip at contact “soil-wall”. Therefore, of great importance are strength indices at contact “soil-
wall”. With this respect it is necessary to note that at the wall construction by a trench method a
so-called bentonite “casing” is formed with low strength indices. “Oiling” may greatly affect the
rigid wall SSS.

The wall SSS analysis on the moment of perception by the wall of the seepage flow pressure
shows cardinal change of SSS. At reservoir filling the wall shifted toward the downstream side and
acquired bending deformations (Figs. 18—-29b). Maximum shift is observed in the wall head.
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Figure 18. Wall SSS of alternative IA-1 as of the moment of reservoir filling completion:

a — settlements (cm), b — displacements (cm),
c—vertical stresses (MPa) on the upstream and downstream faces

Blue lines correspond to the curves for the wall. Red lines correspond to soil settlements. The
dotted line indicates the wall material compressive strength.
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Figure 19. Wall SSS of alternative 1A-3 as of the moment of reservoir filling completion.

Legend see in Figure 18
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Figure 20. Wall SSS of alternative IA-5 as of the moment of reservoir filling completion.
Legend see in Figure 18
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Figure 21. Wall SSS of alternative lIA-1 as of the moment of reservoir filling completion:
a — settlements (cm), b — displacements (ecm), c— vertical stresses (MPa) on the upstream and
downstream faces

Blue lines correspond to the curves for the wall. Red lines correspond to soil settlements. The
dotted line indicates the wall material compressive strength.
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Figure 22. Wall SSS of alternative 11A-3 as of the moment of reservoir filling completion.
Legend see in Figure 21
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Figure 23. Wall SSS of alternative 1lA-5 as of the moment of reservoir filling completion.
Legend see in Figure 21
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Figure 24. Wall SSS of alternative IC-1 as of the moment of reservoir filling completion:
a — settlements (cm), b — displacements (cm), c— vertical stresses (MPa) on the upstream and
downstream faces

Blue lines correspond to the curves for the wall. Red lines correspond to soil settlements. The
dotted line indicates the wall material compressive strength.
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Figure 25. Wall SSS of alternative IC-3 as of the moment of reservoir filling completion.
Legend see in Figure 24
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Figure 26. Wall SSS of alternative IC-5 as of the moment of reservoir filling completion.
Legend see in Figure 24
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Figure 27. Wall SSS of alternative 1IC-1 as of the moment of reservoir filling completion.
Legend see in Figure 24
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Figure 28. Wall SSS of alternative 1IC-3 as of the moment of reservoir filling completion.
Legend see in Figure 24
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Figure 29. Wall SSS of alternative IC-5 as of the moment of reservoir filling completion.

Legend see in Figure 24

Analysis of SCW SSS modeling shows the following:

At perception of horizontal forces not only displacements occur but also the wall bend. At that,
suspended SCW and resting walls displace and bend in different ways. Foot displacement of
the walls resting on rock foundation is close to 0, but the wall top displacement is more than
that of suspended walls. For example, the top displacement of the resting wall in alternative IIA-
1 comprises 59 cm (Fig. 20b), and of the suspended wall in alternative IA-1 it is 76 cm (Fig.
20b). At that, bend of the suspended wall in alternative IIA-1 (57 cm) is much less than that of
the resting wall in alternative 1A-1 (35 cm). This difference in bends is explained by the fact that
the resting walls take greater horizontal loads than the suspended ones;

At perception of horizontal loads by the wall the vertical compressive forces perceived by it also
considerably decreased. This is explained not only by the fact that weighing action contributes
to decrease of pressure transferred to the foundation from the dam weight. Of great importance
is development of slip processes along the upstream face of SCW (Figs. 17—28a). At the wall
displacements toward the upstream side the normal stresses in the upstream contact “wall-soil”
decrease, and consequently, its shear strength decreases also. Due to development of slip
processes in the upstream contact “wall-soil” the vertical compressive forces transferred to the
wall sharply decrease.

Bend of the suspended wall is complicated. The upper part bends toward the downstream side
and the lower part bends toward the upstream side. Due to the bend on one of the faces
compressive stresses y decrease and on the other face they increase.

For the walls made of clay-cement concrete there is hardly noticed non-uniformity in stress
distribution. When the wall is made of reinforced concrete (alternative No. 5) compressive
stresses pass to tensile stresses. For example, in alternative IA-5 tensile stresses reach
1.3 MPa (Fig. 19c) and exceed the concrete tensile strength.

In the walls on rock foundations due to more displacements the bend deformations are
expressed stronger. Due to the fact that in alternative IIA-5 the tensile stresses in the wall upper
part reach 4.3 MPa (Fig. 22c). Besides, the resting wall character of bend deformations is
complicated in the zone of embedment into the rock foundation. In the embedment zone the
wall considerably bends toward the upstream side. In alternative 1A-5 tensile stresses on the
upstream face exceed 20 MPa (Fig. 22c).

SSS of less deep walls is somewhat better. In alternative 11C-5 tensile stresses in the wall upper
part do not exceed 0.2 MPa, and in the zone of embedment they amount to 10.7 MPa (Fig.
28c). Thus, for the walls embedded into a rigid rock foundation the most hazardous are tensile
stresses in the embedment zone. We may arrive to the conclusion that the interface of SCW
with rock should be provided not by its embedment into rock, but by arranging a more flexible
connection. For example, it may be an earlier prepared zone of grouted impervious soil.

From the point of view of providing the dam compressive strength the wall strength state in the
second design moment is more favorable than in the first one. This is explained by two reasons. The first
reason refers to general decrease of compressive longitudinal forces in the wall. The second reason is
attributed to the fact that at reservoir filling the wall is compressed under water pressure and due to this
its material compressive strength increases.

Wall compressive strength is not provided only in use of rigid materials (alternatives Nos. 4-5,
sometimes alternative No. 3).

Conclusion

1. SCW SSS analysis should be performed at least for two moments of time: The first is the
moment of dam construction completion; the second refers to the moment of reservoir filling completion
and formation of the seepage regime in the foundation. The first moment is dangerous from the point of
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view of possible compressive strength failure, the second from the point of view of possible tensile
strength failure.

SCW SSS in the foundation of a high embankment dam as of the moment of dam construction
completion is characterized by concentration of considerable compressive longitudinal stresses. These
stresses are greater the greater is the ratio between deformation moduli of the wall material and the
foundation soil. After the reservoir filling the compressive stresses decrease, but this leads to possible
appearance of tensile stresses in the wall. In the moment of reservoir filling completion the most
hazardous for the wall are bend deformations.

2. Rigidity of the wall itself and conditions of interaction with surrounding soil mass have the
greatest impact on formation of SCW SSS. The degree of developed slip processes at contact “soil-wall”
plays a great role.

Besides, SCW SSS is affected by conditions of its rest (suspended or resting), foundation setting,
the wall depth and thickness.

3. SSS of walls embedded into a rock foundation (resting walls) is less favorable than that of the
suspended walls. At perception of vertical forces the resting wall maximum values of stresses turn to be
slightly higher than those in suspended walls. Walls reaching water-tight stratum are subject to greater
horizontal water pressure and therefore, greater displacements. They are characterized by greater bend
deformations, especially in the zone of embedment into rock foundation. The zone of walls embedment
into rock foundation is the most dangerous and unsafe section. At horizontal displacements of walls in the
embedment, cracks may appear as a result of tensile strength failure as well as shear.

4. The empirical dependences proposed by us may be applied at the preliminary design stage for
determining maximum values of compressive longitudinal stresses in SCW. However, these
dependences are approximate. More reliable results may be obtained only by numerical modeling,
because this is the only way of modeling slip processes at the contact of the wall with soil.

5. Deep walls operate in more complicated conditions than the wall of small deepness. The greater
is the wall depth the higher are compressive stresses in it and the higher is the probability of compressive
strength failure.

6. At assessing compressive strength of the walls made of plastic material, for example clay-
cement concrete, it is necessary to take into account the effect of strength growth when we have lateral
compression. As SCW are usually in the state of triaxial compression, account of this effect is of great
importance.

7. For SCW constructed in a homogenous foundation it may be recommended to use the material
whose deformation modulus is not more than 2 fold as compared to the deformation modulus of the
surrounding soil. This meets ICOLD recommendations, but the difference is that it is tougher.

8. It is not recommended to use concrete and reinforced concrete for SCW arrangement. At
foundation settlements considerable compressive stresses are concentrated in rigid walls, and at
perception of horizontal forces the tensile stresses appear. It is especially dangerous to use concrete
(reinforced concrete) for the walls arranged in soil and embedded into rock foundation.

However, there are cases when use of reinforced concrete may be allowed and justified. For
example, reinforced concrete may be used for arranging suspended walls of small deepness.

9. At designing seepage-control walls there are several ways of their SSS regulation to provide
strength. The first is using the material by deformability close to the enclosing soil. The second way is
increasing the wall thickness. The third way is decrease of friction at contact “soil-wall” to decrease forces
transferred to the wall by foundation soil, however, this way is not possible in practice. Besides, tangible
effect may be reached by arranging a concrete gallery above the wall top, from which the wall will be
separated by a gap. This will permit slight decrease of vertical compressive forces transferred to the wall.

References JlntepaTtypa

1. Balian S. Cut-off wall construction at Peribonka dam. 1. Balian S. Cut-off wall construction at Peribonka dam //
International Water Power & Dam Construction. 2007. International Water Power & Dam Construction. 2007.
Vol. 59(2). Pp. 42-44. Vol. 59(2). Pp. 42—-44.

2. Mirghasemi A.A., Pakzad M., Shadravan B. The world’s 2. Mirghasemi A.A., Pakzad M., Shadravan B. The world’s
largest cutoff wall at Karkheh dam. Hydropower & Dams. largest cutoff wall at Karkheh dam // Hydropower & Dams.
2005. No. 2. Pp. 2-6. 2005. Ne 2. Pp. 2—-6.

3. Baranov A.Ye. Iz opyta proyektirovaniya i stroitelstva 3. BbapaHoB  A.E. M3 onbita  NpoOeKTUpPOBaHWS "
Yumaguzinskogo gidrouzla na r. Beloy [The Experience of ctpoutenscTtBa KOmaryaunHckoro rugpoysna Ha p.benon //

CaunoB M.II., JlyObsiHoB B.B. HampspkéHHO-neopMHUpOBaHHOE COCTOSHHE NPOTHBOQHIBTPALMOHHBIX CTEH B
OCHOBAaHHHU IPYHTOBBIX IIOTHH // NHXeHepHO-cTpouTenbHbIH xypHan. 2017. Ne 5(73). C. 96-112.



Magazine of Civil Engineering, No. 5, 2017

10.

11.

12.

13.

14.

15.

16.

Designing and Building Yumagusinskiy Hydoelectric
Complex on the River Belaya]. Vestnik MGSU. 2006. No. 2.
Pp. 112-122. (rus)

Radchenko V.G., Lopatina M.G., Nikolaychuk E.V.,
Radchenko S.V. Opyt vozvedeniya protivofil'tratsionnykh
ustroystv i gruntotsementnykh smesey [Experience in the
Construction of Antifiltering Devices and Soil-cement
Compositions].  Gidrotekhnicheskoe stroitel'stvo. 2012.
No. 6. Pp. 46-54. (rus)

Malyshev L.l., Shishov I.N., Kudrin K.P., Bardyugov V.G.
Tekhnicheskie resheniya i rezul'taty rabot po sooruzheniyu
protivofil'tratsionnoy steny v grunte v yadre i osnovanii
Kureyskoy GES [Technical Solutions and Working Results
in the Process of Building Filtration-proof Wall in the Soil of
the Core and Foundation of Kureyskaya Water Power
Plant]. Gidrotekhnicheskoe stroitel'stvo. 2001. No. 3.
Pp. 31-36. (rus)

Coj M.S.D., Aldanov A.G., Radchenko V.G., Semenov
Ju.D., Danilov A.S., Smolenkov V.Ju. Vozvedenie
protivofil'tracionnoj zavesy metodom strujnoj cementacii v
osnovanii plotiny Sangtudinskoj GJeS-1 [The erection of
the anti-seepage curtain by the method of jet grouting in
the base of the dam of Sangtudinskaya HPP-1].
Gidrotekhnicheskoe stroitel'stvo. 2008. No. 5. Pp. 32-37.
(rus)

Ehrhardt T., Scheid Y., El Tayeb A. Design and
construction of the rockfill dams and the cut-off wall at the
Merowe  Project [Entwurf und ausfuhrung der
steinschuttdamme und der schlitzwand des Merowe-
Projektes. WasserWirtschaft. 2011. No. 101(1-2). Pp. 36—
42,

Noll H., Langhagen, K., Popp, M., Lang, T. Rehabilitation of
the sylvenstein earth-fill dam - Design and construction of
the cut off wall [Ertuchtigung des Sylvenstein-Staudamms -
Planung und Ausfuhrung der Dichtwand].
WasserWirtschaft. 2013. Vol. 103. No. 5. Pp. 76-79.

Rasskazov L.N., Bestuzheva A.S., Sainov M.P. Betonnaya
diafragma kak element rekonstruktsii gruntovoy plotiny
[Concrete Membrane as an Element of Ground Water Dam
Reconstruction]. Gidrotekhnicheskoe stroitel'stvo. 1999.
No. 4. Pp. 10-16. (rus)

Sainov M.P. Naprjazhjonno-deformirovannoe sostojanie
protivofil'tracionnyh “sten v grunte” gruntovyh plotin [The
stress-strain state of the anti-seepage cutoff wall of the
earth dams] (Dissertation for the degree of candidate of
technical sciences). 2001. 255p. (rus

Dao Tuan An'. Prostranstvennoe naprjazhjonno-
deformirovannoe sostojanie gruntovyh plotin s tonkim
protivofil'tracionnym jelementom [Spatial stress-strain state
of soil dams with a thin anti-seepage element] (Dissertation
for the degree of candidate of technical sciences). 2002.
259 p. (rus)

Radzinskiy A.V., Rasskazov L.N., Sainov M.P. Plotina
stometrovoy vysoty s glinotsementobetonnoy diafragmoy
po tipu “stena v grunte” [Clay-cement Concrete Diaphragm
of the Type "Slurry Wall" in the 100 Meter High Dam].
Vestnik MGSU. 2014. No. 9. Pp. 106-115. (rus)

Ding Y., Zhang Q., Zhang B. FEM analysis of stress-
deformation characteristics of cut-off walls in high core
rockfill dam. Journal of Hydroelectric Engineering. 2013.
No. 32(3). Pp. 162-167.

Pan Y., He Y.-L., Zhou X.-X., Cao X.-X. Analysis of effect
of canyon terrain on stress and displacement of cutoff wall
in dam foundation with deep overburden. Yantu Lixue/Rock
and Soil Mechanics. 2013. No. 34(7). Pp. 2023—-2030.

Liu S.-H., Wang L.-J.,, Wang Z.-J., Bauer E. Numerical
stress-deformation analysis of cut-off wall in clay-core
rockfill dam on thick overburden. Water Science and
Engineering. 2016. No. 9(3). Pp. 219-226.

Prokopovich V.S., Velichko A.S., Orishhuk R.N.
Naprjazhenno-deformirovannoe  sostojanie zemljanoj
plotiny s glinocementobetonnoj diafragmoj (Na primere

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

BectHuk MICCY. 2006. Ne 2. C. 112-122.

Papuyenko B.I', JlonatuHa M.I'., Hwukonanyyk E.B.,
PapyeHko C.B. OnbIT BO3BEAEHUs
NpoTMBOMUNBLTPALIMOHHBIX yCTPONCTB 13
TPYHTOLEMEHTHBIX cmecen. I M'mopoTexHnyeckoe

cTpoutenbcTBo. 2012. Ne 12. C. 46-54.

Mansiwes J1.M., Wuwos WU.H., KyapuH K.I., Bapatoros B.T".
TexHndeckMe peleHuss U pesynbTatel  paboT no
COOPYKEHUIO MPOTUBOMUILTPALNOHHOW CTEHbI B FPYHTE B
snpe n ocHoBaHum Kyperickon M3C // TvppoTexHuyeckoe
ctpoutenscTBo. 2001. Ne 3. C. 31-36.

Llon M.C.[., AngaHos A.l'., PagueHko B.I"., CemeHos t0.[.,
OaHunos A.C, CmoneHkoB B.1O. BosseneHne
NPOTUBOMPUNBLTPALIMOHHON 3aBecbl MEeTOAOM  CTPYMHOW
LEeMeHTauMm B OCHOBaHUM NNOTUHbI  CaHrTyauHCKowm
M3C-1. /I TnppoTexHudeckoe ctpouTenscTeo. 2008. Ne 5.
C. 32-37

Ehrhardt T., Scheid Y., El Tayeb A. Design and
construction of the rockfill dams and the cut-off wall at the
Merowe  Project [Entwurf und ausfuhrung der
steinschuttdamme und der schlitzwand des Merowe-
Projektes] // WasserWirtschaft. 2011. Vol. 101(1-2).
Pp. 36—42.

Noll H., Langhagen K., Popp M., Lang T. Rehabilitation of
the sylvenstein earth-fill dam - Design and construction of
the cut off wall [Ertuchtigung des Sylvenstein-Staudamms -
Planung und  Ausfuhrung der  Dichtwand] //
WasserWirtschaft. 2013. Vol. 103. Ne 5. Pp. 76—79.

Pacckasos J1.H., bectyxesa A.C., CanHoB M.I1. BeToHHas
onadparma Kak 3neMeHT  PEKOHCTPYKUMU  TPYHTOBOW
nnoTuHbl // F'ngpoTtexHnyeckoe ctpontensbcTBo. 1999. Ne 4,
C. 10-16.

CavHoe M.I1. HanpsixéHHO-aedhopMMpoBaHHOE COCTOsIHME
NpOTMBOMPUNBLTPALIMOHHBIX “CTEH B TPyHTE” TPYHTOBbLIX
NINOTWH: AWC. ... KaHA.TexH.Hayk 05.23.07 / CamHoB Mwuxawn
MeTtpoBnu. — M., 2001. 255 c.

Oao TyaH AHb. [lpocTpaHCTBEHHOE  HanpsXXEHHO-
0edopMMPOBaHHOE  COCTOSIHME TPYHTOBbIX MAOTUH C
TOHKUM MPOTMBOUIMLTPALMOHHLIM 3MEMEHTOM: JWUC. ...
KaHA.TexH.Hayk 05.23.07 / Jao TyaH AHb. — M., 2002.
259 c.

Pacckaszos J1.H., PagsuHckuin A.B., CanHos M.I1. MnoTtuHa
BbicoTor 100 M ¢ rmMMHOLEMEHTOBETOHHOM AnadparMoin no
Tuny “cteHa B rpyHTe” // BectHuk MICY. 2014. Ne 9.
C. 106-115.

Ding Y., Zhang Q., Zhang B. FEM analysis of stress-
deformation characteristics of cut-off walls in high core
rockfill dam // Journal of Hydroelectric Engineering. 2013.
Ne 32(3). Pp. 162-167.

Pan Y., He Y.-L., Zhou X.-X., Cao X.-X. Analysis of effect
of canyon terrain on stress and displacement of cutoff wall
in dam foundation with deep overburden // Yantu
Lixue/Rock and Soil Mechanics. 2013. Ne 34(7). Pp. 2023—
2030.

Liu S.-H., Wang L.-J.,, Wang Z.-J., Bauer E. Numerical
stress-deformation analysis of cut-off wall in clay-core
rockfill dam on thick overburden // Water Science and
Engineering. 2016. Ne 9(3). Pp. 219-226.

Mpokonosny B.C., Benuuko A.C., Opuwyk P.H.
HanpspkeHHO-AedopMUpoOBaHHOE  COCTOSIHUE — 3eMIISIHOM
NNOTWHBI C FMMHOLEeMeHTobeToHHOM Aanadparmon (Ha
npumepe 3emnsHon nnoTuHbl [ouatnuHckon [3C) //
N3Bectus BHUUIT wmm. B.E.BepeHeeBa. 2016. T. 282.
C. 87-98.

CanHoB M.M., KotoB @®.B. OueHka HaOexHoOCTH
avnadparmel 3 6ypoHabuBHbBIX CBali B MNOTUHE CPefHen
BblcoTbl // BecTHuk MITCY. 2014. Ne 1. C. 153-163.

ICOLD. Filling materials for watertight cut-off walls. 1985.
Bulletin 51.

CauHoB M.M. BblumcnutensHasi nporpamMma no pacyéTy
HanpsPKEHHO-Ae(DOPMUPOBAHHOIO  COCTOSIHUSI  TPYHTOBbIX

Sainov M.P., Lubyanov L.V. Stress-strain state of seepage-control walls in foundations of embankment dams.
Magazine of Civil Engineering. 2017. No. 5. Pp. 96-112. doi: 10.18720/MCE.73.9.

111



112

HuxeHepHO-CTPOUTENBHBIH KypHaJI, Ne 5, 2017

17.

18.

19.

20.

21.

22.

23.

zemljanoj plotiny Gocatlinskoj GJeS) [The stress-strain
state of an earth dam with slurry wall diaphragm (On the
example of the earth dam of Gotsatlinskaya HPP)] //
Izvestija VNIIG im.B.E.Vedeneeva. 2016. Vol. 282. Pp. 87—
98. (rus)

Sainov M.P., Kotov F.V. Otsenka nadezhnosti diafragmy iz
buronabivnykh svay v plotine sredney vysoty [Safety
Assessment of a Bored Pile Diaphragm in a Mediumheight
Dam]. Vestnik MGSU. 2014. No. 1. Pp. 153-163

ICOLD. Filling materials for watertight cut-off walls. 1985.
Bulletin 51.

Sainov M.P. Vychislitelnaya programma po raschyotu
napryazhyonno-deformirovannogo sostoyaniya gruntovykh
plotin: opyt sozdaniya, metodiki i algoritmy [Computer
program for the calculation of the stress-strain state of soil
dams: the experience of creation, techniques and
algorithms]. International Journal for Computational Civil
and Structural Engineering. 2013. Vol. 9. No. 4. Pp. 208-
225. (rus)

Rasskazov L.N., Radzinskiy A.V., Sainov M.P. Prochnost i
deformiruyemost  glinotsementobetona v slozhnom
napryazhennom sostoyanii [Strength and Deformability of
Clay-cement Concrete in Complex Stress State].
Gidrotekhnicheskoye stroitelstvo. 2014. No. 8. Pp. 29-33.
(rus)

Pisheh Y.P., Mir Mohammad Hosseini, S.M. Stress-strain
behavior of plastic concrete using monotonic triaxial
compression tests. Journal of Central South University of
Technology (English Edition). 2012. Vol. 19. No. 4.
Pp. 1125-1131.

Hinchberger S., Weck J, Newsona T. Mechanical and
hydraulic characterization of plastic concrete for seepage

cut-off walls. Canadian Geotechnical Journal. 2010.
No. 47(4). Pp. 461-471.
Sainov  M.P. Priblizhjonnyj prognoz  prochnosti

protivofil'tracionnoj steny v osnovanii plotiny [Approximate
prognosis of the strength of the anti-seepage wall at the
base of the dam]. Nauchnoe obozrenie. 2017. No. 4.
Pp. 34-38. (rus)

Mikhail Sainov,
+7(926)6078931; mp_sainov@mail.ru

Vladislav Lubyanov,
+7(909)9505567; lubyanovvv@yandex.ru

20.

21.

22.

23.

NNOTUH: OMbIT CO3[4aHUA, METOAWKW W  anropuTmbl //
International Journal for Computational Civil and Structural
Engineering. 2013. Ne 9(4). C. 208-225.

Pacckasos JI.H., PagsuHckun A.B., CawmHoB M.I.
MpoyHoCTb 1 AechopMupyemMocTb rmMHoLeMeHTobeToHa B
CINOXHOM HanpsPKeHHOM COCTOsIHUM // TnapoTexHuyeckoe
ctpoutenscTso. 2014. Ne 8. C. 29-33.

Pisheh Y.P., Mir Mohammad Hosseini S.M. Stress-strain
behavior of plastic concrete using monotonic triaxial
compression tests // Journal of Central South University of
Technology (English Edition). 2012. Vol. 19. Ne 4.
Pp. 1125-1131.

Hinchberger S., Weck J., Newsona T. Mechanical and
hydraulic characterization of plastic concrete for seepage

cut-off walls // Canadian Geotechnical Journal. 2010.
Ne 47(4). Pp. 461-471.
CavHoB  M.M. T[MpuBNMXEHHBIK  MPOrHO3  MPOYHOCTU

npoTMBOMPUINBLTPALIMOHHON CTEHbI B OCHOBAHUW NMAOTUHBI //
HayuyHoe o603peHune. 2017. Ne 4. C.34-38.

Muxaun lNemposuy CauHos,
+7(926)6078931; an. noyma: mp_sainov@mail.ru

Bnaducnae Banepbesuuy JlybbsiHos,
+7(909)9505567;

an. noyma: lubyanovvv@yandex.ru

© Sainov M.P.,Lubyanov V.V.,2017

CaunoB M.II., JlyObsiHoB B.B. HampspkéHHO-neopMHUpOBaHHOE COCTOSHHE NPOTHBOQHIBTPALMOHHBIX CTEH B
OCHOBAaHHHU IPYHTOBBIX IIOTHH // NHXeHepHO-cTpouTenbHbIH xypHan. 2017. Ne 5(73). C. 96-112.





