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Abstract
A simple approach to estimate sidewall friction in reinforced soil model experiments conducted
in parallel-sided test boxes with unlubricated walls is proposed. Analytical solutions are devel-
oped for reinforced soil slopes and retaining walls subjected to self-weight or external loading.
It turns out that the frictional effect depends on the shape of the failure zone and the value
of friction coefficient between soil and a sidewall material. The theoretical predictions were
verified in laboratory experiments in a test box with lubricated and unlubricated sidewalls. It
was shown that the method can be used to estimate sidewall friction not only under failure
conditions, but also under all stages of surcharging prior to failure.
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Notations

a – length of failure zone at the top of the RS model in case of uniform
surcharge loading,

aP – width of footing model,
A – area of failure zone sliding along the sidewalls,
HE – critical height of the RS model in ideal situation of no sidewall fric-

tion,
HEF – experimental critical height of the RS model,
HF – increase of critical height of the RS model caused by sidewall fric-

tion,
K0 – coefficient of lateral earth pressure,
L – width of test box or length of footing model,
Nv – normal pressure force,

© 2021 Institute of Hydro-Engineering of the Polish Academy of Sciences. This is an open access article licensed under the
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NW – normal component of resultant force of sand weight in tipping ex-
periment,

P – vertical force acting on the footing in case of no sidewall friction,
PE – experimental vertical force acting on the footing,
PHE – force due to the weight the failure block of height HE in case of no

sidewall friction,
PHEF – force due to the weight of soil in the failure block of height HEF ,
PF – total force generated at both sidewalls due to sidewall friction,
q – unit surcharge load in case of no sidewall friction,
qE – experimental unit surcharge load causing failure,
qF – error in surcharge load measurements due to side friction,
TW – tangential component of resultant force of sand weight in tipping

experiment,
W – resultant force of sand weight in tipping experiment,
x, y, z – Cartesian coordinates,
α – angle of slip line inclination with the horizontal,
β – angle of slope inclination with the horizontal,
γ – unit weight of sand,
δ – friction angle between the soil and the model wall,
µ – coefficient of sidewall friction,
σv – vertical stress acting to the soil in a direct shear test,
σx – horizontal stress acting normal to the sidewall,
σy – vertical stress,
τF – frictional shear stress,
φ – internal friction angle of sand,
ω – plate inclination to the horizontal in the tipping experiment.

1. Introduction

Reinforced soil (RS) has been used in engineering practice for almost 50 years. In
order to better understand the behaviour of reinforced soil structures, a wide range
of experimental studies has been carried out. Several geotechnical problems can be
investigated by conducting small-scale tests under 1g conditions. Such tests with RS
models are usually carried out in test tanks in the form of cuboidal, parallel-sided
boxes. In these tanks, the friction between the soil and the side walls can significantly
affect the experimental results, and therefore should be reduced as much as possible.
To reduce this sidewall friction, different methods are employed. The side walls are:
(a) made of various kinds of materials with a smooth surface e.g. glass, (b) polished
smooth, (c) covered with a low friction sheet e.g. Teflon, polyethylene, or latex mem-
brane, (d) lubricated by oil, gel or grease, (e) coated with lubrication layer consisted
of rubber or latex membrane and a thin layer of oil or grease.
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The friction between the soil and sidewall surface is usually tested using a shear
box test apparatus. Tatsuoka et al (1984) and Tatsuoka and Haibara (1985) reported the
results of a series of direct shear tests between sand and different smooth or lubricated
surfaces. Bathurst and Jarrett (1986) and Bathurst and Benjamin (1987) described the
shear tests performed in large shear box apparatus to examine the shear-deformation
behaviour of sand / polyethylene / plexiglass interface. The results of laboratory tests
on friction between cohesive soil and steel were presented by Tsubakihara and Kishida
(1993) and Tsubakihara et al (1993). The investigation of sidewall friction for differ-
ent lubrication methods was described by Fang et al (2004). Also, Zheng at al (2021)
demonstrated the effectiveness of several commonly used lubricants in reducing side-
wall friction.

In recent years, the use of non-invasive methods in experimental practice has been
increasing. Such a non-destructive technique developed for use in geotechnical test-
ing is Particle Image Velocimetry (PIV) (White et al 2003, Stanier et al 2016). This
method is now widely employed in soil deformation measurements at different stages
of loading. It is an effective tool for measuring soil particle displacements, distribu-
tion of volumetric and deviatoric strain, and monitoring the evolution of shear zones
(Leśniewska and Wood 2009, Niedostatkiewicz et al 2011). PIV is an image process-
ing technique applying a visualization method. Digital images are captured during
tests using a digital high-resolution camera and processed using image analysis soft-
ware. Therefore, this technique requires the use of a test box with a front wall of good
transparency, e.g. made of glass or plexiglass.

However, the application of a lubrication system, e.g., in the form of plastic foil or
latex membrane and oil or grease, results in a reduction of sidewall transparency. Such
a loss of transparency may reduce the precision and efficiency of the PIV method. If
reasonable accuracy in PIV analysis is required, the application of wall lubrication
should not be taken into consideration. However, the results reported by Tatsuoka and
Haibara (1985) indicated that unlubricated glass or plexiglass sidewall could not be
considered as “non-frictional” surfaces. Therefore, in this case, the effect of sidewall
friction should be estimated, and taken into account in the analysis of the experimental
results.

Bransby and Smith (1975) presented a calculation method developed to estimate
the effect of sidewall friction in earth pressure tests on model retaining walls. They
found that this effect depends on the roughness of the sidewalls, the angle of internal
friction of soil, and on the width of a test box. They also observed the small effects
of sidewall friction on plane deformation of soil mass. Bathurst and Benjamin (1987)
presented a stability analysis of the block of unreinforced soil to investigate sidewall
friction contribution to test retaining walls. The authors concluded that limiting equi-
librium wedge analysis gives a correct prediction of wall forces. Jewell (1988) de-
veloped a closed-form analytical solution for sidewall friction that takes into account
both the soil self-weight and surcharge loading. The analytical results consistent with
experimental data indicated a major influence of the sidewall friction. Jayasree et al
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(2012) investigated numerically the influence of sidewall friction in the case of un-
reinforced models. It was found that this effect is smaller for a wider test box or soil
with a greater friction angle.

This paper presents a simple approach to estimate sidewall friction in RS model
experiments conducted in parallel-sided test boxes with unlubricated walls. It is shown
that the frictional effect depends on the shape of the failure zone observed at the trans-
parent front wall, and the value of friction angle and adhesion coefficient between the
sidewall and the backfill. First, commonly used methods of determining the coefficient
of sidewall friction are briefly described. Then, analytical solutions developed for both
the self-weight and external loading are presented. The theoretical predictions have
been verified in two model tests with lubricated and unlubricated sidewalls. Finally,
the PIV analysis of the development of the deformation zone in the RS model dur-
ing loading is presented. The results obtained prove the applicability of the proposed
method to all stages of surcharging.

2. Determination of the Coefficient of Sidewall Friction

The sidewall friction is a resistance force that prevents soil to slide freely along the
surface of the test box wall. The coefficient of sidewall friction µ indicates how easily
soil slides across the wall surface and is defined as a ratio of the resistive force of
friction PF and the normal pressure force Nv. After conversion of the shear and normal
loads to respective stresses, the µ coefficient is expressed by the following equation:

µ =
PF

Nv
=
τF

σv
, (1)

where τF is bond shear stress and σv is stress acting normal to the sidewall. The
sidewall friction can be also described by an apparent angle of sidewall friction δ,
defined by the slope angle of shear stress – normal stress characteristic (see Figure 1):

δ = tan−1
(
τF

σv

)
= tan−1(µ). (2)

τ
F

δ

σ
v

Fig. 1. Shear stress – normal stress characteristic

The angle of sidewall friction δ can be determined in the laboratory by the di-
rect shear test. However, for cohesionless sand, this angle δ can be easily determined
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in a so-called tipping experiment, similar to that described by Lambe and Whitman
(1979) in the case of stability of a slope. In the tipping experiment, the stability of
a sand layer resting on the surface of an inclined plate made of the same material
as the sidewall is investigated. During the test, an angle of the plate inclination to the
horizontal,ω is gradually increased to the limit angleω = ωmax at which the full shear
resistance is mobilized (Figure 2).

Fig. 2. Analysis of equilibrium of sand layer on inclined sidewall material

When the soil mass remains in limit equilibrium, the following relations hold:

PF = NW tan δ, (3)

PF = NW tanωmax, (4)

and
PF = TW , (5)

where NW is the normal component of the resultant force of sand weight W , PF is
a force generated due to sidewall friction, and TW is the tangential component of W .
On substituting equations (3) and (4) into equation (5) one obtains:

δ = ωmax. (6)

Therefore, once sliding occurs, the plate will have an average inclination ω which
is roughly equal to the angle of sidewall friction δ. It should be noted that the results
presented by Tatsuoka and Haibara (1985) indicate, that the angle of friction between
sand and smooth platen surfaces is nearly independent of the normal stress level,
therefore it can be also regarded as independent of the height of the sand layer.

However, the most suitable laboratory test is to characterize the interaction be-
tween two materials is a direct shear test. The conventional direct shear test device
is built of two half boxes with the upper one fixed rigidly. The sample of sidewall
material is placed inside the lower half box, and the upper half box is filled with
soil. The size of tested samples ranges between 50 mm and 75 mm due to the inside
dimensions of the box, and they are either round or square in shape. The lower half
box is seated on low friction bearings to move with minimum resistance. The vertical
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load is applied to the soil through a loading cap and the horizontal shear loading is
applied to the lower box. The principle of the shear box test is illustrated in Figure 3.

Vertical load

Shear force

soil

sample of sidewall material

Fig. 3. Schematic view of direct shear test device

The conventional direct shear test device can only hold a small size specimen,
therefore to test larger samples the Large Shear Box (LSB) apparatus should be used.
Such a device allows overcoming some limitations in terms of sample preparation
and reproducing real conditions. The principle of the Large Shear Box is similar to
the conventional shear box apparatus. LSB is capable of carrying out tests on soil
specimens up to 305 mm square. In this device, the lower box is larger than the upper
box, and is usually placed on the rigid platform running on low friction guides (Figure
4).

Vertical load

Shear force

soil

sample of sidewall material

Fig. 4. Schematic view of large direct shear test apparatus

The direct shear test is also performed to determine the friction resistance between
the soil and lubricated sidewalls materials. Various shear-type apparatuses have been
developed to study the frictional behaviour between soil and smooth or lubricated sur-
faces. Yoshimi and Kishida (1981) describe a ring torsion apparatus used to evaluate
friction between dry sand and a steel surface. The shear box device with a cylindrical
container is described by Tatsuoka et al (1984) and Tatsuoka and Haibara (1985).
Large scale direct shear test (1 m × 1 m) is reported by Bathurst and Jarrett (1986).
Tsubakihara et al (1993) describe a simple shear-type apparatus that additionally al-
lows for the tangential displacement of the sample. Fang et al (2004) present a new
sliding block testing device for measuring the friction at the interface between soil and
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different materials at low-stress conditions. Large scale direct shear device designed
to perform load and displacement controlled cyclic tests is described by Vieira et al
(2013).

3. Estimation of the Effect of Sidewall Friction in RS Model Test

Generally, the height of a structure or a magnitude of external load required to cause
the failure of the RS model in the test box consist of two components: (a) a component
necessary to fail the model, and (b) a component necessary to slide the failure zone
along the sidewalls of the test box (see Bransby and Smith 1975). A schematic diagram
of the test configuration, in case of reinforced slope loaded by a footing, is presented
in Figure 5. When the slope failure is induced, the deformation zone OAB is formed
within the massive of reinforced soil and is sliding along the sidewalls of the test box
(Fig 5a). In the case of unlubricated sidewalls, the experimental failure load may be
significantly increased by the effect of friction between the sidewall and the sliding
failed block of reinforced soil (Fig. 5b). The magnitude of this frictional component
should be estimated and included in the analysis of experimental measurements.

y

O

B

A z

failure surface failure zone

RS model

footing

y

x

experimental
  failure load 

                 resultant of friction 
                        between 
            sliding block of sand OAB
              and side walls surfaces 

a) b)

Fig. 5. a) Failure of RS model; b) Cross section of the test box 01

In this section, a simple method of such estimation is described and applied to
typical situations. The analysis is performed on the following assumptions:
1. The test is conducted under a plane strain condition in a parallel-sided test box

with transparent side walls.
2. Both front and back walls are made of the same material.
3. The shape of the failure zone at the front side wall is recorded.
4. The values of the angle of sidewall friction δ and adhesion factor cδ are given.
5. The stress distribution in RS structure is represented by a simple statically admis-

sible stress field for determining the so-called critical height or critical external
load of RS structure (Sawicki 2000, pp. 114–118).
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6. The coefficient of lateral earth pressure, K0, is determined from Jaky’s equation
(Lambe and Whitman 1979, p. 127).

7. In the case of footing loading, the length of the footing is equal to the width of the
test box in order to maintain the plane strain conditions, and the friction between
the sidewalls and the footing edges is neglected.

3.1. The Model of RS Slope Subjected to Self-weight Loading

The commonly observed slope failure mode, depending on sliding of the deformation
zone OAB along the failure surface AB passing through the toe of the structure, is
presented schematically in Figure 6. The HEF denote the experimental critical height
of the RS model, defined as the height at which the structure will collapse due to its
self-weight. The experimental slip line AB is described by function z = f (y) obtained
by the conventional curve fitting method. HF is the increase of HEF caused by sidewall
friction, and HE is the critical height in the ideal situation of no sidewall friction.

B

o z

z=f(y) - function that fits experimental data

y

A

HEFHE

HF

Fig. 6. Failure of RS model subject to self-weight loading

y

z

b

HEF

y

H -yEF

(H -y)/tanEF b

dA

z=f(y)

dy

z=f(y) - function, that fits the data 
     of experimental slip line

    Area A of failure zone
 sliding along the sidewalls 

Fig. 7. RS slope notation
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Let us denote by PHF the total force generated at both sidewalls due to sidewall
friction. The area of failure zone sliding along the sidewalls is denoted as A. Part of
this force, dPF , generated at the depth y at dA area (see Figure 7) can be expressed
as:

dPF = τFdA, (7)

where τF is tangential stress acting on the sidewall, and dA is given by the following
formula:

dA =
[
f (y) − (HEF − y)

1
tan β

]
dy, (8)

where β is an angle of slope inclination with the horizontal.
The tangential shearing stress τF exerted on the sidewall is given by the well-known

formula:
τF = σx tan δ + cδ, (9)

where σx is the horizontal stress component acting normally to the sidewall

σx = K0σy, (10)

and σy is the vertical stress component at the depth y, given by

σy = γy, (11)

where K0 is a coefficient of lateral earth pressure, and γ is unit weight of soil.
According to the general assumption, the coefficient K0 is determined from Jaky’s

equation:
K0 = (1 − sin φ) , (12)

where φ is an angle of soil internal friction.
Substitution of equations (8) to (12) into equation (7) leads to the following for-

mula:
dPF =

[
(1 − sin φ) γy tan δ + cδ

] [
f (y) − (HEF − y)

1
tan β

]
dy. (13)

Integration of equation (13) over both sidewalls gives a total sidewall friction force:

PF = 2
HEF∫
0

[
(1 − sin φ) γy tan δ + cδ

] [
f (y) − (HEF − y)

1
tan β

]
dy. (14)

On the other hand, the friction force PF can be determined from the formula:

PF = PHEF − PHE , (15)

where PHEF is a force due to the weight of soil in the failure block of height HEF ,
and PHE is a force due to the weight of the failure block of height HE in case of no
sidewall friction.
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The forces PHEF and PHE can be expressed by

PHEF =

HEF∫
0

LdA =
HEF∫
0

L
[
f (y) − (HEF − y)

1
tan β

]
dy, (16)

PHE =

HE∫
0

LdA =
HE∫
0

L
[
f (y) − (HE − y)

1
tan β

]
dy, (17)

where L is the width of the test box.
The values of PF and PHEF can be calculated from equations (14) and (16). The

value of HE , which is lower than that of HEF , can be determined by the trial and error
method by applying the following formula:

HE∫
0

L
[
f (y) − (HE − y)

1
tan β

]
dy = PHEF − PHF . (18)

Finally, the increase in experimental critical height due to sidewall friction can be
calculated as the difference in height between HEF and HE:

HF = HEF − HE . (19)

If the experimental failure surface can be approximated by a planar surface, the
above relations are simplified, and then the values of HF and HE can be determined
analytically. In this case, the function z = f (y) is given

z = (HEF − y)
1

tan α
, (20)

where α is an angle of slip line inclination with the horizontal (Figure 8a), and equa-
tions (8), (14), (16) and (17) become

dA = (cot α − cot β) (HEF − y) dy, (21)

PF = (cot α − cot β) H2
EF

[
1
3

HEF(1 − sin φ)γ tan δ + cδ
]
, (22)

PHEF = Lγ (cot α − cot β)
H2

EF
2

, (23)

PHE = Lγ (cot α − cot β)
H2

E
2
. (24)

The values of HE and HF are defined by the following formulae:

HE = HEF =

√
1 −

2
Lγ

[
tan δ

3
(1 − sin φ)γHEF + cγ

]
. (25)
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b
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dy
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b)

y

a

HEF

H  -yEF
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z
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dA

z(y)=(H -y)/tanEF a

Fig. 8. Notation in case of planar failure surface: a) RS slope with the inclined front face,
b) RS vertical wall

HF = HEF =

1 −

√
1 −

2
Lγ

[
tan δ

3
(1 − sin φ)γHEF + cγ

] . (26)

The above formulae can be also used for the case of the vertical RS wall model,
since they are independent of the angle of slope inclination β.

3.2. The Model of Vertical RS Wall Subjected to Uniform Surcharge Loading

Consider now the case of the model of vertical RS retaining wall with surcharge which
is uniformly distributed over the whole crest area, as presented schematically in Fig-
ure 9. The H is the height of the wall, qE is the unit surcharge load on the model wall
recorded at failure, and z = (y) is the function describing the shape of the experimental
slip line, a is the length of the failure zone at the crest.

In the case considered, equations (8) and (11) take the forms:

dA = f (y)dy, (27)

σy = γy + qE . (28)
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Fig. 9. RS wall subjected to uniform surcharge loading

The tangential stress component acting on the sidewall is given by

τF = (1 − sin φ) (γy + qE) tan δ + cδ. (29)

Substitution of equations (27) and (29) into (7), and integration over both side-
walls, gives the sidewall friction force in the form

PF = 2
H∫

0

[
(1 − sin φ) (γy + qE) tan δ + cδ

]
f (y)dy. (30)

The magnitude of error in surcharge load measurements due to side friction qF is
given by

qF =
PF

aL
. (31)

Finally, the unit surcharge load q causing failure in case of no sidewall friction
can be calculated from

q = qE − qF . (32)

In case of a planar failure surface inclined to the horizontal at an angle α (Figure
10), equations (30) to (32) take the forms:

PF = H2 cot α
[
tan δ(1 − sin φ)

(
γH
3
+ qE

)
+ cδ

]
, (33)

qF =
H
L

[
tan δ(1 − sin φ)

(
γH
3
+ qE

)
+ cδ

]
, (34)

q = qE

[
1 −

H
L

tan δ(1 − sin φ)
]
−

[
(1 − sin φ)

γH
3

tan δ + cδ
]
. (35)
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H
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z

qE Hcota

dA

z=(H-y)/tana

dy

y

H-y

a

Fig. 10. Case of a planar failure surface

3.3. The Model of Vertical RS Wall Subjected to Footing Loading

Next consider the model of vertical RS retaining wall loaded with a strip footing
placed on the top, close to the wall facing (Figure 11).

Fig. 11. RS wall subjected to footing loading

In this case, the height of deformation zone HP depends on the footing width aP. It
is assumed that extent of the failure zone does not exceed the model height (HP ≤ H).
The vertical loading force PE is applied to the centre of footing. The length of the
strip footing model is equal to the width L of the test box. For convenience, the soil
bearing pressure pE beneath the footing is assumed to be uniform:

pE =
PE

aPL
. (36)
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In this case, equation (11) becomes

σy = γy +
PE

aPL
. (37)

The sidewall friction force is given by

PF = 2
HP∫
0

[
(1 − sin φ)

(
γy +

PE

aPL

)
tan δ + cδ

]
f (y)dy, (38)

and the loading force P causing failure in case of no sidewall friction can be calculated
from:

P = PE − PF . (39)

Fig. 12. Planar failure surface in case of footing loading

If the experimental failure surface can be assumed as a plane slip surface (Figure
12), equations (38) and (39) take the forms:

PF = a2
P tan α

[
tan δ (1 − sin φ)

(
aPγ tan α

3
+

PE

aPL

)
+ cδ

]
, (40)

P = PE

[
1 −

aP

L
tan δ tan α (1 − sin φ)

]
−

−a2
P tan α

[
1
3

(1 − sin φ) aPγ tan δ tan α + cδ
]
.

(41)

4. Experimental Verification

Two laboratory tests were performed to evaluate the accuracy of the proposed ana-
lytical approach with a model of the vertical RS retaining wall subjected to footing
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loading. Both tests were carried out in the same rigid test box with the sidewalls made
of glass. One test was conducted in the test box with unlubricated sidewalls, whereas
the other was performed with sidewalls coated with a lubrication layer. The inside
dimensions of the test box were: 66 cm (long) × 50 cm (high) × 26 cm (wide), and
the dimensions of the RS model were: 30 cm (high) × 50 cm (long) × 26 cm (wide).
The model was constructed in 6 layers of sand and the strip reinforcement with 5 cm
vertical spacing (Figure 13).

test box

15 cm

0.15m

load cell
displacement
 transducer

actuator

0.3m

0.3m
0.5m

0.66m

Fig. 13. The view of the test setup

Dry silicon cohesionless sand with the unit weight of 17 × 103 N/m3 and an angle
of internal friction 31.3◦ was used in the tests. The aluminum foil characterized by
the tensile strength 44 × 103 kN/m2 was used as the reinforcement. The reinforcement
in each layer consisted of three fabric strips with a centre-to-centre spacing of 8.7
cm. Each strip was 30 cm long, 5 cm wide and 18 × 10−6 m thick. The strips were
connected to cardboard elements used as wall facings 5 cm high and 26 cm long
(Figure 14). The model footing used in experiments was made of a 1.5 cm thick rigid
steel plate, 26 cm long and 15 cm wide.

The angle of sidewall friction between sand and unlubricated glass wall, deter-
mined in the tipping experiment, was δ = 25◦. In the experiment with sidewalls lubri-
cation, both sidewalls were coated with a double layer of thin polyethylene sheeting
lubricated with silicon grease.

The sand was placed in the test box using a pluviation technique. First, the layer
of sand foundation of 15 cm deep was placed in the test box. Then, the model was
constructed layer by layer from bottom to top at temporary support in the form of
a wooden element. This support was removed after the structure was completed. The
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Fig. 14. Arrangement of reinforcing strips

load was then applied through a footing pushed downwards with the constant displace-
ment rate of 0.33 cm/min. The model was loaded until a failure condition was reached.
The footing load and footing displacement were measured continuously. The shape of
the deformation zone was observed and recorded using a digital photo camera. After
the test completion, the failure surface was additionally determined by the location of
the points of tensile rupture of reinforcement.

In both experiments, the same mechanisms of failure were recorded, characterized
by slippage of the failure wedge beneath the footing, across the near-planar surface
(Figure 15). The height of both deformation zones, similar in shape to a triangle, was
27 cm.

Fig. 15. Triangular failure zone of RS model. Test box with a) unlubricated sidewalls, b) side-
walls with lubrication

After testing, the reinforcement strips were removed from the RS mass and all,
except the lowest and highest layers of reinforcement, were found to have ruptured.
The locations of the rupture lines in the reinforcement agreed with the slip surface in
the soil mass.
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In the experiment with unlubricated sidewalls, the model failed at an applied ver-
tical load of 1.31 kN, about 27% higher than that in the experiment with lubricant
application (failure load = 1.03 kN). The vertical displacement of footing at failure
was the same in both experiments (displacement equal to 9 mm). As expected, the
presence of the lubrication layer had significantly decreased the experimental failure
load. However, the shape and size of the failure zone and footing displacement were
similar in both experiments. This confirmed the results reported by Bransby and Smith
(1975), who observed the small effects of sidewall friction on plane deformation of
soil mass.

To check the accuracy of the proposed method of estimation of sidewall fric-
tion, the experimental results are compared with theoretical predictions. The side-
wall friction force PF and force P causing failure in case of no sidewall fric-
tion have been calculated for the following experimental data: PE = 1.31 × 103 N,
PF =

(
1.31 × 103–1.03 × 103

)
= 0.28 × 103 N, HP = 0.27 m, aP = 0.15 m, L = 0.26

m, cδ = 0 N/m2, α = tan−1(aP/HP) = 29◦, δ = 25◦, φ = 31.3◦, γ = 17 × 103 N/m3.
With these parameters, equations (40) and (41) have given PF = 0.30 × 103 N and
P = 1.01 × 103 N, respectively. Thus, the theoretical prediction is close to the exper-
imental results which indicate that the simple analytical method for sidewall friction
estimation proposed in this paper yields reasonably accurate results.

5. Applicability of the Method to the Whole Loading Process

The method described in Section 3 concerns the final stage of loading when the RS
model had reached a failure state and the soil in the failure zone began sliding along
the sidewalls. At this stage, the failure mechanism is fully developed and the shape of
the deformation zone can be easily observed and recorded at the transparent sidewall.
However, at the initial stages of loading, the displacements of soil particles are very
small and the visual identification of the shape of the deformation zone is most often
impossible.

Therefore, to verify the applicability of the method to stages preceding the initia-
tion of failure, Particle Image Velocimetry (PIV) technique was employed. The PIV
was used for monitoring the evolution of soil particle displacements zone in the model
of RS retaining wall subjected to continuous loading up to failure.

The experiment was conducted in a test box with transparent glass sidewalls.
A model of a vertical RS retaining wall was constructed in 10 layers of sand and
reinforcement with 5 cm vertical spacing. The dimensions of the model were: 50 cm
(high) × 60 cm (long) × 37 cm (wide). Dry cohesionless sand was used in the tests.
The reinforcement in each layer consisted of three aluminum strips connected to tim-
ber elements used as wall facings. The RS model was subjected to footing loading
(Figure 16). The model of footing was made of a 2.5 cm thick rigid steel and was 29
cm wide and 37 cm long.
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Fig. 16. Test configuration

The vertical load was applied continuously until a failure state was reached. The
experiment was recorded using a camera. To localize soil deformation and identify the
evolution of the deformation zone, the camera images were taken at defined loading
steps. Digital images were processed using particle image velocimetry (PIV) software.

The images captured at subsequent stages of loading and the corresponding results
of PIV analysis are presented in Table 1.

The results of PIV analysis show that the deformation zone has been developed
beneath footing during the whole loading process. The shape of this zone is similar at
all loading stages. On the other hand, the results reported by Bathurst and Benjamin
(1987) indicate that full sidewall friction capacity is mobilized after relatively little
deformation. It can be concluded that by taking into account the above-mentioned
findings, the method presented in this paper can be applied to estimate the effect of
sidewall friction not only at the failure state, but also during the entire process of
loading.

6. Concluding Remarks

In recent years, the use of PIV method in experimental practice has been increasing.
However, this technique requires the use of a test box with a front wall of good trans-
parency. Therefore, if accuracy in PIV analysis is required, the application of sidewall
lubrication should not be considered, as it results in a reduction of transparency.

However, unlubricated sidewalls cannot be considered as “non-frictional” sur-
faces, and in this case the effect of sidewall friction should be estimated, and taken
into account in the analysis of the experimental results. In this paper, the simple the-
oretical approach to estimate sidewall friction in RS model experiments conducted in
parallel-sided test boxes with unlubricated walls is presented. It has turned out that the
frictional effect depends on the shape of the failure zone registered at the transparent
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Table 1. Images captured during experiment and displacements of soil particles

Images captured during loading Displacement zone of soil particles

No loading state

Load: 1000 N

Load: 2000 N

Load: 3000 N
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Table 1. (continued)

Load: 4000 N

Failure load: 4750 N

Post failure state

front wall and the value of friction coefficient between the sidewall and the backfill.
The analytical solutions have been developed for reinforced soil slopes and retaining
walls subjected to self-weight or external loading.

To verify the accuracy of the proposed method of estimation of sidewall friction,
the experimental results were compared with theoretical predictions. Two experiments
were performed to evaluate the accuracy of the proposed approach: one conducted
in the test box with unlubricated sidewalls, and the other performed with sidewalls
coated with a lubrication layer. The analytical solutions were close to the experi-
mental results, which indicates that the simple method of sidewall friction estimation
proposed in this paper is reliable.
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However, the method described concerns the final stage of loading when the shape
of the deformation zone can be easily observed and recorded at a transparent sidewall.
To investigate the applicability of the method in stages preceding the initiation of
failure, the PIV technique was used for monitoring the evolution of soil particle dis-
placements zone in the model of reinforced soil retaining wall subjected to continuous
loading leading to failure. The results obtained show that the deformation zone has
been developed beneath footing during the whole loading process, and this zone is
similar at all loading stages. Therefore, it can be concluded that the method proposed
in this paper can be used to estimate the sidewall friction effect not only under failure
conditions, but also under all earlier loading stages.
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