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In engineering, the new retaining walls are often constructed near the existing structure owing to the space limitation.,e backfill
behind the retaining wall is narrow, which causes an overestimation in the active earth pressure by using Coulomb’s earth pressure
theory. In previous studies, experimental observations for the failure modes of narrow backfills are still rare. To confirm the failure
mode of the narrow backfill, the experimental method and the geotechnical particle image velocimetry method are employed to
observe the active failure process of the cohesionless narrow backfill with various widths under the translation mode. ,e
experimental results revealed that the decrease in the length of the backfill width led to the increase in the inclined angle of the
sliding surface. When the backfill width was sufficiently small, the sliding surface developed from the wall toe to another wall face,
and then another sliding surface occurred as a reflection. In addition, the active earth pressure of the narrow backfill is significantly
smaller than that calculated using Coulomb’s method. ,e active failure calculation models are established based on the ex-
perimental results.,e active earth pressure of the narrow cohesionless backfill under the translation mode is derived by using the
limit equilibrium methods. ,e proposed method was validated by comparing with the previous method and the
experimental data.

1. Introduction

To be able to cope with the growth of infrastructure, new
structures are often inevitably constructed adjacent to the
existing ones (e.g., slope protection, mountain highway, and
sheet-pile wharf, Figure 1). ,ere are often some cases in
which the backfill behind the retaining wall is narrow. In
such cases, the basic assumption that ‘the backfill behind the
retaining wall is semi-infinite’ is no longer satisfied; thus, the
classical theories [1, 2] cannot exactly predict the earth
pressure and failure mode for the narrow backfill. Compared
with the semi-infinite soil, the narrow soil was found to be
affected by another boundary constraint (e.g., rock face,
basement wall and another existing structure) and the

retaining wall. ,e failure mode of the narrow backfill is still
unclear.

Numerous researchers judged that when the backfill
width was sufficiently small, the principal stress would ro-
tate, and a complete soil arching would develop due to the
soil-wall interface friction on two sides. ,us, based on the
soil arching theory, the horizontal slice limit equilibrium
method could be employed to calculate the earth pressure of
the narrow backfill. Handy [3] first cited the effect of soil
arching on the active earth pressure of backfill between
vertical parallel walls. Frydman and Keissar [4] measured the
active earth pressure of the narrow backfill by controlling the
movement of the retaining wall in the centrifuge model tests.
Based on the test results, they enhanced the formula of
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Handy [3] and defined the relationship between the lateral
earth pressure coefficient and internal and external frictions.
Valsangkar [5] measured the earth pressure of the narrow
backfill at rest with various widths using the centrifuge
model tests. As a result, the narrow backfill at rest had a
significantly less earth pressure than the semi-infinite soil.
Moreover, the Earth pressure decreased with the decrease in
the backfill width. ,e calculation methods considering the
effect of soil arching were agreed with tests. In recent years,
the failure mechanism of the narrow backfill has been the
focused of research. Khosravi et al. [6] observed the dis-
placement field of the narrow backfill under the translation
mode by using geotechnical Particle Image Velocimetry
(GeoPIV). It was found that the sliding surface in the narrow
backfill developed from the retaining wall toe to the other
side wall face and that the failure wedge was a right trap-
ezoid. Yang and Tang [7] employed the method of layering
sand in various colours to locate the sliding surface. ,ey
also investigated the active failure mode of the narrow
backfill with different wall displacement modes. ,ey as-
sumed that the sliding surface in the narrow backfill was a
smooth curve, which was influenced by the backfill width
and wall displacement modes. ,e studies previously
mentioned experimented with the failure mode of the
narrow backfill and observed the form of the failure wedge.
However, the deformation and stress state in the failure
wedge could not be neglected. Greco [8] assumed that
multiple sliding surfaces occur in the narrow backfill and
that the failure wedge contains several small sliding wedges.
Yang et al. [9] compared the results of the numerical
simulation and centrifugal model test. ,ey concluded that
when the backfill was in the failure state, cracks occurred at
the soil-wall interface, which led to the redistribution of soils
stress following backfill leakage. Ying et al. [10] simulated the
active failure of the narrow backfill using the ABAQUS
software.,ey found that the sliding surfaces that developed
in the backfill were in a cross reflection type and that the
number of the sliding surfaces was related to the aspect ratio
of the backfill. Chen et al. [11] investigated the failure modes
of the narrow backfill under various soil-wall interface

frictions and backfill widths via limit analysis using the
OptumG2 software. ,ey judged that the number of re-
flection sliding surfaces was also related to the strength of the
soil-wall interface. When the strength of the soil-wall in-
terface was weak, the sliding surface would develop along the
soil-wall interface rather than generating a new reflection.

To sum up, the failure mode of the narrow backfill is
influenced by the backfill width and soil-wall interface
friction. In previous studies, the perception of the failure
mode of the narrow backfill was almost built on numerical
simulations and intuitive experimental phenomena. So far,
deep experimentation has not yet been conducted to elu-
cidate the failure mode of the narrow backfill. In this study, a
system with the visible retaining wall model and a geo-
technical particle image velocimetry method (GeoPIV) is
applied to observe the active failure process of the cohe-
sionless narrow backfill with various widths under the
translation mode. Based on experimental results, a simple
method is proposed to calculate the active Earth pressure of
the cohesionless narrow backfill.

2. Experimental Program

2.1. Design of the Experimental System. ,e experimental
system consists of four parts: a visual model box, a mobile
retaining wall, a light-emitting diode (LED), and a high-
definition (HD) camera. As presented in Figure 2, the frame
and body of the model box are welded with 0.8mm steel
plates, angle irons, and channel steels. ,e inside dimension
of the box is 800mm (L)× 400mm (H)× 200mm (W). ,e
baseboard is roughened to prevent the relative displacement
of soil particles with the baseboard. A 10mm thick trans-
parent glass plate is installed on the front of the model box to
realise the real-time observation of soil deformation during
the tests. To simulate various backfill widths, a detachable
rigid wall is set on the right side of the backfill in the model
box, which can be fixed by slots. A movable retaining wall
[300mm (H)× 200mm (W)× 80mm (T)] is set on the left
side of the backfill, which is installed using a screw and
driven by an alternating current (AC) motor to control the
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Figure 1: Narrow backfill in engineering. (a) Slope protection. (b) Mountain highway. (c) Sheet-pile wharf.
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movement of the wall translation. To monitor the distri-
bution of the lateral earth pressure along the retaining wall,
five earth pressure cells are installed at various depths and
along the central line of the retaining wall. ,rough a data
acquisition (DAQ) card, the earth pressure cells are con-
nected to the computer. Moreover, soft wool strips are
utilised at the joints of the retaining walls and model box to
prevent sand leakage and reduce the friction. An HD camera
and a LED are installed on the front of the model box. ,en,
a camera is connected to the computer, which records the
whole process of soil deformation by taking pictures at
intervals.

2.2.GeoPIV. After capturing a series of test images using the
HD camera, the image data are processed using the GeoPIV
analysis software. Figure 3 presents the schematic diagram of
GeoPIV.

,e analysis area needs to be selected first, and the initial
mesh should be drawn. ,en, the correlation between the
analysis area and search area is evaluated, and the position of

the deformed point is determined. ,e deformation field of
soils can be calculated from the points with the highest
correlation.

2.3. Backfill Material. ,e backfill material utilised in this
experiment is cohesionless soils. ,e soil parameters mea-
sured via laboratory tests are presented in Table 1.

2.4. Design of the Experiment. In Coulomb’s [1] earth
pressure theory, it is assumed that the backfill behind the
retaining wall is a semi-infinite soil and that the sliding
surface has developed from the wall toe to the ground. ,e
inclination of sliding surface α can be obtained as follows:

α � arctan

����������������

tan2 φ +
tanφ

tan(φ + δ)



+ tanφ⎡⎣ ⎤⎦. (1)

From the previous studies, it can be concluded that the
sliding surface of the narrow backfill changes with different
boundary conditions. Moreover, the critical point between
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Figure 2: Experimental system.
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‘semi-infinite soil’ and ‘narrow soil’ is fuzzy. To determine
this critical point and observe the development process of
the sliding surface as well as analyse the failure modes and
active earth pressure of the narrow backfills, the aspect ratios
B/H of the backfill in the tests are set as 2.5, 1, 0.75, 0.5, and
0.25.

2.5. Experiment Procedure. ,e experiment procedure is as
follows:

(1) Restore the movable retaining wall to its initial
position.

(2) Install the back wall on the slot.

(3) Install the earth pressure cells on the movable
retaining wall,

(4) Employ the sand raining technique [12] to fill the
model box.

(5) Set the coloured soils on the front of the model to
facilitate the determination of the sliding surface
during the tests. After filling the soil, allow to sit for
1 day to make it compact under self-weight.

(6) Start the DAQ system and record data after signal
stabilisation.

(7) Turn on the interval shooting mode of the camera.

(8) Turn on the AC motor using the control box to
drive the movable retaining wall until the backfill
has sufficiently deformed.

(9) Continue to collect data for 3min after the movable
retaining wall stops moving.

(10) Turn off all power, and repeat the above steps for the
other working conditions.

3. Experimental Results

,e above experimental methods can facilitate the analysis
of the whole deformation process of the backfill soils and
observation of the active earth pressure against the retaining
wall. To analyse the failure mode of the narrow backfill, the
following five typical test groups are selected for discussion.

3.1. Approximate Semi-Infinite Soils. Figure 4 presents the
active earth pressure against the retaining wall and the strain
contour of soils with the aspect ratio B/H� 2.5. From Fig-
ure 4, it can be seen that the failure mode obtained using
GeoPIV is consistent with Coulomb’s [1] theory. ,e in-
clined angle of the sliding surface is 60°, which is consistent
with the value calculated using Coulomb’s [1] theory. In
Figure 4, the active earth pressure agrees with the calculated
value of Coulomb’s [1] theory.,is indicates that the backfill
(B/H� 2.5) is approximately semi-infinite soil. Moreover, it
proves that GeoPIV can correctly analyse the soil defor-
mation and show the active failure mode of the backfill.

3.2. Aspect Ratios 1 and 0.75. Figure 5 presents the active
earth pressure against the retaining wall and the strain
contour of the narrow backfill (B/H� 1 and 0.75). ,e
sliding surfaces of both have developed from the wall toe to
the ground, and the failure wedge is triangle. However, the
inclination of the sliding surface evidently increases with
the decrease in the backfill width, compared with the semi-
infinite soils. When B/H� 1, the inclined angle of the
sliding surface is 63.30°. Conversely, when B/H � 0.75, the
inclined angle of the sliding surface is 65.62°. Moreover, the
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Figure 3: Schematic diagram of GeoPIV. (a) Initial image. (b) Deformed image.

Table 1: Soil parameters.

Diameter (mm)
Internal
friction φ

(°)

Density ρ
(g/cm3)

Void
ratio e

External
friction δ (°)

0.25∼1 30 1.488 0.64 20
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measured data of the active earth pressure are still very
close to the Coulomb value.

3.3. Aspect Ratios 0.5 and 0.25. Figure 6 presents the active
earth pressure against the retaining wall and the strain
contour of the narrow backfill (B/H� 0.5 and 0.25). ,e
inclination of the sliding surface further increases with the
decrease in the aspect ratio. ,e inclined angles are 67.69°
and 69.88°, respectively. It is noteworthy that when B/
H� 0.25, the sliding surface develops from the wall toe to
another side of the wall face, and then a reflective sliding
surface develops to the ground. ,is phenomenon is con-
sistent with the simulation results of Chen et al. [11].
Moreover, when B/H is sufficiently small, the measured data
of the active Earth pressure are significantly less than the
Coulomb value.

3.4. Brief Summary. In previous studies, Coulomb [1] theory
was often employed to predict the sliding surface inclination
of the narrow backfill. ,e inclination of the sliding surface
calculated using Coulomb [1]’s theory was α � 60.03°.
According to Ma et al. [13], the critical point between the
‘semi-infinite soil’ and ‘narrow backfill’ can be determined
(B/H � cot α � 0.58). However, this critical point is obvi-
ously not accuracy. When B/H � 0.5, the inclined angle of
the sliding surface is 67.69°, which is obviously greater than
60.03°. If the classical methods were employed here, the
failure area and active earth pressure would be
overestimated.

From the comprehensive observation of the strain
contours of the narrow backfill with various aspect ratios, it
can be deduced that when B/H> 1, the inclination of the
sliding surface of the narrow backfill is consistent with that
of the semi-infinite soils. When B/H≤ 1, the soil
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Figure 4: Strain contour of approximate semi-infinite soils.
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Figure 5: Strain contour of the narrow backfill: (a) B/H � 1; (b) B/H � 0.75.
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deformation is constrained by the back wall, and the incli-
nation of the sliding surface increases with the decrease in the
aspect ratio of the backfill. ,us, the critical point between the
‘semi-infinite soils’ and ‘narrow backfill’ can be determined at
the aspect ratio of B/H � 1. As the aspect ratio of the backfill
decreases, the failure mode of the soils experiences three
states: (1) the inclination of the sliding surface is consistent
with the semi-infinite soils; (2) the inclination of the sliding
surface increases with the decrease in the aspect ratio; (3)
when the aspect ratio is sufficiently small, the sliding surface
develops from the wall toe to the back wall face, and then a
reflective sliding surface develops to the ground.

4. Active Earth Pressure

Based on experimental results and analysis, simple calcu-
lation models are fabricated for the active Earth pressure of
the cohesionless narrow backfill under the translation mode.
According to the limit equilibrium method, a method for
calculating the active Earth pressure of the cohesionless
narrow backfill under the translation mode is proposed.

4.1. First CalculationModel. As presented in Figure 7, when
the aspect ratio exceeds the critical point, the calculation
model is consistent with Coulomb’s [1] theory, where W

denotes the weight of wedge ABC; R is the reaction force
acting on the sliding surface AC; the angle between the
direction of R1 and the normal of plane AC equals the
internal friction angle of the backfill soil ϕ; and E is the
resultant force acting on the wall face; and the angle between
the direction of E and the normal of planeAB equals the soil-
wall interface friction angle δ.

According to the limit equilibrium, the resultant force
can be obtained using the following equation:

E �
1
2

cH
2 cot α

sin(α − φ)

cos(δ − α + φ)
 , (2)

where c denotes the unit weight of the backfill.

4.2. Second Calculation Model. As presented in Figure 8,
when the aspect ratio is sufficiently small, the sliding surface
develops from point A to point D, and then a reflective
sliding surface develops to point G. ,e contact length
between the failure wedge ABCD and the right wall is CD:

CD � h � H − B tan α, (3)

where Er denotes the resultant force acting on the wedge
CDG, which can be obtained by the first kind of the cal-
culation model.

,e external friction of both the side interfaces is as-
sumed as equal, δ. In the wedge ABCD, the force equilibrium
consists ofW, R, E, and Er (Figure 7(b)), where the weight of
the wedge ABCD can be obtained using the following
equation:

W �
1
2

cB(H + h). (4)

According to the horizontal force equilibrium,

E cos δ � R sin(α − φ) + Er cos δ. (5)

According to the vertical force equilibrium,

W � E sin δ + R cos(α − φ) + Er sin δ. (6)

Combing equations (4)–(6), we gett

E �
W +[cos δ cot(α − φ) − sin δ]Er

cos δ cot(α − φ) + sin δ
. (7)
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Figure 6: Strain contour of the narrow backfill: (a) B/H � 0.5; (b) B/H � 0.25.
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4.3. Inclined Angle of the Sliding Surface and Distribution of
the Earth Pressure. ,e resultant of the earth pressure of the
narrow backfill can be obtained according to two types of
calculation model. It should be noted that E is dependent on
the unknown angle α andmust be maximised with respect to
the angle. ,e value of α resulting in a maximum for E could
be obtained using the following equation:

dE

dα
� 0. (8)

Moreover, the active resultant Ea and the sliding surface
inclined angle α can be confirmed.

,e active earth pressure distribution can be obtained
using the following equation:

ea �
dEa

dz
, (9)

where z denotes the calculation depth of the backfill.
However, equation (9) is difficult to solve directly. ,us, the
finite difference method is employed to convert equation (9):
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Figure 7: First calculation model.
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e
a|

z1 + z2

2
�
ΔEa

Δz
�

Ea|z2
− Ea|z1

z2 − z1
. (10)

5. Validation of the Proposed Method

To validate the proposed method, the above experimental
data are utilised, and the parameters of the retaining walls
and backfill soils follow Table 1. In Figure 9, the com-
parison between the proposed method, the previous
method and the experimental data is presented. ,e
proposed method is consistent with them, thus improving
its applicability.

6. Discussion

In this paper, we show the failure modes of narrow cohe-
sionless backfills through the experimental method and
GeoPIV analysis. Compared with previous studies [4–7, 14],
our results confirm the existence of reflective sliding surfaces
in narrow backfills. ,is can explain why the distribution of
the active earth pressure of the narrow backfills is nonlinear.
Different from the previous theoretical analysis that only one
sliding surface was considered, the calculation model in this
paper is composed of multiple sliding wedges, which is
corresponding to the failure mode of narrow backfills and
improves the calculation accuracy.

7. Conclusion

(1) In this study, the experimental method and GeoPIV
method are developed and employed for the mea-
surement of the deformation and active earth
pressure of narrow backfills. ,is experiment is able
to effectively record the failure process and earth
pressure of the narrow backfills under the translation
mode. By using the GeoPIV software for the de-
formation analysis, the sliding surface position in the
backfill can be accurately located, and the failure
mode of the narrow backfill can be determined.

(2) Based on the experimental results, the critical point
between the ‘semi-infinite soils’ and ‘narrow backfill’
can be determined at the aspect ratio of B/H � 1. As
the aspect ratio of the backfill decreases, the sliding
surface in soils experiences three states: (1) the in-
clination of the sliding surface is consistent with the
semi-infinite soils; (2) the inclination of the sliding
surface increases with the decrease in the aspect
ratio; (3) when the aspect ratio is sufficiently small,
the sliding surface develops from the wall toe to the
back wall face, and then a reflective sliding surface
develops to the ground.

(3) Two types of calculation model are developed based
on the experimental results. According to the limit
equilibrium method, the calculation method for the
active earth pressure of the cohesionless narrow
backfill under the translation mode is proposed. To
verify the applicability of the proposed method, it is
compared with the previous method and the ex-
perimental data.

Notation

B: Width of the backfill (m)
H: Depth of the backfill (m)
h: Contact length between the failure wedge and the

back wall (m)
z: Depth of the calculation (m)
B/H: Aspect ratio
c: Unit weight of the backfill (kN/m3)
ϕ: Internal friction angle of the backfill soil (°)
δ: Friction angles between the backfill soil and two

retaining walls (°)
α: Inclined angle between the sliding plane and the

horizontal line (°)
W: Weight of the soil (kN/m)
R: Reaction force acting on the sliding plane (kN/m)
E: Resultant acting on the soil (kN/m)
Er: Resultant acting on the back wall (kN/m)
Ea: Resultant of the active earth pressure (kN/m)
ea: Active earth pressure (kPa)
Ka: Coefficient of the active earth pressure.

Data Availability

All data used to support the findings of this study are
available within the article.
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