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A B S T R A C T 

 

Granular materials have a tendency to exhibit an arching effect by which the load is transferred from yielding parts to adjacent stationary 
parts. Retaining walls are among those structures that the soil arching plays an important role in the distribution of earth pressures. This paper 
reviews briefly the development of soil arching theory and its application to different geotechnical projects. Various arching-based theoretical 
formulations for estimation of lateral active earth pressure on the rigid retaining walls were reviewed and their validity was examined through 
comparisons with the field data. It was concluded that, in spite of the conventional thought that the distribution of lateral earth pressure on 
the walls is linear, it is non-linear due to soil arching. Moreover, the maximum lateral stress does not appear at the toe of the wall; but it 
appears at some heights, leading to a shift of the point of application of thrust from 33% to approximately 40% of the wall height measured 
from the bottom of the wall. 
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1. Introduction 

Arching effect is a phenomenon that has been used frequently by 
human being from ancient eras in engineering fields including 
architecture, geotechnics and mining. An ancient example of the 
application of arching effect in architecture is “Taq Kasra” vault, also 
called the “Archway of Ctesiphon”, constructed more than 2000 years 
ago during the Sasanian Persian Empire (Fig. 1). This vault, with a height 
of 37m and span of 26m, is considered as a landmark in the history of 
architecture and is the largest single-span vault of unreinforced 
brickwork in the world [1].  

 
Fig. 1. “Taq Kasra” structure in Iraq constructed more than 2000 years ago during 

the Sasanian Persian Empire [1]. 

Arching effect can be observed in structures under both tensile and 
compressive stresses. A hanging chain is an example of structure under 
tensile stress where the shape of chain shows the trajectory of the major 
principal stress as illustrated in Fig. 2(a) [2]. An arch of blocks illustrated 
in Fig. 2(b) shows as arching effect in a structure under a compressive 
stress. 

The aim of this paper is to review the phenomenon of arching in 
geomaterials with its application to different geotechnical projects with 
a focus on retaining walls. 

2. Arching effect in geomaterial 

If a localized area of a support yields for a mass of soil, the soil 
adjoining the yielding zone displaces while the rest of the soil remains 
stationary. In the transition zone between the moving and stationary soil 
masses, shear stresses are developed by the relative displacement of the 
two masses. Since the shearing resistance tends to maintain the yielding 
mass in its original position, the stress reorientation reduces the pressure 
on the yielding part of the support and increases the pressure on the 
adjoining stationary parts. This transfer of pressure from the yielding 
mass of soil onto the adjacent stationary parts is commonly called the 
arching effect, and the soil is said to arch over the yielding part of the 
support [3]. 

Generally, there are two types of arch actions in geo-materials: passive 
arch action, where trajectories of the major principal stress are 
continued, and active arch action, where trajectories of the minor 
principal stress are continued. The difference between these two types 
of arching is schematically illustrated in Fig. 3. 
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a) Hanging chain 

 
b) Arch of blocks 

Fig. 2. Arching effect in structures under tensile and compressive stresses  
(Images by Thirapong Pipatpongsa: a) Katsura Campus, Kyoto University b) 

Akashi Kaikyo Bridge Exhibition Center, Japan). 

 
a) Passive arching effect  b) Active arching effect 

Fig. 3. Schematization of active and passive arching in geo-materials [4]. 

2.1. Passive Arching Effect  

The well-known example of a passive arch action in geotechnical 
engineering exists in deep tunnels, where before digging the ground, the 
in-situ stresses are distributed inside the underground geo-materials in 
a certain condition. Suppose that the ground is initially in an active 
condition where the maximum principal stress, σ1, is along the gravity 
direction and the minimum principal stress, σ3, is in the transverse 
direction, normal to σ1 as shown in Fig. 4(a). By digging the ground and 
making an underground space, the condition of in-situ stresses disturbs. 
As illustrated in Fig. 4(b), the re-distribution of stresses is so that any 
free surface is a plane of the minimum principal stress. Therefore, the 
axes of the major principal stress orient and connect around the 
excavated area, which is referred to as a passive arch.  

  
a) Before tunneling  b) After tunneling 

Fig. 4. Stress redistribution by tunneling. 

The concept of passive soil arching has been also applied to pile 
stabilized slopes [5-9] as illustrated in Fig. 5. This application has 

improved the estimation of optimum pile spacing to pile diameter ratio 
(s/d), resulted in safer and more economical designs.  

 
a) Cross section 

 
b) Plan view 

Fig. 5. Soil arching in pile stabilized slopes [8]. 
The passive soil arching in undercut slopes was studied through 

theoretical modeling [10], 1-g physical modeling [11-13], centrifugal 
modeling [14-16] and numerical modeling [17-19]. It was confirmed that 
an undercut slope could sustain its stability due to soil arching, as 
illustrated in Fig. 6. According to Pipatpongsa et al. (2009), the 
application of soil arching in undercut slope leads to a three dimensional 
slope analyses which gave a significant benefit in application of cut-and-
fill mining, where side effects are considered to improve the stability of 
a finite slope [20]. Therefore, the passive arch action in undercut slopes 
should be considered in slope stability for safer and more economical 
designs of the slopes in open-pit mining, slopes of undercutting works 
in highways, etc. The concept of passive soil arching was adopted later 
for investigations on the performance of counterweight balance [21-22] 
and shear pins [23-25] on the stability of undercut slopes. 

2.2. Active Arching Effect  

The theory of active arching effect in granular materials is attributed 
to Janssen [26]. The vertical distribution of fluid pressure inside a silo is 
linear, confirming the hydrostatic condition, while it is nonlinear for a 
silo filled with bulk solids as illustrated in Fig. 7. This phenomenon of 
non-hydrostatic pressure in bulk solids is due to the interface friction 
between the bulk solids and the silo wall, known as “silo effect”. Many 
other researchers have also investigated the theoretical analysis of 
stresses in silos [27-30]. 

The concept of silo effect has been applied to some geotechnical 
works such as pipeline ditches, retaining walls, hoppers and earth slopes. 
Marston and Anderson [31] studied the effect of soil arching on vertical 
loads on pipes in earth ditches as illustrated in Fig. 8. They found that 
vertical loads on pipes reduce due to soil arching. Getzler et al. [32] 
modeled the soil arching above several buried structures and confirmed 
the findings of Marston and Anderson [31]. 

The equations developed by Marston and Anderson [31] were 
originally derived to define the boundary stresses in a backfilled trench, 
where the walls of the trench had a constant separation distance. The 
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backfill materials of the trench are partially supported by the friction of 
vertical walls (Fig. 9). Unlike a freestanding structural arch, where the 
trajectory of the major principal stress is continued, the arching that acts 
in partial support of bulk solids is represented by the trajectory of minor 
principal stress. 

 
a) Initial condition (before excavation) 

 
b) Final condition (after failure) 

Fig. 6. Passive soil arching in undercut slopes [11]. 
  

   
Fig. 7. The silo effect. 

  
Fig. 8. Soil arching above a buried pipe (based on [31]) 

The weight of a flat horizontal element shown in Fig. 9 is partially 
supported by the side friction. The lateral stress is a product of the 

vertical stress and a lateral stress ratio (K). The value of K was obtained 
experimentally by Janssen [26] for grains, but later Marston and 
Anderson [31] assumed it equal to Rankine’s [33] ratio of principal 
stresses with a level ground surface (Ka=σ3/σ1). Many other researchers 
adopted this assumption, as well, while later it was found to be incorrect 
[34]. 

 
Fig. 9. Differential element in classical representation of soil arching in silos and 

trenches (based on [31]). 

Krynine [34] found that by this assumption, the vertical and lateral 
stresses at the ends of a flat element (Fig. 9) must equal σ1 and σ3, 
respectively, but σ3 is a principal stress that, by definition, must act on a 
plane of zero friction. This is a paradox and therefore, the assumption of 
Marston and Anderson [31] is not rigorous. The ratio of horizontal to 
vertical stresses at the wall (Kw=σh/σv) was later derived by Krynine [34] 
as follows;  

1 cos( )sin

1 cos( )sin
wK   (1) 

1 sin
sin

sin
  (2) 

Where; 
Kw: Krynine’s (1945) ratio of horizontal to vertical soil stress at the 

wall,  
: internal friction angle of the backfill soil, 
δ: interface friction angle.  
For a fully rough wall, δ= and Krynine’s stress ratio at the wall 

reduces to the following equation:  
2

2

1 sin

1 sin
wK   (3) 

Thus, for a backfill material with the internal friction angle of =30o, 
the lateral stress ratio at the wall is Kw=0.60 instead of Ka=0.33, 
suggesting a fundamental reason that the use of Ka is unsafe for 
prediction of the lateral pressure in grain silos.  

Walker [27] applied the concept of silo effect to hoppers. The main 
difference in analysis of hoppers, compared to silos with vertical walls, 
is that the width of the container varies with depth, making the analysis 
more complicated. Walker [27] concluded that in an ideal hopper, 
designed from the material strength-stress characteristics, walls should 
be smooth and get steeper towards the outlet.  

Walters [35] extended his theoretical analysis of stresses from silos 
with vertical walls [28] to axially symmetric hoppers and bunkers. He 
studied the stress development due to arching during the initial filling 
of hoppers (static condition) and during the flow (dynamic condition). 
He derived a large switch stress during the change from static to 
dynamic conditions. 

3. Soil arching behind retaining walls 

Estimation of the lateral earth pressures acting against the retaining 
structures is essential in evaluating the performance of those structures. 
Conventionally, the active earth pressure against rigid walls was 
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calculated using either Coulomb’s [36] or Rankine’s [33] classical 
theories. While Coulomb’s theory considers the forces acting on a failure 
wedge with a plane of rupture, Rankine’s theory assumes that the 
distribution of lateral earth pressure against the wall is triangular and 
increases linearly with depth. However, many experimental results have 
shown that the distribution of active earth pressure on a wall is non-
linear. The non-linearity of the active earth pressure distribution is 
resulted from arching effects in the backfill due to roughness of the 
retaining wall. 

Terzaghi’s observations [3] on the non-linear earth pressure 
distribution against the retaining walls can be considered as initial signs 
of soil arching in retaining structures. Without any analytical discussion 
on this phenomenon, Terzaghi [3] borrowed the concept of soil arching 
to explain the curvilinear distribution of lateral earth pressure against 
retaining walls. 

Using Janssen’s theory of soil arching, Handy [37] developed the 
initial elaborated analysis of arching behind rigid retaining walls under 
an active translation mode. He assumed a failure plane behind the wall 
under an active condition and developed his equations based on the 
integration of one-dimensional differential slices along the wall. His 
theory was later adopted by many researches to improve the 
formulations using more sophisticated assumptions [38-44]. Moreover, 
many researches have been conducted on soil arching behind retaining 
walls through physical [45-50] and numerical modeling [51-53]. Some 
of the most important theories for estimation of the active earth 
pressure against rigid retaining walls are reviewed in this section and 
their estimations are evaluated against the field data in the following 
section.  

3.1. Handy (1985) 

Handy [37] applied the concept of soil arching to a single wall 
backfilled with a granualr soil. He assumed a slip plane nominally 
inclined at π/4+ϕ/2 from the base of the wall. Along this plane, the 
principal stresses were oriented in vertical and horizontal directions, so 
the separation distance from the wall defined a half-arch as illustrated 
in Fig. 10(a). He stated that the trajectory of minor principal stress would 
approximate a catenary, where this catenary must be downward to 
support an active arch action.   

Calculations of Handy [37] resulted in the following equation for 
estimation of the nonlinear active lateral earth pressure against the wall.  

tan 1 exp
4 2

tan
4 2

w w
h

w

K z
H z

H z   (4) 

Where; 
γ: unit weight of the backfill soil, 
μw : coefficient of wall friction,  
H: height of retaining wall, 
z: depth below the ground surface,  
 
The analysis of Handy [37] showed that, for a rough wall, the soil 

arching initiated in two stages as illustrated in Fig. 10(b). During Stage 
I, the principal stresses rotate at the wall and make the earth pressure 
approximately higher than those predicted by classical theories. At its 
maximum development, it approximately equals Jaky’s [54] expression 
for earth pressure at rest. If the wall’s movement proceeds, the earth 
pressure on the wall reduces, particularly near the base of the wall. It 
results in a rounded rather than triangular earth pressure distribution 
on the wall. 

3.2. Wang (2000)  

Using the results of Coulomb’s studies [36], Wang [39] assumed that 
the earth pressrue against the wall is due to thrust exerted by a sliding 
wedge of soil between the wall and shear line,  as shown in Fig. 11(a). A 
first-order differential equation was set up by considering the 

equilibrium of the forces on an element of the sliding wedge illustrated 
in Fig. 11(b). 

  
a) Assumed σ3 arches b) Pressure distribution along  

and shear lines  the retaining wall 

Fig. 10. Soil arching behind retaining walls [37]. 

  
(a) Sliding wedge behind the wall (b) Forces on differential flat element 

Fig. 11. Model of Wang [39]. 

Wang’s formulation [39] resulted in estimation of the active lateral 
earth pressure against a retaining wall:  

1

2 2

aK

h

H H z H H z
K q

aK H aK H
 (5) 

cos tan

sin cos
a  (6) 

Where;  
K: lateral earth pressure coefficient which should be between the 

active earth pressure coefficient Ka and the coefficient K0 of earth 
pressure at rest, 

q: uniform surcharge on the retained soil.  
It is noticeable that the parameter a corresponding to the critical 

inclination of shear line, which yields the maximum resultant pressure 
on the wall, is related to the active earth pressure coefficient Ka of 
Coulomb’s theory by the following equation:  

1

cosa

a
K 

  (7) 

2

2

cos

sin sin
cos 1

cos

aK  (8) 

The lateral active force on the wall (Pa) and the application height of 
the lateral active force (ha) can be calculated from the following 
equations:  

2

sin cos cot
14 2 4 2

2
cos

4 2

ahP qH H  (9) 

dz

z
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1 1 3

3 3( 1) 2
a

aK q H
h H

aK q H
 (10) 

3.3. Paik and Salgado (2003)  

Paik and Salgado [40] adapted Walker’s [27] method of stress 
solution of hoppers for estimation of the earth pressure on rigid 
retaining walls under an active translation mode. They assumed a 
circular trajectory for minor principal stress with the radius R and the 
constant major principal stress σ1 along the arch as shown in Fig. 12. 

 

 
Fig. 12. Stresses on a differential flat element in backfill and Mohr circle for 

stresses at the wall [40]. 

The direction of the major principal stress at the wall was inclined 
with an angle β.  

2 2

1 ( 1) ( 1) 4 tan
tan

2 tan

N N N

 (11) 
where N is the ratio of major to minor principal stresses, 

2tan 4 2N  

Based on these assumptions, a new active lateral stress ratio at the 
wall (Kawn) was defined in the following form: 

2 2

2

3( cos sin )

3 ( 1)cos
awn

N
K

N N  (12) 
Their assumed that the rectangular differential flat element is 

subjected to stresses shown in Fig. 13. 

 
Fig. 13. Free body diagram of differential flat element with a linear shear surface 

[40]. 

By taking equilibrium in vertical direction, the active lateral earth 
pressure against the wall can be obtained from the following equation:  

tan tan
4 2

1 tan tan
4 2

awnK

awn
h

awn

HK H z H z

H H
K

 (13) 
The lateral active force normal to the wall (Pah) and the application 

height of the lateral active force (ha) on the wall can be calculated from 
the following equations, respectively:  

2

2
1 tan tan

4 2

awn
ah

awn

KH
P

K

 (14) 

2 1 tan tan
4 2

3 2 tan tan
4 2

awn

a

awn

K

h H

K

 (15) 

3.4. Khosravi et al. (2016) 

So far, all of the reviewed methods were based on one-dimensional 
system of equilibrium along the wall assuming a differential flat element 
between the wall and the slip line behind the wall. Therefore, all of those 
methods could predict the stress distribution only along the wall and the 
stress distribution in the failure zone behind the wall remained 
unknown. 

Khosravi et al. [42] extended their calculations to two-dimensional 
system of equilibrium as illustrated in Fig. (14). They adopt the 
assumption of a uniform vertical stress in any horizontal plane, 
previously used in two-dimensional silo problems, to derive stress 
solutions in a rectangular coordinate system.  

Equations for vertical, horizontal and shear stresses in the failure 
wedge between a rigid retaining wall under the active translation mode 
and the stationary soil are proposed as follows:  

1

n n

z

H H z H z H z
z q

n H H H
 (16) 

2

2
1

( , ) tan ( )
4 2 2

           2 tan
2 4 2

x w z

n nx x
x z K n z

H z H z

n x x

H z  (17) 
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xz z

x
x z n z

H z
 (18) 

Where nw Kw /tan(π/4+φ/2). 
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Fig. 14. Free body stress diagram of a differential element of backfill soil with a 

linear shear surface [42]. 
 

 Contours of stress distributions obtained from the proposed 
equations behind the retaining wall are plotted in Fig. 15. In this 
example, the wall height is H = 1 m, the soil properties are  = δ = 35o, 
c=0 kPa,  = 14 kN/m3 and no surcharge is existing on the backfill soil. 
The distribution of principal stresses inside the failure wedge for the 
same retaining wall is shown in Fig. 16. It is noteworthy that the principal 
directions coincide with vertical and horizontal directions on the shear 
line while they rotate by getting closer to the wall, reaching their 
maximum rotation on the wall. 

   
Fig. 15. Distribution of stresses inside the failure wedge behind a rough rigid 

retaining wall under an active translation mode [42]. 

 
Fig. 16. Principal stresses in the failure wedge behind a rough rigid retaining wall 

under an active translation mode [42]. 

Substituting x=0 in Eq. (17) results the following equation for the 
distribution of the lateral earth pressure at the wall.  

1

n n

w
h

HK H z H z H z
q

n H H H
 (19) 

The lateral active force normal to the wall (Pah) and the application 
height of the lateral active force (ha) on the wall can be calculated from 
the following equations, respectively:  

1 2

w
ah

K H H
P q

n  (20) 

2( 1) 3

3( 2) 2
a

n H q
h H

n H q





  
  

    (21) 

3.5. Xie and Leshchinsky (2016) 

So far, in the development of closed-form equations for estimation of 
the earth pressure against the retaining wall, the shear surface behind 
the wall was assumed to be planar. However, the observed shear surface 
that often develops in retaining structures is non-planar. Moreover, 
previous arching-based researches have primarily focused on a vertical 
retaining wall, while a batter (wall inclination) is frequently applied in 
actual retaining structures.  

In order to cover the above-mentioned limitations in previous studies, 
Xie and Leshchinsky [43] considered both the log-spiral failure 
mechanism and wall inclination in their analysis (Fig. 17). However, 
their analysis was limited to the earth pressure distribution only on the 
wall.  

 
Fig. 17. Free body stress diagram of a differential flat element of backfill soil 

with a log-spiral shear surface [43]. 

The trajectory of principal stresses along an inclined retaining wall 
and the Mohr circle represents the stress conditions at the wall are 
shown in Fig. 18.  

 
Fig. 18. Stresses on differential flat element in backfill and Mohr circle for stresses 

at the wall [43]. 

Xie and Leshchinsky [43] calculations resulted in a first-order 
differential equation, which was solved numerically using a finite-
difference scheme. Subsequently, they derived an equation for lateral 
earth pressure against the wall with a batter of α as:  

2 2

1 3
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cos ( ) sin ( )

cos
h

 
      




   

 (22) 
Where σ1 and σ3 are major and minor principal stresses obtained 

numerically, and the parameter β is determined as follows: 
2 2

1 ( 1) ( 1) 4 tan
tan

2 tan

N N N 
 




    
  
 
 

 (23)

Furthermore, for a given or assumed θ0 and θh, the lateral active force 
normal to the wall (Pa) can be calculated by integrating lateral earth 
pressures over the height of the wall.  

0

H

ah hP dz 
 (24) 

The application height of the lateral active force (ha) on the wall can 
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be calculated from the following equation where M is the moment about 
the wall base.  

a

a

M
h

P


 (25) 

3.6. Khosravi et al. (2018) 

Two common types of non-linear failure curves, parabolic and log-
spiral, are investigated by Khosravi et al. [44]. The curvature of the slip 
surface was defined by a new parameter, namely “planar ratio of slip 
surface” (Rpl) as illustrated in Fig. 19.  

 
Fig. 19. Non-linear slip curve behind the retaining wall [44]. 

For a log-spiral failure surface the ratio Rpl can be calculated from the 
following equation.  
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4 2cos cos

2 4 21

tan tan
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2 4 2
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      (26) 

Where ξ is the inclination of the slip curve at the top of the wall. The 
inclination of the failure surface at the toe was assumed to be a constant 
value of π/4+φ/2.  

The ratio Rpl ranges from 1 (ξ = π/4+φ/2, planar failure surface) to Rpl* 
(ξ = π/2, the maximum possible curvature of a log-spiral failure surface).  

tan
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4 21*

tan tan
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Similarly, for a parabolic failure surface the ratio Rpl can be calculated 
from the following equation.  

1

2

tan tan
4 2

1

2 tan tan
4 2 4 2

plR

 


   


  

   
   

    
     

      (28) 
Where, Rpl ranges from 1 (ξ= π/4+φ/2, planar failure surface) to zero 

(ξ= π/2), mathematically. However, note that as Rpl approaches to zero, 
the failure wedge behind the wall diminishes, which has no physical 
meaning. 

By increasing Rpl, the difference between log-spiral and parabolic 
failure surfaces reduces where by approaching Rpl to unity, both log-
spiral and parabolic failure surfaces reduces to a planar failure surface. 

A free-body stress diagram of a differential element of backfill soil 
with reference axis at the upper surface of the yielding zone is illustrated 

in Fig. 20.  

 
Fig. 20. Free-body stress diagram of a differential element of backfill soil [44]. 
Khosravi et al. [44] calculations resulted in a second-order differential 

equation, which was solved numerically using a finite-difference 
scheme. The following equations were derived for vertical, horizontal 
and shear stresses in the failure zone between a rigid retaining wall 
under active translation mode and log-spiral failure curve, respectively.  
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Where the indices i and j denote the number of nodes in vertical and 

horizontal directions, respectively.  
The ratio of shear stress to vertical stress along the wall (Kw) is 

evaluated according to the following equation, where β can be calculated 
from Eq. (20). 
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Similarly, for a parabolic failure curve, the following equations were 
derived.  
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The stress distribution inside the backfill soil ( = 35º) behind a rough 
vertical wall (δ = 0.8 , α = 0o) with a height of H = 10 m and uniform 
surcharge of q = 0.1 H, for both log-spiral and parabolic failure surfaces 
are illustrated in Figs. 21 and 22, respectively. The stress values shown in 
these figures are normalized by H.  
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a) Vertical stress                 b) Horizontal stress                 c) Shear stress 

Fig. 21. Normalized stresses inside the backfill soil with a log-spiral failure surface 
behind a vertical retaining wall under active translation mode [44]. 

  
a) Vertical stress                 b) Horizontal stress                 c) Shear stress 

Fig. 22. Normalized stresses inside the backfill soil with a parabolic failure surface 
behind a vertical retaining wall under active translation mode [44]. 

The resultant lateral active force (Pah) on the wall can be obtained by 
integrating the equations of horizontal stress with respect to z at the wall 
():  

0

( , )

H

ah xP x z dz


 
 (36) 

In addition, the application height of the resultant lateral active force 
(ha) can be obtained using the following equation:  

ah
a

ah

M
h

P


 (37) 
Where Mah is the moment of the horizontal stress about the base of 

the wall: 

0

( , ) ( )

H

ah xM x z H z dz


 
 (38) 

4. Result and  discussion   

In order to evaluate the ability of different theoretical methods in 
estimation of lateral earth pressure distribution, the field measurement 
of Tsagareli [45] were employed and the results are depicted in Fig. 23. 
Although Coulomb's active wedge solution is originally expressed in 
terms of force, a linear pressure distribution with the depth is assumed 
along a wall, as shown in this figure. Moreover, the magnitude of the 
lateral active force and the height of application point of the lateral 
active force are compared in Fig. 24 and Fig. 25, respectively. The soil 
properties in Tsagareli’s experiments were ϕ=δ=37o and  =17.65 kN/m3.  

The results show that the equations of Handy [37], Wang [39], and 
Xie and Leshchinsky [43] underestimate the active lateral pressure 
against the wall. Other arching-based equations show good agreements 
with experimental data. Khosravi et al.’s formulation [42] was developed 
for a two-dimensional stress analysis covering the wedge zone between 
the wall and the stationary soil behind the planar slip surface. This 
formulation released a lateral active earth pressure close to that of Paik 
and Salagado’s [40] at the wall, as illustrated in Fig. 23. Khosravi et al.’s 
formulation [42] was extended later to cover a range of slip surfaces 
from planar to log-spiral and parabolic non-planar slip surfaces, by 
defining a new so called “planar ratio of slip surface” parameter, Rpl [44]. 
Their results showed that as Rpl increased, the two defined non-planar 
slip curves converged together so that for Rpl values more than 0.8, the 
log-spiral and parabolic slip curves coincided. Moreover, for Rpl values 
equal to one, non-linear slip curves reduced to Coulomb’s slip line [36]. 

Since Rpl values of Tsagareli’s experiments [45] are more than 0.8, the 
resultant earth pressure distributions predicted by non-planar slip 
surfaces shown in Fig. 23 coincide and approximately touch the 
predictions from planar slip surfaces of Paik and Salagado [40], and 
Khosravi et al. [42]. 

 
Fig. 23. Theoretical predictions for the distributions of horizontal active stress 

compared with full-scale measurements (Data from Tsagareli [45]). 

 
Fig. 24. Theoretical predictions for the magnitude of lateral active force 

compared with full-scale measurements (Data from Tsagareli [45]). 

 
Fig. 25. Theoretical predictions for the height of application point of the lateral 
active force compared with full-scale measurements (Data from Tsagareli [45]). 
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The results of all arching-based formulations confirmed Terzaghi’s 
findings [3] that the lateral earth pressure against the retaining wall is 
non-linear. Therefore, as shown in Fig. 25, the linear earth pressure 
distribution assumed by Rankine [33] and Coulomb [36] 
underestimates the height of application point of the lateral active force. 
Due to soil arching, the lateral earth pressure increases at the upper 
portion of the wall while decreases at the lower portion, as shown 
schematically in Fig. 26. Therefore, the total thrust on the wall is not 
necessarily at a height of 0.33H, as suggested by classical theories of 
Rankine [33] and Coulomb [36], but it is at a height of about 0.40H. 

 
Fig 26. The influence of soil arching on the lateral earth pressure against 

retaining walls under an active translation mode. 

5. Conclusions 

In this paper, various formulations, which have been developed based 
on soil arching, were reviewed to estimate the lateral active earth 
pressure, acting against a rigid retaining wall under active translation 
mode. The developed equations were compared with Coulomb’s 
classical theory [36] as well as some field data. The results of all arching-
based formulations confirmed that the lateral earth pressure acting 
against the retaining walls under an active translation mode is non-
linear. Therefore, the total thrust on the wall is located at a height more 
than what predicted by classical theories leading to a higher overturning 
moment. Furthermore, it was concluded that the assumption of a planar 
slip surface could be acceptable for shallow retaining walls. However, 
according to the experimental data, as the wall’s height increase, the 
curvature of the slip surface increases, as well. 
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