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ABSTRACT 
Earth pressure distribution behind walls has been studied for a long time, but the 

coupling between deformation and stress is not well documented theoretically. In this 

study an attempt is made to introduce an insight into the modeling of earth retaining 

structures. The studied model is an elastic cantilever diaphragm wall, supporting 

nonlinear Drucker-Prager soil, and a nonlinear contact simulation between wall and soil. 

The excavated part of the model is simulated by element death. A total of 15 runs are 

presented to show different factors that influence the behavior of the retaining system 

(friction angle, variation of soil and wall modulus, and contact friction), and simulations 

of boundary conditions (lower end restraints of the wall, propped wall at the top end). 

Geometric nonlinearity is activated in some runs to study its influence on the result and 

convergence. A comparison is made between the resulted horizontal stress and that 

computed by Rankine and Coulomb theories. To show the influences of all different 
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factors, vertical stress in the inner wall face and normalized wall bending are presented. 

A generalized pressure distribution diagram for cantilever diaphragm wall is proposed. 

 

KEYWORDS: Diaphragm wall; Earth pressure distribution; Nonlinear soil; Contact 

simulation; Geometric nonlinearity; Plastic strain; Wall stiffness 

bending and deflection. 

 

INTRODUCTION 

The rigorous analysis of earth pressure problems is rarely possible. The earth 

pressure problem considered as a problem in plasticity, which interested in failure of 

soil without consideration to displacement. Thus all earth pressure theories do not give 

the lateral movement of the wall, which support certain soil. The earth pressure theories 

considered an idealized soil model without specifying the required lateral movement of 

the walls. In literatures there are a number of semi-empirical earth pressure distribution 

behind retaining structures (for example; Terzaghi and Peck [1], Peck [2], and Mana 

and Clough [3]), some of them based on field measurements.  

The problem of wall retaining soil is a complex interaction of construction 

method, excavation depth, and stiffness of wall, type and state of retained soil, passive 

resistance, restraint condition at the top of the wall, embedment length, and soil wall 

friction. Figure (1) shows soil-wall-load-structure nonlinear interaction presented by the 

author for general retaining diaphragm wall. Finite element is less of an approximation 

than some proposed methods of design based on assumptions of certain earth pressure 

distributions. Additionally it allows for better modeling of each variable mentioned 

above. Therefore the present study is initiated to get some insight into modeling of 

retaining walls non-gravity type. The study includes influence of modeling factors such 

as end restraints of the wall, geometric nonlinearity, contact stiffness, and developing of 

gap between soil and wall during the process of the solution. The influence of soil 

properties and wall stiffness are included also. The nonlinear solutions compared by, 

cumulative number of iterations, maximum lateral wall movement, number of load sub 

steps during the solution, and the total CPU time for the solution. Horizontal stress 

distribution behind the wall is presented and compared with active and at rest pressure 

distribution. Normalized bending moment diagrams for the wall presented to show 

influence of different factors on wall behavior. Based on the results of this study a 

pressure distribution diagram is proposed by the author.  ANSYS 5.4 [4] finite element 

program is used in this study. Table (1) shows all the variables included in the study. It 

is implemented by optimizing the number of runs required to achieve all the 

comparative variables. The total number of runs is 15. 

 

EARTH PRESSURE THEORIES – APPLICATION TO CANTELIVER WALLS 

Plastic collapse occurs after the state of plastic equilibrium has been reached in 

part of soil mass, resulting in slipping of that soil mass relative to the rest of the mass. 

This happened in run No 1 and 3 when geometric nonlinearity was included. After 90% 

of the solution completed, element shape at the top edge in the plastic zone highly 

deformed which stops the solution by the program. The limit theorems of plasticity used 

to calculate lower and upper bounds to the true collapse load. In lower bound approach 

the condition of equilibrium and yield are satisfied, the Mohr-Coulomb failure criterion 

is taken to be the yield criterion. In upper bound approach choosing a slip surface forms 

a mechanism of plastic collapse and work done by the external force is equated to the 
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internal dissipation of energy. Rankin’s theory of earth pressure satisfies the lower 

bound condition, the theory results either in an overestimation of active pressure and an 

underestimation of passive pressure or in exact value of active and passive pressure. The 

Coulomb theory is interpreted as an upper bound condition. Thus, the theory 

underestimates the total active thrust and overestimates the total passive resistance, 

Craig [5]. 

 
Earth Pressure Development and Compatibility of Deformations 

BS 8002 [6] standard stated that: the maximum earth pressures on a retaining 

structure occurring during working conditions and the necessary equilibrium 

calculations are based on the assumption that earth pressures greater than fully active 

pressure and less than fully passive will act on the retaining structure during service. As 

ultimate limit state with respect to soil pressures is approached, with sufficient 

deformation of the structure, the active earth pressure in the retained soil reduces to the 

fully active pressure and the passive resistance tends to increase to the full available 

passive resistance. 

 

NONLINEAR FINITE ELEMENT MODELING OF CANTELIVER DIAPHRAGM WALL 

Soil behavior in literature simulated using many models for example; Modified 

Cam Clay model (e.g., Potts and Martins [7]) and empirical stress-strain relations (e.g., 

hyperbolic, Ottaviani and Marchetti, [8], logarithmic, Jardine, et. al. [9]). More 

sophisticated constitutive models (e.g., Ananadarajah, and Dafalias [10], Banerjee, et. 

al. [11], Mroz and Zienkiewicz [12], Prevost, J. H. [13]). A cantilever reinforced 

concrete diaphragm wall with 50 cm thickness, unsupported height 9.45 m, and 

embedded length in soil is10 m. The finite element mesh used in the analysis is shown 

in Figure (2). The model simulated using 275 PLANE82 (8-node isoparametric element 

for soil), 530 CONTAC48 (wall-soil contact), and 210 PLANE42 (4-node isoparametric 

element for wall) with modulus of elasticity varies as shown in Table (1) to study the 

influence of wall stiffness on wall deflections and stress distributions. The condition of 

plane strain is assumed as in all theories of earth pressure. It is tried to introduce 

treatment of simulation of earth pressure problem by considering both stresses and 

displacements that involved simulation of soil by nonlinear Drucker- Prager [14] soil 

model with associated flow rule, with nonlinear contact element between soil and wall, 

geometric nonlinearity is included to account for large soil displacements, and the wall 

is considered as elastic concrete material. In runs 3, 7 and 12 the soil modulus changed 

with depth. The automatic time stepping feature in ANSYS program will respond to 

plasticity by reducing the load step size after a load step in which a large number of 

equilibrium iterations was performed or in which a plastic strain increment greater than 

5% was encountered. Table (1) shows the characteristics of each run and the results to 

be compared. 
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Table 1: Soil Properties, Boundary Conditions, and wall Stiffness Data for Runs 1 to 15 
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(1) – 1 – free in X direction, restraints in Y direction. --2—restraints in X and Y directions 

(2) Computer used with Intel Processor 500 MHz, 192 MB RAM.       ----- all the analysis run with automatic time stepping 

(3) After excavation (killed elements on excavation side) 

(4) Non-converged solution, % of solution completed 90%, 93%, and 84%.   

(5) Max. lateral movement occurs at lower level of excavation not at top end of the wall. 
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Contact Simulation 

Several interface elements have been proposed and used in literature (e.g., 

Goodman et al. [15]; Zeinkiewicz et al. [16]; Ghaboussi et al. [17]; Katona [18]; 

Herrmann [19]; and Desai et al. [20]). Zeinkiewicz et al. [16] and Desai et al. [20] used 

thin conventional isoparametric elements to model interfaces. Ghaboussi et al. [17] and 

Wilson [21] pointed out that numerical ill-conditioning of the stiffness matrix may 

develop when such elements are used and suggested the use of relative displacements 

between adjacent nodes as independent degrees of freedom. However, Pande and 

Sharma [22] used both conventional and relative displacement formulation and found 

that if the computation is performed using high precision; both formulations yield 

similar results for aspect ratios of the interface elements greater than a thousand. 

Simulations of contact problems are highly nonlinear. Contact models available in 

ANSYS are: point-to-point, point-to-surface, and surface-to-surface. Before using any 

model to simulate a contact between the soil and the wall, one must understand the 

capabilities and limitations of each model. At the beginning the author used the point-

to-point contact, but the results show very large deflection of the wall with large 

separation between the soil and the wall. It is found that this element is best suited to 

problems with small negligible sliding and deflections of the contact surface, and the 

nodes of the two surfaces match up geometrically (node-to-node contact).  

Node-to-surface elements can be used to model surface-to-surface contact, if the 

contacting surface is defined by a group of nodes and multiple elements are generated. 

The exact location of the contacting area needs not to be known beforehand, nor do the 

contacting components need to have a compatible mesh. Large deformation and large 

relative sliding are allowed, although this capability can also model small sliding. The 

element used in this analysis is 2-D CONTAC48. Nonlinearities in this element are: 

surface-to-surface contact with large deformation, contact and separation, and Coulomb 

friction sliding. Contact elements are triangles, where the base is made up of nodes on 

the target surface (wall) and the remaining is a node on the contact surface (soil). The 

program uses contact elements to track the relative positions of the two surfaces. 

Midside nodes can be used on the contact surface only (soil), but not on the target 

surface (wall). The friction model chosen for simulation of contact between soil and 

wall is elastic Coulomb, which allows both sticking and sliding. Compatibility on the 

contact surface is accomplished by the penalty with Lagrange multiplier method; a force 

is applied to the contacting node until it penetrates the surface by less than an amount 

defined by the real constant TOLN. Maximum penetration tolerance TOLN=1%. Input 

real constant values are:  Normal contact stiffness KN (kN/m) should be large to 

restraint the model from over-penetration, but not so large it cause ill-conditioning. 

Sticking contact stiffness should be less than the normal stiffness. The value suggested 

by the author is KT = tan ((1/2 to 2/3) φφφφ ) kN. Small tolerance that used internally by the 

program to increase the length of the target surface TOLS=0.5% of contact length. 

 

RESULTS AND DISCUSSIONS 

Figures (3 and 4) show example for the deformed shape for runs 11 (propped wall 

at top) and 15 (cantilever wall) with exaggerated scale for deformation by 10 times. 

Figure (5) shows the horizontal plastic strain contours in nonlinear runs in the study.  

The plastic strain contours can be used in evaluation of plastic zone behind the wall. 

Figures (6, 7, and 8) show horizontal stress distribution behind the wall and lateral wall 

movement for different conditions studied. The vertical stresses in the extreme fiber of 
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the wall soil-side are presented in Figure (9). Figure (10) shows the variation of the 

normalized bending moment (M/EI) with depth of wall, which reflects the same shape 

of bending moment diagram. Figure (11) shows the pressure distribution suggested by 

Goh (1993) (cited by Das [23]). The author proposed a pressure distribution diagram for 

cantilever diaphragm walls in sand shown in Figure (12). Example of cumulative 

iterations during final phase of convergence of run 15 is shown in Figure (13). 

Discussion of the results and different factors influence the behavior of the wall are 

presented in the following sections. 

 
Influence of Wall Stiffness 

The lateral deflection increased by about 100% by reducing wall stiffness 10 

times (runs 5,14, and 15). The lateral deflection increased by about 10 % when the wall 

stiffness decreased by about 35% (compare run 5 and 6). These results reflect the 

nonlinear soil response to change in wall stiffness. It is important to note that the wall 

material nonlinearity is not taken into account. 
 

Influence of Consideration of Geometric Nonlinearity in the Analysis 

Influence of geometric nonlinearity is clear in case of low soil modulus and 

friction angle (compare run 1 and 2). Run 1 processed about 90% of load sub steps only, 

and then the solution did not converge (due to bad elements shape at top corner of deformed 

soil), when geometric nonlinearity turned off the solution converged in run 2. Same 

behavior observed between runs 14 and 15. With increase in soil modulus and friction 

angle as in runs 8 and 9 the influence of geometric nonlinearity is small on change in 

lateral deflection. Both solutions (runs 9 and 8) with and without consideration of 

geometric nonlinearity converged.  
 

Influence of Wall Boundary Condition at Lower Tip of the Wall 

When the lower end of the wall is restraints in x and y directions, the lateral 

deflection at top end reduced by about 2 % on comparison with free to move end. On 

the other hand, when the lower end of the wall free to move very small gap developed at 

lower end between soil and wall. However, this gap is within the tolerance of 

formulation of the contact element used in the analysis (compare runs 4 and 5).   
 

Influence of Soil Friction Angle  

Runs 4 and 9 shows the retaining system response when the friction angle 

increased from 35
o
 to 39

o
 the lateral deflection decreased by more than 50 % (note the 

change in soil modulus also) and the very small gap between soil and wall become at 

the top part of the wall. The lateral deflection increased by about 42% when the friction 

angle reduced from 35
o
 to 31

o
 (compare run 5 with geometric nonlinearity on and run1, 

note; the change in soil modulus also).  
 

Influence of Variation of Soil Modulus with Depth 

Runs 3 and 7 represent different variation of soil modulus with depth with 

constant value of friction angle for run 3 equal 31
o 
and for run 7 equal 35

o
. The lateral 

deflection decreased by increase in the value of soil modulus (compare run 3 and 7, 

Table (1)). The increase of soil modulus with depth decreases the lateral deflection by 

about 20 % if compared with using the average value of soil modulus for all the soil 

profile (compare run 7 and 4, Table (1)). 
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Contact Friction Stiffness 

The lateral deflection increased by about 2.5% when the contact friction stiffness 

decreased to 1/3 of its original value (compare runs 9 and 10, Table (1)). The difference 

in lateral deflection may be increased for lower value of soil modulus. The normal 

stiffness did not change between runs 9 and 10. In general both lateral deformations in 

runs 9 and 10 are small, which implies less lateral yielding of soil. 
 

Influence of Restraint at Top of the Wall (Propped wall) 

Restraining the top end of the wall reduces the lateral deformation by about 80%. 

The location of maximum horizontal displacement transferred close to the excavated 

level (compare runs 11 and 2, and runs 7 and 12) when retaining the top end. 
 

Influence of Soil Nonlinearity 

Comparison between response of the retaining system with elastic and nonlinear 

soil for propped wall (compare runs 11 and 13) shows that the difference in the lateral 

displacement of the two runs is very small. The soil did not yield because the restraint at 

top end of the wall, that gives a reason for that small difference in lateral displacement 

of the wall. The difference would have been larger if the wall was not propped at the top 

due to yielding of soil behind the wall.  
 

Development of Plastic Strain in Soil Behind the Wall 

In Rankin’s theory (for smooth vertical wall) the entire semi-infinite mass being 

subjected to lateral expansion (active) or compression (passive). The movement of 

cantilever wall, however, cannot produce the passive or active state in the soil mass as a 

whole. The active state (see Figure (5) horizontal plastic strain for different runs) can be 

developed only within wedge of soil between the wall and failure plane, intersecting the 

lower end of the wall with an angle of 45+
2

φφφφ  to horizontal. The remnant of soil mass is 

in state of “elastic” equilibrium. A certain minimum value of lateral strain is necessary 

to develop the active plastic state within the mentioned wedge. 

It is important to know that it is difficult in finite element to analyze a complete 

mass in failure state. Runs 9 and 10 do not deform laterally enough to produce the 

active state due to high friction angle and soil modulus see Table (1). Results of run 2, 4 

and 15 produce more lateral displacement. From the results, it is found that the 

estimated value of soil elastic modulus is important factor influencing the results since 

the Drucker-Prager model do not change in size (isotropic hardening). The inclinations 

of contour lines with horizontal (Figure (5)), for all contours with horizontal plastic 

strain ≈ 0.01, are close to 45+
2

φφφφ . Coulomb assumed a plane failure surface, but due to 

wall friction the actual surface separates between elastic and plastic equilibrium regions 

is curved as mentioned in literature and shown by the results of horizontal plastic strain 

plotted in Figure (5). It is known that this assumption in coulomb’s theory gives small 

error in active case. 
 

Horizontal Stress Distribution Behind the Wall  

The pressure distribution on a vertical plane behind the wall extracted from the 

results and plotted with depth for different runs as shown in Figures (6, 7, and 8). It can 

be shown that the pressure on the lower part of the wall lies between active pressure and 

at rest pressure. The pressure distribution on top part of the wall is close to active earth 

pressure and depends on wall stiffness, soil friction angle and soil modulus. 



Journal of Engineering Research   Issue (8)  September 2007        59   

The following is quoted from the BS 8002 [6] standard: 

The soil deformations, which accompany the full mobilization of shear strength in 

the surrounding soil, are large in comparison with the normally acceptable strains in 

service. Accordingly, for most earth retaining structures the serviceability limit state of 

displacement will be the governing criterion for a satisfactory equilibrium and not the 

ultimate limit state of overall stability. However, although it is generally impossible or 

impractical to calculate displacements directly, serviceability can be sufficiently assured 

by limiting the proportion of available strength actually mobilized in service”. This 

shows the complexity of estimating the earth pressure distribution (as shown in Figures 

(6, 7, and 8)) that is due to nonlinear interaction of wall stiffness, soil friction angle, and 

soil modulus 
 

Proposed Earth Pressure Distribution Behind a Cantilever Retaining wall 

Das [23] cited the work by Goh (1993) for earth pressure distribution for 

conventional R.C retaining wall shown in Figure. (11). Based on the current study 

results, the author proposes an earth pressure distribution for cantilever diaphragm walls 

presented in Figure (12). For sand with φ > 35
o
, the earth pressure on top part of the 

wall (to 0.75 H) follow Rankine earth pressure, and for deeper part of the wall the 

pressure increases linearly to become ko pressure at lower end of the wall. For sand with 

φ ≤ 35
o
, the earth pressure follows Rankine distribution to depth from top = 1.25 H, 

then increase linearly to ko value at lower end of the wall. The proposed earth pressure 

distribution by the author is in agreement with what was stated by BS 8002 [6] standard 

about the possible change in earth pressure distribution.  
 

Wall Bending and Bending Stresses in the Wall 

It is important to note that the deformation of an earth retaining structure has a 

direct effect upon the forces on the structure developed from the retained soil. The 

structural forces and bending moments due to earth pressures reduce as deformation of 

the structure increases. 

Wall bending obtained from the vertical stresses on the extreme wall fiber faced 

with soil, is shown in Figure (9). Positive sign means tension in soil side of the wall and 

negative sign means tension on the excavation side of the wall (runs 11, and 12). The 

known relation σy = M.y/I is used in computation of the normalized bending, which 

equal to moment gradient d
2
y/dx

2
= M/EI = σy/E.y, for 0.5 m wall thickness with pure 

bending M/EI =4σy/E. The normalized bending moment is used in Figure (10) to 

include the influence of wall stiffness EI on the value and shape of bending moment. 

The most flexible wall is used in run 15 shows a variation of bending moment from 

positive to negative. The large value of normalized bending moment at the lower end of 

the wall, due to constraint in wall movement in vertical direction, increases the vertical 

stress at lower end hence increasing the computed bending moments. If the lower hard 

boundary increased in depth under the wall end the resulted bending moment would be 

reduced. It would have been better to compute the bending moment by double 

differentiation of the deflection shape of the wall. Figure (10) reflects influence of all 

variables on the value and shape of bending moment. The shapes of normalized bending 

moment in lower part reflect the fixity of the wall. The fixity of the wall is varied for 

different runs according to φ, EI, and propped wall, which considered as the main 

variables, controlling the bending shape and value. 
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Solution Time and Convergence  

Table (1) presents the time required for each run using computer Pentium III, 500 

MHz. The cumulative number of iterations also presented. In general the number of 

iterations and time required for run increase by increase in lateral deflection of the wall. 

Figure (13) shows the iteration process at final part of convergence for run 15. 
 

CONCLUSIONS 

It should be emphasized on the coupled relation between the lateral deformation 

and the earth pressure distributions. Finite element models may be able to evaluate both 

deformation and stress. Several factors influence modeling and simulation of earth 

retaining structures are examined in this study using ANSYS finite element program. 

Gaps developed in some locations behind the wall were within tolerance. In other cases, 

it is found that when using geometric nonlinearity gaps were excluded. Influence of 

wall friction on earth pressure value as expressed in Coulomb analysis is not clearly 

observed with limited runs in these analyses. Contact element is a must in simulations 

of soil structure interactions. When geometric nonlinearity of the soil activated with 

contact nonlinearity few elements distorted in large deformation model and the solution 

stops. However, with less deformed models, the solutions converged. Lower tip restraint 

does not have much influence on wall behavior in this study since the wall penetration 

is large and the wall is considered as fixed in soil. The model shows the development of 

plastic strain in soil.  Normalized bending curves for different runs as plotted in Figure 

(10) show influence of different factors. A proposal is suggested for earth pressure 

distribution for cantilever diaphragm wall is presented in Figure (12). 
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1- External Surface Load (if exist) 

2- Soil Lateral Pressure (Water table and hydrostatic Pressure) 

3- Vertical Load on Top of the Wall ( may be prestressed Vertical wall ) 

4- Vertical Load from Basement Slabs ( if exist ) 

5- Tie-back Prestressing (Staged Excavation and Construction Procedure) ( if exist ) 
6- End Lateral Restrained Conditions 

7- Wall Rigidity 

8- Vertical Stiffness at Tip of the Wall  

9- Long Term Behavior of Tie-back Anchors 

10- Interaction with Basement Wall (Permanent or Temporary System)- (if exist) 

11- Wall Lateral Movement allowed or happened (in relation to soil strength) 

12- Soil Layers Difference in Properties 

13- Wall-Soil Friction  
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Figure 1: Soil – Wall – Load – Structure Nonlinear Interaction 
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Figure 4: Deformed Shape Run-15, Displacement x10 

Figure 3: Deformed Shape Run-11 (Propped at Top), Displacement x 10 
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Figure 5: (continue) Contour lines Horizontal Plastic Strain in Soil Plotted on 

Deformed Shape 
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