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1. Introduction 
 

Cantilever sheet pile walls are generally used for 

temporary as well as permanent structures to hold a limited 

height (less than 5m) of soil. The holding height is limited 

because cantilever sheet pile wall derives its stability 

mainly from the contact stresses developed below the 

dredge level along the embedded depth of the wall. 

Cantilever sheet pile walls have been analyzed under static 

and seismic conditions by various researchers (King 1995, 

Madabhushi and Chandrasekaran 2005, Madabhushi and 

Zeng 2006, Callisto and Soccodato 2010, Bowles 2012, 

Conti et al. 2012, Conti and Viggiani 2013, Callisto 2014, 

Conti et al. 2014, Conte et al. 2017, Singh and Chatterjee 

2020a, b). However, the previous researchers have designed 

cantilever sheet pile walls using limit equilibrium approach 

and by assuming the rigid rotation about a pivot point near 

the toe of the wall due to its simplicity (Conti et al. 2013, 

Conte et al. 2017). Conti et al. (2013) carried out a pseudo-

static analysis of cantilever sheet pile walls using limit 

equilibrium method by taking the magnitudes of passive 

earth pressure coefficient as its static value and active earth 

pressure coefficient as its pseudo-static value due to minor 

difference in static and pseudo-static coefficients below the 

dredge level. Conte et al. (2017) proposed a simple-to-use  
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method for the design of embedded cantilever retaining 

walls in static and pseudo-static condition assuming 

rectilinear net earth pressure diagram and adopting the earth 

pressure coefficients derived using lower-bound approach 

of limit analysis by Lancellotta (2012). Due to various 

constraints in performing experiments in field, numerical 

analysis has been performed to know the effect of 

excavation on deflection and bending moment of sheet pile 

walls. Bahrami et al. (2018) performed a finite difference 

analysis by 3D modelling to assess the effect of penetration 

depth of a diaphragm wall on wall deflection, axial stress of 

struts and bending moment and observed that for safety of 

the excavation, the penetration depth need not to be 

increased. Chowdhury et al. (2013, 2016) used FLAC2D 

computer program to obtain the design parameters for 

braced excavation and effect of fines, respectively. Jiang et 

al. (2018) investigated the stress and deformation behavior 

of anchored sheet pile walls. Madabhushi and Zeng (1998) 

simulated the gravity quay walls under earthquake loading 

using finite element based code SWANDYNE and 

compared the results with centrifuge tests. Qu et al. (2016) 

designed the sheet pile retaining walls through capacity 

spectrum method for seismic application. Zhang et al. 

(2015, 2019) and Goh et al. (2017a, b) carried out 

assessment of strut forces and deflection of braced 

excavation wall using numerical analysis and field 

measurements. Zhang et al. (2017) performed inverse 

analysis of soil and wall properties in braced excavation 

using multivariate adaptive regression splines. Lee et al. 

(2018) carried out a two dimensional and three dimensional 

finite element based analysis to check the field applicability 

of controllable prestressed wale system. Zhang et al. (2018) 
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developed a simple numerical model of braced excavation 

to investigate the influence of ground water drawdown and 

soil properties on ground surface settlement. Zhang et al. 

(2018a, b) studied the response of braced excavation in 

residual soils to groundwater drawdown. Chen et al. (2019) 

performed shaking table test to analyze the characteristics 

of landslides in granular soil. Goh et al. (2019) carried out 

both deterministic and reliability analysis to study the 

stability against basal heave of an excavation considering 

spatial variability in soils. Zhang et al. (2020) performed 

shaking table test to study the response of double box utility 

tunnel having joint connections under seismic forces. 

There are very few available literature showing the 

influence of external surcharge load on retaining walls, 

which is a common practice to occur (Steenfelt and Hansen 

1984, Motta 1994, Georgiadis and Anagnostopoulos 1998, 

Caltabiano et al. 2012, Singh and Chatterjee 2020c, d). 

Steenfelt and Hansen (1984) provided complete analytical 

solution to demonstrate the effect of strip load on the design 

of sheet pile walls using Brinch Hansen’s earth pressure 

theory. Motta (1994) provided a closed form solution for 

retaining wall having inclined backfill with surcharge at 

different distance. Georgiadis and Anagnostopoulos (1998) 

conducted the model sheet pile wall tests in sand to 

investigate the effect of surcharge strip loads on wall 

behaviour. Graphical solutions, combining both elastic and 

plastic approaches, have been used to determine lateral 

earth pressure due to external surcharge load.  

However, the influence of surcharge load on cantilever 

sheet pile walls, placed at varying distances, from the top of 

the wall, under seismic conditions is scarce in literature, and 

the present study fills up this existing research gap. Though, 

pseudo-static approach is crude estimate as compared to 

dynamic nature of earthquake loading, in this method the 

dynamic effects of earthquake shaking are represented by 

single, constant horizontal and vertical pseudo-static 

acceleration coefficients (hence forces) acting through the 

centroid of the failure mass. Pseudo-static based simulation 

is generally considered conservative and may compensate 

possible acceleration amplification. However, pseudo-static 

approach is generally allowed for non-cohesive soil and 

earthquakes of representative frequencies less than 5Hz 

which results in wavelength (>20 m) higher than the 

retaining wall (Conte et al. 2017). Hence, the present study 

investigates the influence of surcharge load on cantilever 

sheet pile walls under different pseudo-static conditions 

using finite difference based computer program FLAC2D 

(Itasca 2016). 
 

 

2. Numerical modelling of cantilever sheet pile walls 
 

Numerical modelling of cantilever sheet pile walls 

(CSPW) with surcharge under pseudo-static condition is 

carried out in the present study assuming a two-dimensional 

and plane strain problem using the finite difference based 

computer program FLAC2D (Itasca 2016).  The size of 

domain and mesh are reserved as per the convergence study 

as discussed later in the paper. The soil is assumed to be 

fully dry and saturated, above and below the water table, 

respectively. The excavation process is simulated in three 

steps, i.e., wall installation, dewatering and excavation. The 

excavation is carried in two levels and same construction 

sequence is followed. 

The mesh and the boundary conditions for the present 

study is shown in Fig. 1. Movement of vertical boundaries 

are allowed in vertical direction and restrained in horizontal 

direction. Further, the movement of bottom boundary are 

restrained in both horizontal and vertical directions. The 

water table is assumed at 2 m below the ground surface. 

An elastic-perfectly plastic Mohr-Coulomb model is 

used to model the soil, the properties of which are tabulated 

in Table 1. According to Mohr-Coulomb failure criterion, 

the failure occurs when the shear stress due to the external 

loading exceeds the shear strength of the soil in which the 

sheet pile is embedded. However in the present study, the 

failure of the CSPW model is considered when the shear 

stress equals the shear strength, other than at the 

neighboring zones, of the cantilever sheet pile walls. The 

soil-wall interface is represented by parameters like soil-

wall interface angle (δ), normal stiffness (Kn) and shear 

stiffness (Ks). The soil-wall interface friction angle is 

specified to 2/3 of the friction angle of soil. Beam element 

is used to model the steel sheet pile wall with properties as 

given in Table 2. According to Itasca (2016), the normal and 

shear stiffness values are 10 times the equivalent stiffness of 

the stiffest neighboring zone as given by: 

 

(1) 

where K, G and ΔZmin are the bulk modulus, shear modulus 

and the smallest width of adjoining zone in normal direction 

to the interface.  

The FLAC uses Lagrangian calculation scheme in which 

incremental displacements are added to the coordinates so 

that the grid moves and deforms with the material it 

represents. It incorporates the basic governing equation of a 

solid body. New displacements and velocities are derived 

from stresses and forces through the equation of motion. 

The basic equation of motion used is as follows 

 

(2) 

where u, ρ, t, xi, gi and σij are displacement, mass density, 

time, components of coordinate vector, components of 

gravitational acceleration (body forces) and components of 

stress tensor. 

Since, formulation in FLAC is dynamic and strain rate is 

related to the velocity as 

 

(3) 

where ije


and iu


are strain-rate components and velocity 

components respectively. 





















z

KK
GK

sn

min

3

4

10

g
xt

iu
i

j

ij



 









































x

ju

x

iu
e

ij

ij
2

1

72



 

Lateral earth pressure and bending moment on sheet pile walls due to uniform surcharge  

 

 

Fig. 2 Variation of bending moment along depth for 

different width of backfill [mesh size 0.5 m × 0.5 m and 

depth below dredge level = 5(H+D)] 
 

 

At a stress boundary, the force can be derived as follows 

 
(4) 

where ni is the unit outward normal vector of the boundary 

segment and Δs is the length of the boundary segment over 

which the stress σb
ij acts. The force Fi is added into the force  

 

Table 1 Soil properties considered in the present study for 

pseudo-static analysis of cantilever sheet pile wall (after 

Chatterjee et al. 2015, Bowles 2012) 

Soil type 

Properties 

Angle of 

internal 

friction (φ) 

Poisson’s ratio 

(μ) 

Modulus of 

elasticity (E) in 

MPa 

Unit weight 

(γ) in kN/m3 

Dense sand 39° 0.30 90 18.4 

Medium sand 34° 0.34 65 16.0 

Loose sand 30° 0.38 36 14.0 

 

Table 2 Properties of sheet pile walls considered in the 

present study (adopted from Nucor Skyline 2017) 

Type 
Cross Section Area 

(cm2/m) 
Section Modulus 

(cm3/m) 
Moment of Inertia 

(cm4/m) 

SKZ 38 234.4 3350 76588 

 

 

sum for the appropriate gridpoint. 

 

2.1 Convergence study 
 

A numerical analysis is always affected by the boundary 

conditions, i.e., size of the domain and density of the mesh. 

Hence, a thorough study to decide the actual size of 

calculation domain and mesh density is carried out on two-

dimensional and plane strain problem having soil properties 

like unit weight (γ)=20 kN/m3, soil-friction angle (φ)=35o 

and interface friction angle (δ)=20o and sheet pile properties 

such as height of excavation (H)=4 m, depth of embedment 

(D)=4 m and flexural rigidity (EI)=7.52 x 107 kNm2/m. Fig. 

2 shows the variation of bending moment along depth  

snF j
b
iji 

 

Fig. 1 Cantilever sheet pile wall (CSPW)-soil model considered in the present analysis in FLAC2D 
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Fig. 3 Variation of bending moment along depth for 

different depths below dredge level [mesh size 0.5 m × 

0.5 m and width of backfill soil = 8(H+D)] 

 

 

Fig. 4 Variation of bending moment along depth for 

different mesh sizes [width of backfill soil = 8(H+D) and 

depth below dredge level = 5(H+D)] 
 

 

for different width of backfill soil [2(H+D), 4(H+D), 

6(H+D), 8(H+D) and 10(H+D)] with constant mesh size 

(0.5 m×0.5 m) and depth below dredge level = 5(H+D). It 

is observed that width of backfill soil [6(H+D), 8(H+D) and 

10(H+D)] gives approximately the same bending moment 

along depth. Fig. 3 shows the bending moment versus depth 

curves for different depths below dredge level [2(H+D), 

4(H+D), 5(H+D) and 6(H+D)] with constant mesh size (0.5 

m×0.5 m) and backfill distance = 8(H+D). It is 

recognized that for depths below the dredge level [4(H+D), 

5(H+D) and 6(H+D)] gives same variation of bending 

 

Fig. 5 Comparison of bending moment along depth 

obtained in the present study without surcharge with that 

of Madabhushi and Zeng (2006) 
 

 

moment along depth above the point of maximum bending 

moment and differs slightly below it. Fig. 4 shows the 

bending moment versus depth curves for different mesh size 

with appropriate size of domain selected from Figs. 2 and 3 

i.e., backfill distance = 8(H+D) and depth below dredge 

level = 5(H+D). It is observed that mesh size of zones 0.33 

m×0.33 m, 0.25 m×0.25 m and 0.2 m×0.2 m gives almost 

similar trend of bending moment distribution along depths. 

Hence, it is advocated to select a size of domain having 

backfill distance = 8(H+D), depth below dredge level = 

5(H+D) and mesh size of 0.25 m×0.25 m.  

 

2.2 Validation of the present numerical model 
 

The numerical model proposed in the present study, 

without surcharge load, is validated with the soil properties 

and input data used by Conti and Viggiani (2013) for 

simulating the dynamic centrifuge tests carried out by 

Madabhushi and Zeng (2006). The soil properties 

considered were unit weight (γ)=16.4 kN/m3, angle of 

internal friction (φ)=34º, soil-wall friction angle (δ)=12º 

and steel sheet pile properties as Young’s modulus (E)=68.5 

GPa, Poisson’s ratio=0.2 at peak acceleration of 0.12g. The 

excavated depth and embedded depth of the sheet pile were 

considered was 7.2 m. The depth-wise variation of bending 

moment in the sheet pile wall is plotted for the present 

numerical model and the experimental results presented by 

Conti and Viggiani (2013) as shown in Fig. 5. It is observed 

that the bending moment distribution of the present 

numerical model is in good agreement with the results 

presented by Conti and Viggiani (2013). The discrepancies 

among the results may be due to implementation of 

centrifuge test and properties assumed in numerical 

modeling. 
 

 

3. Present study 
 

After validation of numerical model, under no surcharge  
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Table 3 Different input parameters considered in the present 

study 

Parameters Values 

Horizontal seismic acceleration 

coefficients (kh) 
0, 0.05, 0.1, 0.15 and 0.2 

Vertical seismic acceleration coefficients 
(kv) 

0kh, 0.5khand kh 

Magnitudes of uniform surcharge loading 

(q) 
20 kPa, 50 kPa and 100 kPa 

Distance of uniform surcharge load from 
the top of the wall (λH) 

0 m, 1 m, 2 m, 3 m, 4 m, 5 m, 
6m, 8 m and 12 m  

Height of excavation (H) 4 m 

Embedded depths (D) 4 m, 6 m, 8 m and 10 m 

Angle of internal friction φ=30°, φ=34° and φ=39° 

 

loading conditions, the present study is extended to 

investigate the seismic response of a cantilever sheet pile 

walls under the influence of surcharge loading and at 

varying distance from the top of the wall. The results 

obtained in the present study are presented in non-

dimensional form like variation of normalized bending 

moment and normalized horizontal earth pressures. The 

various parameters used in the parametric study like 

embedded depth, type of soil, magnitude and distance of 

uniform surcharge from the top of the wall at different 

horizontal and vertical seismic acceleration coefficients are 

tabulated in Table 3. A cantilever sheet pile wall is 

considered in homogeneous and isotropic soil layer with 

height of excavation (H) as 4 m. For all parametric studies, 

the width of excavation is kept constant as 15 m. Three 

different types of soils are used in the analysis namely loose 

sand, medium sand and dense sand with properties as 

tabulated in Table 1. With various depth of embedment, the 

magnitude of uniform surcharge and its distance from the 

top of the wall are varied to study the behavior of sheet pile 

walls in different type of soils under pseudo-static 

conditions. 
 

 

4. Results and discussions 
 

4.1 Influence of seismic acceleration coefficients (kh 
and kv) 

 

The seismic acceleration coefficients under pseudo-

static conditions simulate the behavior of earthquake 

approximately in which earthquake force is applied by a 

force amplitude constant in direction with time. The effect 

of seismic acceleration coefficients is analyzed for 

cantilever sheet pile walls in the form of normalized 

bending moment and normalized horizontal earth pressure 

with normalized depth of wall. The variation of normalized 

maximum bending moment for different seismic 

acceleration coefficients (kh and kv) are given in Table 4. 

The values of bending moment (M) and horizontal earth 

pressure are normalized with respect to γH3 and γH as 

M/γH3 and σh/γH, respectively and depth is normalized with 

respect to total length of sheet pile walls and expressed as 

z/d in percentage. The infinite uniform surcharge is 

normalized as q/γH and represented as Q. The pattern of 

normalized bending moment (M/γH3) with normalized  

Table 4 Variation in normalized maximum bending moment 

for different seismic acceleration coefficients (kh and kv), 

magnitude of surcharge (Q) and normalized embedded 

depth (D/H) 

D/H 

 M/γH3 

 Q=0.27 Q=0.68 Q=1.36 

kv/kh 0 0.5 1 0 0.5 1 0 0.5 1 

kh  

1.5 

0 0.105 0.105 0.105 0.172 0.172 0.172 0.285 0.285 0.285 

0.05 0.148 0.16 0.174 0.207 0.229 0.241 0.322 0.335 0.338 

0.1 0.199 0.162 0.189 0.245 0.255 0.269 0.333 0.341 0.374 

0.15 0.253 - - 0.303 - - 0.362 - - 

0.2 0.312 - - 0.340 - - 0.393 - - 

2 

0 0.103 0.103 0.103 0.166 0.166 0.166 0.286 0.286 0.286 

0.05 0.161 0.179 0.191 0.227 0.238 0.257 0.345 0.357 0.368 

0.1 0.208 0.215 0.257 0.252 0.307 0.331 0.358 0.424 0.442 

0.15 0.272 - - 0.308 - - 0.378 - - 

0.2 0.335 - - 0.365 - - 0.414 - - 

2.5 

0 0.106 0.106 0.106 0.172 0.172 0.172 0.298 0.298 0.298 

0.05 0.176 0.193 0.201 0.234 0.255 0.281 0.359 0.37 0.373 

0.1 0.234 0.240 0.258 0.28 0.3 0.32 0.383 0.442 0.457 

0.15 0.297 - - 0.34 - - 0.397 - - 

0.2 0.360 - - 0.4 - - 0.438 - - 

Note: ‘-’ signifies the failure of cantilever sheet pile wall 

 

 

depth of wall for horizontal (kh) as well as vertical (kv) 

seismic acceleration coefficients are illustrated in Figs. 6 

and 7 respectively. Fig. 6 illustrates the variation of 

normalized bending moment for kh=0, 0.05, 0.1, 0.15 and 

0.2 at constant kv=0 while Fig. 7 shows the variation of 

normalized bending moment for kv=0, 0.5kh and kh at 

constant kh=0.05 for uniform surcharge Q=0.27 and D/H=2 

in dense sand. From Fig. 6, it is observed that the 

normalized maximum bending moment increases as 0.103, 

0.161, 0.208, 0.272 and 0.335 for kh=0, 0.05, 0.1, 0.15 and 

0.2, respectively thus increasing by 279% from static 

condition to kh=0.2. Beyond kh=0.2, the moment is not 

taken by sheet pile walls due to its failure. Thus, as the 

horizontal seismic acceleration coefficient is increased, the 

maximum normalized bending moment also increases 

following the same pattern of non-dimensional bending 

moment distribution but the location of maximum non-

dimensional bending moment slides down the depth to 

account the increase of seismic inertia forces. Vertical 

seismic acceleration coefficients in pseudo-static analysis 

also destabilizes the sheet pile walls if applied vertically 

upward which again renders the structure to sustain more 

bending moment. It is observed from Fig. 7 that keeping 

kh=0.05 and increasing kv from 0, 0.5kh to kh, the maximum 

normalized bending moment increases from 0.161,0.179 

and 0.191, respectively, thus creating a significant 18% 

increase in maximum normalized bending moment. From 

Table 4, it is also seen that beyond kh=0.1 for kv=0.5kh and 

kh, the failure of cantilever sheet pile walls takes place. 
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Fig. 6 Variation of normalized bending moment along 

normalized depth for varying kh from 0, 0.05, 0.1, 0.15 to 

0.2 with kv=0 and subjected to surcharge load Q=0.27 

with D/H=2 in dense sand 

 

 

Fig. 7 Variation of normalized bending moment along 

normalized depth with kh=0.05 and kv=0kh, 0.5kh to kh for 

surcharge load Q=0.27 and D/H=2 in dense sand 

 

 

Horizontal earth pressures are developed around the 

sheet pile walls during construction process due to 

movement of the soil mass. Generally, active earth 

pressures are fully developed due to wall movement of the 

order of 0.1% to 0.4% while 5% to 20% wall movement is 

necessary for full mobilization of passive earth pressure 

(Bowles 2012). The percentage variation mainly depends on 

the type of wall movements and soil present in the backfill. 

Due to less requirement of movement for active earth 

pressure to be developed, the soil behind the sheet pile 

walls is in active limit condition up to a certain depth below 

dredge level, whereas in front of the wall immediately  

 

Fig. 8 Variation of normalized horizontal earth pressure 

with normalized depth for kh=0, 0.05, 0.1, 0.15 and 0.2, 

kv=0kh at Q=0.27 and D/H=2 in dense sand 

 

 
Fig. 9 Variation of normalized horizontal earth pressure 

with normalized depth for kv=0kh, 0.5kh and kh  with 

kh=0.05 at Q=0.27 and D/H=2 in dense sand 

 

 

below dredge level, passive earth resistance is fully 
mobilized. Figs. 8 and 9 illustrate the normalized 
horizontal earth pressure along normalized depth for kh=0, 

0.05, 0.1, 0.15 and 0.2 with kv=0 and constant kh=0.05 and 

kv=0, 0.5kh and kh with uniform surcharge load Q=0.27 and 

D/H=2 in dense sand, respectively. It is observed from Fig. 

8 that when kh increases, the active earth pressures in the 

backfill increase and this increase in the active earth 

pressure causes mobilization of passive earth resistance to a 

larger depth to satisfy moment equilibrium in front of the 

wall. The inertia force in the form of seismic condition 

redistributes the earth pressure causing increase in bending 

moment of the sheet pile walls. As active earth pressures are 

fully developed at less movement of the wall, it can be seen  
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Fig. 10 Variation of normalized bending moment along 

normalized depth for kh=0.1, kv=0kh and D/H=2 in dense 

sand for different magnitudes of normalized uniform 

surcharge load 

 

 

Fig. 11 Variation of normalized bending moment with 

different kh, kv=0kh for various magnitudes of uniform 

surcharge at D/H=2 in dense sand 

 

from Fig. 9 that as kv increases, the earth pressure profile 

tends to more mobilization of active earth pressure, 

resulting in increase in the depth of full mobilization. The 

influence of horizontal seismic acceleration coefficient on 

analysis of sheet pile walls is observed more than vertical 

seismic acceleration coefficient because gravity can counter 

act the vertical seismic acceleration coefficient but in 

horizontal direction more unbalanced inertia force are 

generated due to horizontal seismic acceleration coefficient. 

 

4.2 Influence of magnitude of surcharge load located 
at the top of the wall  

 

Presence of uniform surcharge load at top of the wall 

affects the bending moment and horizontal earth pressure  

 
Fig. 12 Variation of normalized horizontal earth pressure 

along normalized depth for different uniform surcharge 

Q=0, 0.27, 0.68, 1.36 located at the top of the wall for 

kh=0.1, kv=0kh with D/H=2 in dense sand 

 

 
Fig. 13 Variation of normalized maximum bending 

moment with the normalized distance of uniform 

surcharge load (λ) for different kh, kv=0kh at Q=0.68 and 

D/H=2 in dense sand 

 

 

by mobilizing the earth pressures. Cantilever sheet pile 

walls loaded with uniform surcharge at the top of the wall 

with different normalized embedded depth shows the 

increase in normalized bending moment with increase in 

surcharge load as tabulated in Table 4. The magnitude of 

uniform surcharge (Q) considered in the present study are 

0.27, 0.68 and 1.36. Fig. 10 shows the bending moment 

pattern for different magnitude of surcharge in the form of 

normalized bending moment along normalized depth for 

kh=0.1, kv=0 and D/H=2 in dense sand. The normalized 

bending moment increases by 27.2%, 53.8% and 118.7% 
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from no surcharge case to Q=0.27, 0.68 and 1.36 

respectively. It is observed that the maximum bending 

moment increases with the increase in magnitude of 

uniform surcharge. It is also observed from Fig. 11 that for 

all magnitudes of uniform surcharge, the normalized 

bending moment increases with increase in the horizontal 

seismic acceleration coefficients. However, the rate of 

increase of normalized bending moment is dropped with 

increase in seismic acceleration coefficient at high 

magnitude of surcharge. The drop may be due to the 

application of high inertia force. 

Fig. 12 illustrates the effect of surcharge load on 

normalized horizontal earth pressure along the normalized 

depth of wall for different magnitudes of uniform surcharge 

for kh=0.1, kv=0 with D/H=2 in dense sand. It is observed 

that as the surcharge load is increased from no surcharge 

condition (Q=0) to different magnitudes of uniform 

surcharge (Q=0.27, 0.68 and 1.36), the lateral earth 

pressures around the wall increases, thus increasing the 

depth of full mobilization of passive earth resistance below 

the dredge level. This increase in the earth pressure 

increases the bending moment to satisfy moment 

equilibrium condition as shown in Figs. 10 and 11. It is also 

observed that patterns of earth pressure are similar for 

different magnitudes of uniform surcharge. 
 

4.3 Influence of position of uniform surcharge (λ)  
 

The existence of surcharge at a distance from the top of 

the wall on the backfill soil is a normal condition that may 

occur at any point of time during the life of a structure. 

Although, these structures apply load on the bounded space, 

but in the present study it is assumed to be acting as an 

infinite uniform surcharge. The uniform surcharge loading 

is placed at various distances from top of the wall (b=1 m, 2 

m, 3 m, 4 m, 5 m, 6 m, 8 m and 12 m). The position of 

surcharge at a distance from the top of the wall is accounted 

using a normalized parameter λ, defined as, the ratio of 

distance of uniform surcharge from the top of the wall to 

height of excavation (H).  The variation in normalized 

bending moment for different normalized distances from 

the top of the wall, magnitudes of uniform surcharge and 

horizontal seismic acceleration coefficients are tabulated in 

Table 5. The effect of uniform surcharge (Q=0.68) at a 

normalized distance from the top of the wall (λ) is 

investigated with respect to normalized maximum bending 

moment and normalized horizontal earth pressure for kh=0, 

0.05, 0.1, 0.15 and 0.2 as shown in Fig. 13 and for different 

magnitude of surcharge as shown in Fig. 14. It is observed 

from Fig. 13 that for kh=0.1 and kv=0, the normalized 

maximum bending moment varies as 0.252, 0.236, 0.193, 

0.175, 0.175, 0.174, 0.173, 0.172 and 0.172 for normalized 

distance of surcharge (λ) as 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2 

and 3, respectively. The decrement of about 32 % is 

observed between the position of surcharge at top of the 

wall and far away (λ=3) from the top of the wall. It is also 

observed that for different values of kh, if the distance of 

uniform surcharge increases from the top of the wall, the 

normalized maximum bending moment decreases to a 

certain value and remains almost constant after λ=1. The 

constant value of normalized maximum bending moment is  

 
Fig. 14 Variation of normalized maximum bending 

moment with the normalized distance of uniform 

surcharge for different magnitude of uniform surcharge at 

kh=0.05, kv=0kh and D/H=2 in dense sand 

 

Table 5 Variation in normalized bending moment for 

different λ, kh and q at kv=0kh, D/H=2 in dense sand 

Q kh 

M/γH3 

λ 

0 0.25 0.5 0.75 1 1.25 1.5 2 3 

0.27 

0 0.103 0.081 0.069 0.067 0.067 0.066 0.066 0.065 0.065 

0.05 0.161 0.140 0.130 0.123 0.123 0.122 0.121 0.119 0.119 

0.1 0.208 0.188 0.187 0.183 0.178 0.173 0.165 0.165 0.160 

0.15 0.291 0.273 0.242 0.238 0.225 0.222 0.222 0.221 0.217 

0.2 0.335 0.311 0.294 0.288 0.281 0.278 0.273 0.272 0.267 

0.68 

0 0.166 0.113 0.082 0.075 0.074 0.072 0.071 0.070 0.069 

0.05 0.227 0.174 0.141 0.133 0.129 0.126 0.126 0.123 0.123 

0.1 0.252 0.236 0.193 0.175 0.175 0.174 0.173 0.172 0.172 

0.15 0.308 0.290 0.263 0.247 0.225 0.224 0.221 0.217 0.217 

0.2 0.365 0.340 0.315 0.298 0.290 0.285 0.282 0.281 0.280 

1.36 

0 0.286 0.193 0.125 0.084 0.080 0.075 0.074 0.074 0.072 

0.05 0.330 0.242 0.180 0.141 0.130 0.128 0.127 0.126 0.125 

0.1 0.358 0.285 0.243 0.197 0.181 0.179 0.178 0.178 0.174 

0.15 0.378 0.363 0.292 0.258 0.240 0.221 0.220 0.219 0.219 

0.2 0.414 0.396 0.361 0.342 0.330 0.310 0.302 0.302 0.301 

 

 

approximately the same which occurs at no surcharge 

condition for all values of kh.  

Fig. 14 shows the variation of normalized maximum 

bending moment with respect to normalized distance of 

surcharge from the top of the wall (λ) for different 

magnitudes of surcharge (Q=0.27, 0.68 and 1.36). For 

uniform surcharge of 0.68 and kh=0.05 and kv=0, the 

normalized maximum bending moment varies as 0.227, 

0.174, 0.141, 0.133, 0.129, 0.126, 0.126, 0.123 and 0.123 

for normalized distance of surcharge (λ) as 0, 0.25, 0.5, 

0.75, 1, 1.25, 1.5, 2 and 3, respectively. The maximum 

decrement of about 46% is observed between the position 

of surcharge at top of the wall and far away from top of the  
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Fig. 15 Variation of normalized horizontal earth pressure 

with normalized depth for different normalized distance 

of uniform surcharge from the top of the wall at Q=0.68 

and kh=0.1, kv=0kh with D/H=2 in dense sand 
 

 

wall. Similar decrement in normalized maximum bending 

moment are also observed in case of Q=0.27 and Q=1.36 by 

22.4% and 63%, respectively as tabulated in Table 5. It is 

clearly observed from Table 5 that normalized bending 

moment decreases with increase in distance of surcharge 

from the top of the wall and with increase in magnitude of 

surcharge, it increases. This means that the magnitude of 

uniform surcharge does not affect the structure beyond a 

certain distance and the structure behaves like a no 

surcharge condition but as the magnitude of surcharge 

increases, the effect is experienced up to a larger distance 

than less magnitude of surcharge. 

Fig. 15 shows the variation of normalized horizontal 

earth pressure along the normalized depth of wall for 

different positions of surcharge having normalized 

magnitude 0.68 at kh=0.1, kv=0 with D/H=2 in dense sand. It 

is observed that maximum lateral earth pressure around the 

cantilever sheet pile wall are obtained in the case when the 

surcharge is at top of the wall. As the position of surcharge 

is changed from top of the wall (λ=0) to a normalized 

distance λ=3, the lateral earth pressures decrease to a value 

corresponding to a condition where there is no surcharge 

load on the cantilever sheet pile wall. 
 

4.4 Influence of angle of internal friction 
 

Behavior of any geotechnical structure changes with the 

type of soil because mobilization of active and passive earth 

pressure depends on type of soil in which structure is 

present. Figs. 16 and 17 show the variation of normalized 

maximum bending moment with varying kh and kv=0 for 

different angle of internal friction with D/H=2. It is 

observed from Fig. 16 that as the kh changes from 0, 0.05,  

 

Fig. 16 Variation of normalized maximum bending 

moment with kh=0, 0.05, 0.1 and 0.15, kv=0khfor different 

angle of internal friction of soil (φ) at q=50 kPa, D/H=2 

 

 

Fig. 17 Variation of normalized maximum bending 

moment with different angle of internal friction of soil 

(φ) for different kh, kv=0kh at q=50 kPa, D/H=2 

 

 
Fig. 18 Variation of normalized horizontal earth pressure 

with normalized depth for different angle of internal 

friction at kh=0.1, kv=0kh, q= 50 kPa at the top of the wall 

(λ=0) and D/H=2 
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Fig. 19 Variation of normalized maximum bending 

moment with kh for different D/H at kv=0kh, Q=0.27 in 

dense sand 

 

 
Fig. 20 Variation of normalized net horizontal earth 

pressure along normalized depth for different normalized 

embedded depth (D/H) at kh=0.1, kv=0kh and Q=0.27 in 

dense sand 
 

 

0.1 to 0.15, the normalized maximum bending moment 

increases as 0.32, 0.37, 0.39 and 0.41, respectively for 

φ=34°. A similar trend is also observed for both φ=30° and 

φ=39°. From Fig. 17, it is observed that as the denseness 

increases corresponding to increase in angle of internal 

friction, for a particular seismic acceleration coefficient, the 

normalized maximum bending moment decreases. Also, at 

higher seismic conditions, i.e., kh=0.15 and 0.2, the 

cantilever sheet pile walls could not sustain higher bending 

moments for φ=30° and hence gets failed. 

Fig. 18 illustrates the normalized horizontal earth 

pressure with normalized depth for φ=30°, φ=34° and 

φ=39°. It is observed that for kh=0.1, kv=0, λ=0 and 

q=50kPa with D/H=2 at φ=39°, the earth pressure in case of 

φ=30° gets mobilized to a greater depth than φ=34° and 

φ=39°. The greater mobilization in case of φ=30° is 

attributed to less resistance offered by the soil particles 

owing to lower angle of internal friction as compared to 

φ=34° and φ=39°.Also, the active earth pressure in φ=30° is  

 
(a) 

 
(b) 

Fig. 21 Effect of the normalized embedded depth (D/H) 

on (a) normalized depth of full mobilization of passive 

earth resistance below dredge level and (b) normalized 

net pressure at the wall toe 

 

 

more than φ=34° and φ=39° due to less angle of internal 

friction, thus creating more earth thrust and hence more 

bending moments. 

 

4.5 Influence of embedded depth (D) 
 

Cantilever sheet pile wall generally derives its stability 

from the passive earth resistance developed below the 

dredge level. So, the effect of horizontal seismic 

acceleration coefficients on normalized maximum bending 

moment and earth pressure of cantilever sheet pile walls for 

various normalized embedded depths (D/H) and uniform 

surcharge are summarized in Table 4. 

It is observed from Fig. 19 that with an increase in kh, 

the maximum normalized bending moment also increases 

for different normalized embedded depth. The normalized 

maximum bending moment increases as 0.165, 0.2, 0.208 

and 0.234 with D/H as 1, 1.5, 2 and 2.5, respectively for 

kh=0.1, kv=0 under surcharge load of 0.27 in dense sand. It 

is because as the embedded depth increases, the sheet pile 

walls become more stable and sustains more load and hence 

more bending moment. It is also observed that if the 

embedded depth is small, the structure cannot sustain high 

seismic condition as seen for D/H=1 due to less availability 

of embedded depth. Fig. 20 shows the variation of 
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normalized net earth pressure along normalized depth (z/d) 

for various normalized embedded depths (D/H) to show the 

development of plastic zone below dredge level. The plastic 

zone is defined as the zone up to which full mobilization of 

passive earth resistance below the dredge level exists. It is 

observed that as the normalized embedded depth increases, 

the development of plastic zone and net passive pressure at 

bottom of the wall decreases. The variation of decrease of 

depth of plastic zone as well as net earth pressure at toe of 

the wall with different normalized embedded depths are 

given in Fig. 21. It is observed from Fig. 21 that as the 

embedded depth increases, the development of plastic zone 

below the dredge level and net earth pressure at toe of the 

wall decreases. This decrement in development of plastic 

zone below the dredge level and net earth pressure at toe of 

the wall occurs due to significant reduction of the horizontal 

displacement of the sheet pile walls. A similar pattern of 

development of plastic zone below the dredge level and net 

earth pressure at toe of the wall was observed by Conte et 

al. (2017) for cantilever sheet pile walls under no surcharge 

loading conditions. 
 

 

5. Conclusions 
 

Pseudo-static analysis of cantilever sheet pile walls with 

varying distance of different surcharge from the top of the 

wall in three different soil conditions is carried out in the 

present study by using the finite difference based computer 

program FLAC2D. The numerical model without surcharge 

loading is validated with the existing experimental as well 

as analytical results and extended to study the influence of 

surcharge loading on cantilever sheet pile walls under 

seismic conditions. The major conclusions drawn from the 

present study are: 

• The horizontal earth pressures and bending moment of 

cantilever sheet pile walls under surcharge loading are 

influenced by many factors like embedded depth, distance 

of surcharge from the top of the wall, seismic acceleration 

coefficients and type of soil. 

• The inertia forces in the form of seismic acceleration 

coefficient increases the maximum bending moment and 

mobilization of earth pressure. The horizontal seismic 

acceleration coefficients affect the cantilever sheet pile 

walls more than the vertical seismic acceleration 

coefficients. The increase in normalized bending moment is 

279% from static condition to kh=0.2 (kv=0) and 18% when 

kv=kh (kh=0.05) in dense sand as backfill soil subjected to 

0.27 uniform surcharge load and D/H=2. 

• According to the results, the presence of surcharge 

develops more lateral earth pressure resulting in an increase 

in bending moment to satisfy the moment equilibrium 

condition. The effect is more when the surcharge is at the 

top of the wall and gets reduced beyond a certain distance, 

i.e., λ=1 to no surcharge condition on seismic response of 

cantilever sheet pile walls. 

• The behavior of cantilever sheet pile walls changes 

with angle of internal friction. The soil with φ=39° being 

stiffer is less mobilized along the depth of the wall than 

φ=34° and φ=30° for same seismic conditions. Hence, the 

bending moment is observed to increase with increase in 

angle of internal friction. 

• The depth of embedment has significant effects on the 

behavior of cantilever sheet pile walls. The stability of the 

wall increases with increase in depth of embedment in 

seismic condition. At low depth of embedment i.e., D/H=1, 

kh is limited to 0.1 while for others kh is up to 0.2. Also, the 

normalized depth of plastic zone and net passive earth 

pressure at toe of the wall decreases as the embedded depth 

increases. 

Therefore, the finite difference method can be used for 

safe design of cantilever sheet pile walls with surcharge at 

the top of the wall during seismic condition. Moreover, in 

the present study the influence of surcharge at varying 

distance on the backfill is considered, which has not been 

addressed by previous researchers. However, the results 

obtained in the present study are valid in certain conditions 

in which it is carried out. Hence, the present study might be 

of interest to site engineers for safe design of cantilever 

sheet pile walls adjacent to uniform surcharge in seismic 

conditions. 
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List of symbols 
 

D embedded depth 

d total length of cantilever sheet pile walls 

E modulus of elasticity 

EI flexural rigidity 

G shear modulus 

H height of excavation 

I moment of inertia 
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K bulk modulus 

ka coefficient of active earth pressure 

kh horizontal seismic acceleration coefficient 

Kn normal stiffness 

kp coefficient of passive earth pressure 

Ks shear stiffness 

kv vertical seismic acceleration coefficient 

M bending moment 

Q normalized magnitude of infinite uniform surcharge 

q uniform surcharge 

z depth measured below ground level 

γ unit weight of soil 

δ soil-wall interface friction angle 

ΔZmin smallest width of adjoining zone in normal direction 

to the interface 

λ normalized distance of the surcharge from the top of 

the wall 

μ Poisson’s ratio 

σh horizontal earth pressure 

φ soil friction angle 
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