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ABSTRACT 
Earthquake resiliency of major port structures in high seismicity zones is a major design objective due to their economic 
and strategic importance. Structural failure or severe damage may cause downtime that leads to potential disruptions in 
port activities, shipping operations and vessel navigation, causing far-reaching consequences to both the economy and, 
potentially, national security.  
This paper examines the seismic design of the steel sheet pile wall for a vital port structure. The sheet pile was designed 
for the A-jetty at Esquimalt Canadian Forces Base (CFB) located in western Canada in Victoria, British Columbia. The wall 
supports a 17.6 m high rockfill backfill. The wall's design criteria required a 300 mm gap between the sheet pile wall and 
the A-jetty wharf structure to isolate differential movement between the structures during an earthquake. The sheet pile 
wall was top anchored using bulkhead anchors in a way that produces enough movement to induce an active earth 
pressure on the wall.   
The design was completed using two approaches: (i) pseudo-static limit equilibrium method (PLEM), which works in 
conjunction with the Mononobe-Okabe (MO) method, and (ii) full dynamic finite element (FE) analysis using a commercially 
available code (PLAXIS, 2020). The study shows the advantage of performing detailed FE analysis for analyzing such 
complex soil-structure interactions in high seismicity zones. The study also clearly indicates that the simplified methodology 
of PLEM is unable to estimate the structural internal forces and deformations in high seismicity zones. 
 
RÉSUMÉ 
Les principales structures portuaires dans les zones à forte sismicité sont généralement conçues comme des structures 
résistantes aux tremblements de terre en raison de leur importance économique et stratégique. La défaillance de la 
fonctionnalité de ces structures peut entraîner des temps d'arrêt qui conduisent à des perturbations potentielles des 
activités portuaires, des opérations de transport maritime et de la navigation des navires, ce qui à son tour peut entraîner 
des conséquences importantes sur l'économie et la sécurité nationale. 
Cet article examine la conception sismique de la paroi de palplanches en acier pour une structure portuaire vitale. La 
palplanche a été conçue pour la jetée A de la base des Forces canadiennes (BFC) Esquimalt située à l'ouest de Victoria, 
en Colombie-Britannique. Le mur supporte un remblai d'enrochement de 17,6 m de haut. Les critères de conception du 
mur exigeaient un espace de 300 mm entre le mur de palplanches et la structure du quai de la jetée A pour éviter le 
transfert des charges sismiques entre les structures. Le mur de palplanches a été ancré au sommet à l'aide d'ancrages 
de cloison d'une manière qui produit suffisamment de mouvement pour induire une pression de terre active sur le mur. 
La conception a été réalisée à l'aide de deux approches: (i) Méthode d'équilibre limite pseudo-statique (PLEM), qui 
fonctionne en conjonction avec la méthode Mononobe-Okabe (MO), (ii) Analyse par éléments finis dynamique complète 
(FE) à l'aide d'une méthode disponible dans le commerce code (PLAXIS, 2020). L'étude montre l'avantage d'effectuer une 
analyse FE détaillée pour expliquer une telle interaction complexe sol-structure pour de tels problèmes dans les zones à 
forte sismicité. L'étude indique également clairement que la méthodologie simplifiée de PLEM surestime les efforts et 
déformations internes de la structure par rapport à ceux calculés par l'analyse FE. 
 
 
1 INTRODUCTION 
 

Major port structures in high seismicity zones are 
usually designed as earthquake-resilient structures due to 
their economic and strategic importance. Ports are also 
primary facility for providing supplies and life support to 
communities after disasters (i.e., natural and 
humanitarian). Due to the coastal locations of these 
structures, many of them are prone to high risk of natural 
hazards, such as earthquakes, floods and windstorms. The 
impact on the economy and national security of a nation is 
significant for any disruptions of these structures. The 
recovery of the functionality of such structures after severe 
natural hazards usually consumes substantial time and 
money. For instance, the severe damage in the port 

facilities of Port-au-Prince in Haiti in January 2010 was due 
to the 7.3 Magnitude earthquake (Kovacs, 2010). Another 
example is the 5.5 billion direct losses due to the significant 
damages in the Port of Kobe because of the 1995 Kobe 
earthquake (Burden et al. 2001). These disasters and 
lessons learned led the Institute for Catastrophic Loss 
Reduction and the national building code (NBCC) in 
Canada to recommend designing these structures as 
earthquake-resilient structures (Kovacs, 2010). 

 
More than 4,000 earthquakes are recorded in Canada each 
year. Most are small and can only be felt by sensitive 
monitoring equipment; however, some are large.  

 



 

 

 
 
Figure 1. Earthquakes in Canada since 1700 (Geological 
Survey of Canada, Natural Resources Canada) 
 
Figure 1 shows the earthquake records and observations 
since 1700. The western coast (Pacific coast) is the high 
hazard zone in Canada, and it is exposed to more than 
2000 earthquakes each year (Adams et al. 2002). 
Southwestern British Columbia is in a tectonically complex 
region adjacent to and overlying the Cascadia subduction 
zone (Adams et al. 2002). The area is exposed to a seismic 
hazard from potential earthquakes in both continental and 
oceanic crustal sources, potential earthquakes within the 
subducting Juan de Fuca Plate and potential major 
subduction earthquakes. These subduction events may 
cause earthquakes up to Magnitude 9. 

Spectrum-compatible time histories may be obtained 
by scaling and modifying recorded earthquake 
accelerograms obtained from earthquakes of similar 
magnitudes and distances to those that contribute most 
significantly to seismic hazards. Alternatively, artificial or 
synthetic time histories can be created and scaled to the 
targeted response spectrum (Atkinson and Beresnev, 
1998; Mahgoub and El Naggar, 2019). 

The simulated ground motion time histories developed 
by Motazedian and Atkinson (2005), Assatourians and 
Atkinson (2007), Macias et al. (2008) and Boore and 
Atkinson (2008) were used to estimate the time histories 
for Victoria in western Canada. Simulated records are 
developed for western Canada according to site condition, 
earthquake magnitude, and fault distance (Atkinson, 
2009). Atkinson developed five sets for different 
magnitudes, and each set has 45 random records at 
different fault locations for every site condition to represent 
the earthquake in a specific region/site. 

Anchored sheet pile walls are often used as retaining 
structures in berths and quay walls due to light weight (low-
cost) and ease of installation. These light structures are 
cheaper and more ductile than concrete gravity structures, 
especially in high seismicity zones, where the heavy 
structures attract more seismic loads.  

Many failures are reported for anchored sheet pile walls 
due to catastrophic earthquakes (e.g., Kawakami and 
Asada, 1966; Dennehy, 1985). These reported failures 
were a result of 1) induced liquefaction in the backfill 

behind the wall or the soil foundation; 2) excessive 
deformation in the anchor block that may cause tilting and 
unacceptable settlement in the backfill behind the sheet 
pile wall; and 3) build up porewater pressures in the backfill 
behind the wall due to the pore gradation of the backfill 
(Dakoulas and Gazetas, 2008). 

 In practice, the seismic design of the sheet pile wall is 
performed as required by design codes, regulations, and 
manuals using: 1) Pseudo-Static Limit Equilibrium 
Methods; 2) Beam-on-Winkler-Foundation; 3) Hybrid 
procedures; and 4) Finite element dynamic analysis.  

In the Pseudo-Static Limit Equilibrium method, the 
earth pressure is determined using the Mononobe-Okabe 
(MO) method. The M-O method is limited to cohesionless 
soils and does not consider the water behind the structure. 
The method estimates active and passive earth pressure 
that require deformations to be mobilized. The M-O theory 
assumes that wall movements are sufficient to fully 
mobilize the shear resistance along the backfill wedge 
failure surface, consistent with the Coulomb theory. 
Caution should be considered when applying these 
equations. The stiffness of the retained structures and the 
relative movement between the surrounding backfill and 
structure controls the induced lateral earth pressure. 
Therefore, this method does not consider the soil structure 
interaction between the sheet pile wall and the surrounding 
soil (Yazdani et al., 2013).  

Typically, the M-O method calculates the active 
pressure when the wall moves away from the soil and 
passive pressures when the wall moves into the soil. 
However, the retained structures move inward and outward 
cyclically in the surrounding soil during the earthquakes. 
Therefore, the values of earth pressure may change 
dramatically during the same seismic event, making 
simulation of seismic events using these simplified 
equations difficult (Anderson et al., 2008). Conversely, for 
non-yielding or rigid structures, Wood (1973) developed an 
equation to calculate the mobilized earth pressure using 
the ground acceleration of the design earthquake.  

Finite Element Modelling (FEM) of the wall/backfill 
system is considered a vital alternative to the simplified 
methods. FEM simulates the soil/structure system 
subjected to earthquake ground motions so that the 
complex soil-structure interaction can be more accurately 
modelled before, during, and after a design earthquake. 
The soil will also be modelled with nonlinear soil properties 
and stress-dependent parameters. Thus, the soil can yield 
and contact surfaces between the wall and the soil backfill 
will be appropriately modelled.  
  
1.1 Project Overview 
 
A schematic drawing of the anchored sheet pile wall is 
shown in Figure 2. The Jetty project site is in Esquimalt 
Harbour, west of the City of Victoria, British Columbia. The 
seismicity at the site results from the thrusting (subducting) 
of the offshore Juan de Fuca Plate beneath the continental 
North American Plate. There are three basic sources or 
types of earthquakes in the regional area: 1) relatively 
shallow crustal earthquakes (depths in the order of 20 
kilometres); 2) deeper earthquakes (depths in the order of 
60 kilometres) within the subducting plate often referred to 



 

 

as intra-plate earthquakes; and 3) Large inter-plate 
earthquakes often referred to as the mega-thrust" or 
"subduction" earthquakes.  

The design of this project was completed in 2015 
according to the seismic loading criteria in NBCC 2015. In 
2019, the sixth generation of the seismic map was updated, 
and the design was checked accordingly. The seismic 
hazard for the west coast increased significantly at the 
project site. 

 

 
Figure 2. Schematic cross-section of the anchored sheet 
pile 
 

According to the NBCC (2020), the target spectrum for 
the site for 2%-in-50-year Uniform Hazard Spectrum (UHS) 
for shallow crustal and deep intra-slab earthquakes is 
shown in Figure 3. The site is classified as Site B. The UHS 
in NBCC (2020) are more than UHS in NBCC 2015 by 25% 
in the low and the long period (<0.5 sec. and > 1 sec.) and 
near 50% in the middle frequencies (0.1-1.0 sec.). 

 

 
Figure 3. Response Spectrum of the site as per NBCC 
(2020) 

The sheet piling consists of an AZ46-700 section and is 
reinforced using 1676 mm diameter steel pipe piles with a 
wall thickness of 34.9 mm. This is known as a Combined 
Wall System – often called a “Combi-Wall”). The pipe piles 
are spaced at 3.136 m along the wall. The height of the 
sheet pile (SP) wall from its top to the offshore bedrock is 
17.6 m. The section properties for the sheet piling and pipe 
piles are shown in Table 1. 

The pairs of tie rods are spaced at 1.0 m vertically and 
are installed 2.8 m below the backfill surface. Figure 4 
shows a detailed drawing of the sheet pile wall. The tie rods 
were placed through the center of the steel pipe (every 
3136 mm) along the wall. 

The SP wall is constructed using the following 
procedures:  

 Dredge the shallow deposits till reaching bedrock. 
 Drill concrete-filled, rock socketed piles into the 

bedrock "pin piles" (1219 mm diameter). 
  Install the steel pipe piles and mount on the 

socketed piles with a 4 m interlock between the two 
elements (2 m in each side).  

 Install the sheet piling (Z-section) between the pipe 
piles. 

  Place and compact 300 mm minus rockfill behind 
the SP wall below high-water level. 

 
Polyethylene sheets were installed between the pile 

cap and the tie-back dead man to allow movement during 
the earthquake to decrease the induced earth pressure on 
the sheet pile (see Figure 4). 
 

 

 
 

Figure 5. Sections in the sheet pile wall and the socketed 
piles (refer to Figure 4) 
 

An extensive site investigation, consisting of boreholes, 
rock coring, and lab tests (rock and soils), was performed. 
The in-situ soil was up to 2.0 m of marine sediments 
classified as sandy silt, silty sand, and silty clay, followed 
by the bedrock. The geotechnical investigation 

 



 

 

 
 
 

 
 

encountered two main rock types: dark green to black, 
finely crystalline altered/meta-andesite; dark to light green 
weathering varied from fresh to slightly weathered. The 
rock is classified as strong to very strong (UCS varied 
between 80-179 MPa). The rock mass properties are 
related to the unconfined compressive strength of the intact 
rock. It is also a function of rock mass parameters such as 
the spacing, weathering, orientation, and aperture of rock 
mass discontinuities. Table 2 shows the used parameters. 

 
3 METHODOLOGY 
 
The site response analysis used the syntactic records 
developed by Atkinson for different magnitudes (M 6.5, M 
7.5, and M 8.6) as follows: 

 Develop full dynamic analysis using Plaxis 3D 
considering different records. 

 Compare the FE results with the results of the M-O 
method. 

 Conduct a parametric study to investigate the 
interlock distance effect between the socketed piles 
and the steel pipe pile. 

 
4 NUMERICAL MODELLING 
 
In this section, a summary of the executed numerical 
modelling is presented. Firstly, site response analysis was 
carried out using the syntactic time histories that were 
developed by Motazedian and Atkinson (2005), Atkinson 
and Boore (2006), Assatourians and Atkinson (2007), 
Macias et al. (2008), Boore and Atkinson (2008) and 
Atkinson et al. (2015). Three records representing different 
frequencies and magnitudes (M6.5, M7.5 and M8.6) were 
selected and scaled among 225 records created by 
Atkinson et al. for site B. The free field site response 
analysis is made using Plaxis 2D by developing a 40 m soil 
column and applying the 225 syntactic records at the 
bottom of the soil column. Then, the response spectrum is 
calculated at the top of the soil column, and the estimated 

response spectrum is compared with the targeted one. The 
compatible records (best shape) are chosen and scaled  
using the percentage between UHSest/USHTar at different 
times. A similar approach is used by Mahgoub and El 
Naggar (2019), Mahgoub and El Naggar (2017) and 
Atkison et al. (2009). The soil parameters used in the 
analysis are presented in Table 2. The used records with 
high-frequency earthquakes and a short period (M6.5) 
should be compatible with the target USH at the period 
between 0.1 sec and 1 sec. However, the period of interest 
of the earthquake M7.5 is between 0.5 to 2 sec. 
Conversely, the period of interest in Cascadia events 
(M8.6) is between 1 to 2 sec (Atkinson et al 2009). Figure 
3 shows the comparison between the scaled and the 
targeted response spectrum (UHS). 

It should be noted that the natural period for the 
designed structure is short (<0.3 sec), so high-frequency 
earthquakes are recommended (Mahgoub and El Naggar 
2017, and 2019; and Atkinson et al. 2009). 

The hardening Soil Small Strain (HS-Small) model from 
the Plaxis library was used in the analysis. The model 
formulation is developed by Benz (2006). A modification of 
the HS model that simulates the stiffness-stress 
dependency to consider the stiffness increase at small 
strains was added, where most soils exhibit a higher 
stiffness at low strain levels than at engineering strain 
levels. Also, HSM-small was formulated to consider the 
nonlinear dependency of the soil unloading/reloading 
stiffness to the strain increase. The plastic model was 
utilized to simulate the concrete behaviour, and the elastic 
model was used to simulate the steel behaviour. The 
damping and the degradation curves by Schnabel (1973) 
were used in the analysis for the bedrock; Seed and Idriss 
(1970) for the backfill. 

 
 
 
 
 

Figure 4. Detailed Drawing indicating the main elements of the structure 
 



 

 

Table 1. Steel and concrete properties 

Material E (GPa) Poisson’s 
Ratio 

Concrete 30 0.15 

Steel 200 0.3 

 
Table 2. Soil Parameters 

Material φ 
(°) 

E50 

(MPa) 
Eur 

(MPa) 
ϒ 

(kN/m3) 
c 

(kPa) 

Backfill 41 50 3 E50 22 0 

Rock 43 400 3E50 23 300 

 
4.1 Sheet Pile Wall  
 
Plaxis 3D was used to simulate the structure. Figures 6 and 
7 show the geometry and mesh of the developed models. 
One panel of the sheet pile wall system was simulated, 
including a 1.67 m steel pile and a steel Z-shape panel at 
each side, where the steel tie rods in Figure 2 are 
connected to each steel pipe. Therefore, one panel from 
center to center of the Z- sheet piling can represent the 
problem. 

 Plate element was used to simulate the pipe pile, the 
sheet pile wall (Z shape) with an equivalent thickness to 
give the same inertia, and the socketed piles. In addition, 
volume elements were used to simulate the pile cap, the 
dead man, and the steel piles' filling concrete.  

For static analyses, a fully fixed boundary condition 
(BC) was assumed at the base of the model. However, the 
lateral boundaries were set free in the vertical direction and 
fixed in the horizontal direction. Once the structure and 
backfilling were constructed around the walls, the boundary 
conditions were changed to the dynamic conditions. Free-
field boundaries were utilized as lateral boundary 
conditions during the dynamic analysis. 

Five node interface elements are used between the 
sheet pile wall and the surrounding soil to model the soil-
structure interaction complex. Also, an interface element 
was placed between the dead-man and the pile cap with a 
friction factor of 0.3 to simulate the polyethylene sheet.  

Figure 7 shows the FE simulation of the interaction 
between the socket piles and the steel pipe of the sheet 
pile wall. The complex interaction between the two 
structure elements is simulated, and the interlock distance 
was changed to study the effect on the sheet pile deflection 
and internal forces.  

Sensitivity analysis was conducted to investigate the 
effect of changing the model and mesh dimensions on the 
predicted response spectrum at the ground surface in the 
middle of the mode. The staged construction technique 
was used to simulate the construction process to simulate 
the initial conditions appropriately. Once the construction 
sequence is simulated as described previously, each 
earthquake record is applied at the base of the model. Also, 
the interlock distance (d) was changed to be 4 m (as 
proposed in the design), 2 m (partial fixation) and 0 m (pin 
connection) to study the effect on the system behaviour. 
 

 
Figure 6. FE Model and Geometry 

 
 

 
 

Figure 7. Pile details in the FE models 
 
 



 

 

5 RESULTS 
 

Once the analysis is completed, the maximum internal 
forces of the sheet pile wall, maximum deformation and the 
reaction forces in the tie rods are extracted and compared 
with the section capacity. The FE analysis shows that the 
high-Frequency earthquake (M 6.5) controls the design 
where the proposed structure is a short period structure 
with a strong foundation layer. Table 3 compares the FE 
results in the case of using partial fixation interlocking 
between the socket pile and the steel pipe or using a pin 
connection. All the internal forces represent the maximum 
during the earthquake. Table 4 shows a comparison 
between the FE results and the Mononobe-Okabe (M-O) 
equations in the case of using pin connections. The 
horizontal coefficient (kh) used to calculate the lateral earth 
pressure coefficient is PGA/2, and the horizontal coefficient 
should be increased to PGA in the case of rigid structures. 
 
Table 3. Comparison between the partially fixed connection 
and pin connection (FE analysis) 
 

Load Effect Pin Connection 
(d=0) 

Partially Fixed 
(d= 4m) 

Upper tie rod (kN) 3,324 1,650 

Lower Tie rod (kN) 3,840 1,725 

Reaction at the toe (kN/m) 2,042 3,350 

Bending moment at the 
middle (kN/m) 

8,012 3,160 

Bending moment at the 
toe (kN/m) 

0 4,360 

Deflection in the middle 
(mm) 

69 39 

* All forces are multiplied by 1.5 for the importance factor 
 

Table 4. Comparison between the partially fixed connection 
and pin connection (FE analysis) 
 

Load Effect Pin Connection 
(FE) 

M-O method 
(d= 0) 

Upper tie rod (kN) 3,324 2241 

Lower Tie rod (kN) 3,840 2650 

Reaction at the toe (kN/m) 2,042 980 

Bending moment at the 
middle (kN/m) 

8,012 6300 

* All forces are multiplied by 1.5 for the importance factor 
 
Note that all the seismic demands in Tables 3 and 4 are 

less than the section capacity. Also, by checking the 
compression stresses in the rock at the socketed piles 
level, it was found that the compression stresses are less 
than the mass compressive strength of the rock, and no 
plastic failure was encountered.  

Using M-O equations with a horizontal coefficient equal 
to PGA/2 underestimates the internal forces of the sheet 
pile wall in high seismicity zones. Using a horizontal 
coefficient of PGA instead of 0.5 PGA, the internal forces 
will be close to the FE analysis. However, this assumption 
should be applied only to the non-yielding structures. 

 

6 SUMMARY AND CONCLUSION 
 
A detailed three-dimensional finite element model was 
developed to investigate the performance of the steel sheet 
pile wall under the seismic conditions in high seismicity 
zones. The model simulated the construction sequence 
and accounted for the soil-structure interaction. The design 
was completed using pseudo-static limit equilibrium 
method which works in conjunction with the Mononobe-
Okabe (MO) method, and full dynamic finite element (FE) 
analysis using a commercially available code (PLAXIS). 

The study shows the advantage of performing detailed 
FE analysis for analysing complex soil-structure 
interactions in high seismicity zones. The study also clearly 
demonstrates that the simplified methodology is unable to 
accurately estimate internal structural forces and 
deformations in high seismicity zones. 
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