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Abstract 15 

16 

Pile-supported wharves may be subjected to severe damage during major earthquakes. As such, efficient 17 

strategies for retrofitting wharf systems are needed. In this study, we investigate the seismic performance of a 18 

pile-supported wharf retrofitted by the following three conventional slope strengthening strategies: i) improving 19 

the ground with a soil-cement mixture, ii) driving pin piles near dike toe, and iii) creating an underwater 20 

bulkhead system using sheet piles. Effectiveness of the three retrofit schemes is assessed comprehensively. First, 21 

seismic response of the as-built and retrofitted pile-supported wharf is investigated. Subsequently, performance 22 

of the retrofit strategies in mitigating the seismic vulnerability is thoroughly investigated by comparing 23 

component- and system-level fragility curves. It was found that: (1) overall, the strategies are effective in 24 

mitigating the seismic response and in reducing the seismic fragilities of the wharf system; (2) the performance 25 

of the retrofit measures varies at the structural component level, as a retrofit measure may have an isolated local 26 

negative effect for a certain structural component. In this regard, an appropriate retrofit strategy should be 27 

identified based on specifically defined retrofit purposes; and (3) as implemented, the soil-cement mixture 28 

performed best (in lowering the system seismic fragility), followed by the pin pile, and lastly the sheet pile. 29 

30 

KEYWORDS: Seismic performance, Pile-supported wharf; Retrofit; Slope improvement; Fragility analysis; 31 

Soil-pile interaction. 32 

33 

Introduction 34 

35 

In general, a pile-supported wharf usually involves one or more berths, and also consists of pile foundation, 36 

deck, and other necessary facilities for supporting the containers. Pile-supported wharves, which accommodate 37 

import and export activities, are a critical component of the transportation and utility networks. As the 38 

commercial and industrial activities in national as well as international scale increasingly depend on trade, 39 

pile-supported wharves and seaport systems play an important role in maintaining the welfare of the general 40 

public, protecting significant capital investments, and promoting national prosperity. As a result, operational 41 
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failure and damage will cause substantial economic loss, including the direct repair cost and indirect business 42 

disruption owing to the resultant service interruption of the port system. 43 

 44 

Many pile-supported wharves located in seismically active regions are particularly vulnerable to seismic hazard. 45 

Post-earthquake field observations have demonstrated that pile-supported wharves were frequently subjected to 46 

extensive damage during major earthquakes, such as the 1989 Loma Prieta [1], the 1995 Hyogoken-Nanbu 47 

earthquake [2], and the 2010 Haiti earthquake [3], among others. 48 

 49 

Many existing infrastructure systems (such as, bridges, building, and wharves) may not have adequate seismic 50 

resistance as required by the current codes and guidelines partially because they were built prior to current 51 

earthquake resistant design codes [4, 5]. In addition, pile-supported wharves are continuously deteriorating over 52 

the course of service life due to a variety of factors, including but not limited to cargo volume growth, corrosion, 53 

and harsh environment attacks. In this respect, the as-built pile-supported wharves designed without adequate 54 

seismic detailing or in a seismic region with an increased hazard level are more susceptible to damage during an 55 

earthquake event.  56 

 57 

Demolition and reconstruction of such seismically deficient pile-supported wharves is not an easy task and also 58 

requires much time and money. On the other hand, retrofit and strengthening of these as-built wharves could be 59 

more convenient and cost-effective to improve their seismic performance and to help mitigate their functionality 60 

loss. This highlights the importance of comprehensive seismic performance assessment of pile-supported 61 

wharves with different retrofit measures, aiming to quantify the effectiveness of various seismic retrofit 62 

measures for wharf structures and to prioritize an optimal retrofit strategy. 63 

 64 

The significance of seismic performance of the retrofitted infrastructure systems has been increasingly 65 

recognized among the earthquake engineering community, and in response, a surge of work has been done in 66 

this research branch. In the literature, most studies are concerned with seismic retrofit of bridges (see e.g., 67 

[6-17]). The seismic retrofit and strengthening solutions adopted in practical applications for bridges mainly 68 

include (1) improving the ductility, shear strength of bridge columns, cap beams and bents, as well as offering 69 

confinement by jacking or wrapping the columns using either traditional or advanced materials; (2) reducing the 70 

demands that earthquakes place on bridges by incorporating seismic isolation bearings and damping devices; 71 

and (3) limiting excessive motions to mitigate potential pounding and unseating by cable or bar restrainers. Kim 72 

and Shinozuka [6] carried out a nonlinear dynamic analysis of bridges before and after column retrofit with steel 73 

jacketing, and evaluated the improvement in the fragility with steel jacketing by comparing fragility curves of 74 

the bridge with and without seismic retrofit. Casciati et al. [7] explored the seismic reliability of a retrofitted 75 

cable-stayed bridge installed with hysteretic damping devices in terms of fragility curves. Padgett and 76 

DesRoches [8, 9] developed fragility curves for retrofitted bridges and also assessed the influence of various 77 

retrofit measures on component and system seismic vulnerability. Zhang and Huo [10] and Xie and Zhang [11] 78 

conducted the seismic performance assessment of highway bridges equipped with seismic isolation devices and 79 

investigated the optimum design of isolation devices as well. Billah et al. [12, 13] carried out seismic 80 

performance evaluation of multi-column bridge bents retrofitted with four different retrofit techniques using 81 

either fragility analysis or incremental dynamic analysis. Zakeri et al. [14] evaluated the effects of versatile 82 

retrofit strategies on seismic performance of skewed bridges in terms of fragility curves. DesRoches and 83 

Delemont [15] evaluated the efficacy of using shape memory alloy (SMA) restrainers for seismic retrofit of a 84 

typical multi-span simply supported bridge through a comparison with the conventional steel restrainer cables. 85 
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Zheng et al. [16] fully assessed the effect of SMA-cable-based novel bearing on the bridge seismic performance 86 

in terms of vulnerability, loss, resilience, and life-cycle loss. Abbasi and Moustafa [17] conducted a probabilistic 87 

seismic assessment of older and newly-designed reinforced concrete bridges based on system and component 88 

fragility curves under different damage states. In addition to bridges, seismic retrofit of buildings also has 89 

captured significant attention. The representative research work can be found in [18-20]. 90 

 91 

Although seismic performance of as-built pile-supported wharves has been increasingly investigated [21-34], 92 

little work has been done to date on retrofitting of existing pile-supported wharves or evaluating the 93 

effectiveness of various retrofit measures on seismic performance. To the best of the authors’ knowledge, only 94 

two studies have investigated the seismic performance of retrofitted pile-supported wharves [5, 35]. In contrast 95 

to bridges and buildings, which are mostly onshore structures, the pile-supported wharves are waterfront 96 

facilities directly exposed to the marine environment. Considering this unique operational condition, some 97 

widely-used retrofit strategies for bridges and buildings, such as energy dissipation devices, wire pre-stressing, 98 

and steel jacking, may be not easily implementable or not appropriate for retrofitting of pile-supported wharves. 99 

As such, there is a strong need for designing multiple rehabilitation techniques that are practical for 100 

improvement of the as-built pile-supported wharves, and fully investigating the comparative seismic 101 

performance of these target retrofit measures to prioritize the most effective ones. 102 

 103 

In this study, a typical pile-supported wharf structure is considered. The target pile-supported wharf consists of 104 

6 rows of pre-stressed concrete piles, almost all of which are on a dike with an inclination of 31 degrees (noting 105 

that stability of the dike is very important for safeguarding this wharf-ground system against seismic hazard). In 106 

this regard, the aim of seismic retrofit of this pile-supported wharf is to improve the slope stability of the dike. 107 

Three practical retrofit measures, that is, creating a soil-cement mixture near the dike toe, driving pin piles, and 108 

constructing a sheet pile wall at the dike toe, are considered for seismic retrofit. Both deterministic and 109 

probabilistic seismic analyses are utilized to evaluate the effectiveness of these three seismic retrofit measures. 110 

For deterministic seismic analysis, a wide spectrum of seismic responses (e.g., displacements of wharf deck and 111 

slope, bending moments of piles, and deformation of the whole wharf system) before and after retrofit are fully 112 

explored under a representative seismic excitation scenario. On the other hand, for the probabilistic seismic 113 

analysis, the record-to-record variability of ground motions is taken into account in the seismic performance 114 

assessment. A suite of 80 ground motions extracted from the Pacific Earthquake Engineering Research Center 115 

Strong Motion Database are selected to perform nonlinear time history analysis. On this basis, the effectiveness 116 

of different slope strengthening strategies is thoroughly investigated by fragility analysis at both component- 117 

and system-levels. 118 

 119 

To summarize, the main contributions of this work are threefold. First, three different slope strengthening 120 

strategies are introduced for retrofitting of a large-scale pile-supported wharf. Second, numerical modeling of 121 

the as-built and retrofitted wharf structures is detailed. A nonlinear FE model is developed for dynamic analysis 122 

of a fully coupled wharf-ground system. In particular, a soil-water fully coupled formulation is employed with a 123 

soil constitutive model via a multi-surface plasticity framework. Third, the retrofit effectiveness of three 124 

different slope strengthening strategies on pile-supported wharf is comprehensively assessed in terms of 125 

deterministic and probabilistic seismic analyses. Especially for the probabilistic seismic analysis, the 126 

performance of different slope strengthening strategies is thoroughly evaluated by fragility analysis at both 127 

component- and system-levels. 128 

 129 
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As-Built Pile-Supported Wharf and Retrofit Strategies 130 

 131 

Description of as-built pile-supported wharf 132 

 133 

As shown in Fig. 1, a wharf-ground configuration derived from the Port of Los Angeles Berth 100 layout [36] is 134 

considered. This target wharf structure is 317 m long in the longitudinal direction and 30.5 m wide in the 135 

transverse direction (Fig. 2a). Along the longitudinal direction, there are 52 bays arranged equally at a spacing 136 

of 6.1 m, and along the transverse direction, there are 6 rows of pre-stressed reinforced concrete piles. The 137 

distance between the pile rows E and F is 3.7 m, whereas the distance among the remaining pile rows is 6.7 m 138 

(Fig. 2b). Below ground lengths of the pile rows E and F are identical while the below ground lengths of pile 139 

rows A-D are varying. The reinforced concrete piles, each being 42 m long, are composed of the core and cover 140 

concretes, and strands enclosed with spiral reinforcement (Fig. 2c), and their cross-sections are of octagonal 141 

shape whose sides are 0.253 m (Fig. 2d). The concrete deck supported on these reinforced concrete piles is at 142 

least 0.4 m thick. The dike, aiming to enhance the stability of this large-scale wharf structure, has an inclination 143 

of 31 degrees. On the landside, there are 8 soil layers, comprising 3 soil types (i.e., marine sand, lagoonal clay, 144 

and lakewood-San Pedro sand), while on the waterside, there are 4 soil layers only. The dike slope is covered by 145 

the quarry run. Properties of these soil layers are presented in Table 1. 146 

 147 

 148 
 149 

Figure 1. Three-dimensional view of pile-supported wharf structure. 150 

 151 

Details of retrofitting strategies 152 

 153 

Due to presence of the weak clay stratum with low shear modulus and cohesion (soil layer IIIA in Table 1) 154 

below the dike section, the safety reserve of the dike section against seismic failure may not be adequate, 155 

especially when subjected to strong dynamic loadings (e.g., large seismic events). Su et al. [32] reported that 156 

such a weak clay stratum will amplify the seismic shear deformation, which leads to large seismic deformation 157 

of the soil and wharf structure above this layer, especially within the dike layer. Therefore, the retrofit strategies 158 

are concerned with slope improvement for the dike. 159 

 160 

Three retrofit techniques are considered to strengthen the slope toe zone and mitigate excessive slope 161 

deformations [36]. A schematic of these retrofit strategies is shown in Fig. 3. The first retrofit strategy (Fig. 3a) 162 

is the soil-cement mixture ground improvement scheme, which seeks to increase the shear resistance of the clay 163 

layer below the dike section so as to improve slope stability by mixing cement with the soil and creating a 164 
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soil-cement mixture. The retrofit zone is 19.2 m long, 10.4 m high on the landside, and 8.4 m high on the 165 

waterside. The shear modulus of the soil-cement mixture is taken as 524 MPa and its cohesion is 498 kPa, which 166 

are determined according to [37, 38]. The second retrofit strategy (Fig. 3b) consists of driving pin piles near the 167 

dike toe. The center-to-center spacing of the pin piles ranges from 1.7 m to 3.0 m and their lengths range from 168 

8.5 m to 13.9 m. A total of 10 pin piles with an inside radius of 187 mm and an outside radius of 190.5 mm are 169 

installed. The flexural stiffness of pin piles is set to 5.26×10
4
 kN-m

2
 adopted from [39]. The third retrofit 170 

strategy (Fig. 3c) employs an underwater bulkhead system consisting of sheet piles. Steel sheet piles are long 171 

structural sections with a vertical interlocking mechanism that creates a continuous wall that is most often used 172 

to retain either soil or water. The sheet piles are Z-shaped and their detailed dimensions are shown in Fig. 3(c). 173 

Lengths of sheet piles are 9.0 m and their base elevation is the same as that of the wharf piles. 174 
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Figure 2. Configuration of wharf structure: (a) Wharf plan; (b) Wharf elevation; (c) Pile elevation; (d) 177 

Cross-section of pile; (e) Fiber section of pile. 178 

179 
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 180 

Table 1. Physical properties of soil under wharf structure [32]. 181 

 182 

Soil unit Soil description 
Density, ρ 

(kg/m
3
) 

Friction 

angle, φ 

(º) 

Shear 

modulus, G 

(MPa) 

Bulk 

modulus, B 

(MPa) 

Cohesion, c 

(kPa) 

I Sandy fill (above ground water table) 1920 
    

II 

A Loose marine sand 1920 32 100 469 0 

B Dense marine sand 2000 36 151 703 0 

C Medium dense marine sand 2000 34 127 591 0 

III 

A Soft to stiff lagoonal clay 1760 0 26 122 80 

B1 Stiff lagoonal clay 1840 0 43 200 108 

B2 Stiff lagoonal clay 1840 0 84 391 135 

IV 
A Dense lakewood-San Pedro sand 2000 36 186 868 0 

B Very dense lakewood-San Pedro sand 2080 38 279 1300 0 

- Dike Quarry run 2240 45 141 1363 20 
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 185 

Figure 3. Schematic of different slope retrofit strategies: (a) Soil-cement mixture; (b) Pin pile; (c) Sheet 186 

pile (unit: mm). 187 

 188 
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Finite Element Modeling of As-Built and Retrofitted Pile-Supported Wharf 189 

 190 

Since the lateral boundary is far from the pile-supported wharf-ground system and its modeling involves a 191 

variety of finite element (FE) types, the target FE simulation domain (shown in Fig. 2a) is selected in an effort 192 

to reduce complexity. Specifically, the selected FE simulation domain is 230 m long, and 53.8 m high on the 193 

landside, and 33.5 m high on the waterside. The resulting FE models of the as-built and retrofitted wharf 194 

structures are shown in Fig. 4. Modeling details are presented in the following sections. 195 

 196 

Modeling of piles and soil domain 197 

 198 

The pile cross-section has an octagonal shape and its fiber discretization (Fig. 2e) consists of steel strands, as 199 

well as core and cover concrete. As such, the piles are modeled using nonlinear force-based beam-column 200 

elements with fiber section. In particular, the core and cover concrete is simulated using Concrete01 material 201 

model (Table 2) in OpenSees. Such model is characterized by a modified Kent-Scott-Park backbone curve with 202 

zero stress in tension and degraded linear unloading/reloading stiffness [40-42]. The backbone curve is 203 

smoothed by polynomial functions, and the steel is simulated using the uniaxial Giuffre-Menegotto-Pinto model 204 

(Table 2) with isotropic strain hardening (i.e., Steel02 material model in OpenSees). It should be mentioned that 205 

initial strain is applied due to the prestressing effect of the steel strands. 206 

 207 
 208 

Figure 4. Finite element mesh for different slope retrofit strategies: (a) As-built; (b) Soil-cement mixture; 209 

(c) Pin pile; (d) Sheet pile. 210 

 211 

 212 
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Table 2. Properties of concrete and prestressing steel used in fiber section [32]. 213 

 214 

Parameter Description Unit Value 

'

cf  Concrete compressive strength MPa -74.9 (-49.0) 

c  Strain at concrete compressive strength - -0.005 (-0.002) 

cuf  Concrete crushing strength MPa -63.0 (0) 

cu  Strain at concrete crushing strength - -0.018 (-0.004) 

yf  Steel yield strength,  MPa 1490 

E  Steel elastic modulus MPa 2.04×10
5
 

Init  Prestressing MPa 1062 

b Steel strain-hardening ratio - 0 

Note: the values outside parentheses represent the properties of confined concrete, 

while those inside parentheses characterize the properties of unconfined concrete. 

 215 

The overall soil domain is idealized into 9 sub-layers as well as the dike structure shown in Fig. 1 and Table 1. 216 

The saturated soil is modeled using four-node plane-strain bilinear isoparametric elements, to represent the 217 

dynamic behavior of this two-phase solid-fluid fully coupled material [43]. Each node has three degrees of 218 

freedom (DOFs): two solid displacements and one fluid pressure. For computational convenience, permeability 219 

for all soil strata is set to the high value of 1 m/s to mimic a drained condition since liquefaction is not the 220 

primary concern due to the relatively high friction angles of the cohesionless strata [36]. The PDMY soil model 221 

(i.e., PressureDependMultiYield material model in OpenSees) is used to characterize the nonlinear behavior of 222 

the saturated sand [44-46]. To be specific, the yield function of the PDMY model follows the classical plasticity 223 

convention. It is assumed that the material elasticity is linear and isotropic while the material plasticity is 224 

nonlinearity and anisotropy. The yield function forms a conical surface in the stress space with its apex on the 225 

hydrostatic axis. A number of similar yield surfaces with a common apex and different size form the hardening 226 

zone, and the outermost surface is the envelop of peak shear strength. The flow rule of the PDMY model defines 227 

the direction of plastic strain increments using the normality rule. The soil contractive/dilative behavior is 228 

governed by a non-associative flow rule. In contrast, the PIMY soil model (i.e., PressureIndependMultiYield 229 

material model in OpenSees) is used to capture the shear behavior of clay under cyclic loading, which is 230 

independent of confinement. The water level is located on the top of loose marine sand (soil layer IIA in Table 231 

1). Above the slope, the water body is simulated by applying hydrostatic pressure on the ground surface on the 232 

waterside, imposing effective stresses on the underlying soil layer [47]. 233 

 234 

Modeling of soil-pile interaction 235 

 236 

For this large-scale pile-supported wharf, significant soil-pile interaction (SPI) effects are involved and should 237 

be taken into account in the FE model. Interface elements developed based on the possible deformation 238 

mechanisms of soil-pile interface are effective for simulating SPI [48]. As such, Elgamal et al. [49] employed 239 

the rigid link element perpendicular to pile axis with equalDOF constraints (i.e., equalDOF in OpenSees), 240 

which directly connect the soil node and the end node of rigid link element. Such interface modeling can 241 

incorporate the effect of pile geometry but fails to characterize the friction and slip mechanism of soil-pile 242 

interface during dynamic excitation [49]. Fortunately, this modeling capability can be improved to simulate 243 

friction and slip effects of SPI by using an equalDOF constraint, zero-length element, and rigid link element to 244 

create the connection. In this regard, the zero-length element provides the yield shear force, perpendicular to the 245 

axial force to simulate the slip at the soil-pile interface [32]. Herein, the rigid link element is used to characterize 246 
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the effect of pile diameter, and specifically, the length of the rigid link element is equal to the pile radius. Two 247 

types of zero length elements (i.e., zeroLength and zeroLengthSection in OpenSees) are utilized to model the 248 

yield shear force at the soil-pile interface. The zeroLength elements aim to axially connect the rigid link element 249 

to the corresponding soil nodes. Along the soil-pile interface, the zeroLengthSection elements provide the 250 

skin-friction yield shear force to simulate the interface slip. Such yield shear force depends on the length and 251 

depth of pile elements as well as soil properties (i.e., friction angle and cohesion). The end nodes of rigid link 252 

element near soil element connect to the corresponding soil nodes by equalDOF constraint. 253 

 254 

Modeling of retrofit strategies 255 

 256 

This section focuses on modeling of retrofit strategies based on their design schematic shown in Fig. 3. Fig. 4 257 

shows the FE mesh of the retrofitted pile-supported wharf with different slope retrofit strategies along with the 258 

as-built scenario. For the soil-cement mixture retrofit strategy, the pressure-independent multi-yield surface 259 

(PIMY) elastic-plasticity model [50] with a higher cohesion is selected to model the soil-cement mixture. Since 260 

deformation compatibility is assumed, no special element is needed to model the interface between soil and 261 

mixture. For the pin pile retrofit strategy, the pin piles are simulated by elastic beam column elements. No slip 262 

in the soil-pile interface is assumed and thus the nodes of pin piles directly connect to the adjacent soil nodes. 263 

For the sheet pile strategy, linear beam elements are used to model the sheet piles. Such modeling technique has 264 

been found effective in modeling quay wall systems [51]. 265 

 266 

Boundary and loading conditions 267 

 268 

The boundary conditions of the FE models are: (1) lateral boundary is applied by employing a larger size soil 269 

column to impose free-field conditions and soil columns on both sides maintain the same properties with the 270 

model boundary; (2) nodes at the bottom of the model are fixed in all directions before shaking, and the lateral 271 

displacement DOF constraint in the shaking direction is released during shaking; (3) to avoid the spurious wave 272 

reflections along the model boundary, the Lysmer-Kuhlemeyer [52] boundary is applied along the model base. 273 

In such boundary, three dashpots are defined through the zero length element and the base input motion is 274 

applied by the equivalent loading, which is calculated by dashpot coefficient scaled by the area of model base. 275 

Following the method of Joyner and Chen [53], the dashpot coefficient is defined as the product of the mass 276 

density and shear wave velocity of the underlying medium; and (4) nodal pore pressure is specified on the 277 

ground surface on the waterside according to the water height so that the ground surface boundaries on the 278 

waterside and landside are pervious. 279 

 280 

Both linear and nonlinear procedures are involved for seismic analysis of the wharf-ground system. For the 281 

linear procedure, gravity application analysis (self-weight modeling) is performed before seismic excitation. 282 

Next, the initial state analysis is enforced to maintain the soil stress states, and soil displacement is initialized to 283 

zero through the OpenSees InitialStateAnalysisWrapper [54]. The obtained soil stress state serves as the initial 284 

condition for the subsequent nonlinear dynamic analysis. To achieve convergence and model the actual loading 285 

conditions, a staged analysis scheme is employed for performing the dynamic analysis [55]. Such staged 286 

analysis scheme consists of 6 steps: (1) self-gravity of model is performed to obtain the initial stress state for the 287 

subsequent analysis; (2) prestressing of pile foundations simulated by nonlinear beam-column element is 288 

imposed by applying the initial strain of steel; (3) rigid link element and interface element (i.e., zeroLength and 289 

zeroLengthSection elements in OpenSees) are added to simulate the deck and soil-pile interaction, respectively; 290 
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(4) static analysis of SPI system is performed by imposing the self-gravity of deck and pile; (5) properties of soil 291 

layers are switched from elastic to plastic, and then the plastic analysis is performed; and (6) soil column with 292 

heavy mass are connected on both lateral sides of model through the equalDOF to simulate the free field 293 

boundary. Eventually, through applying the base motion, the nonlinear time history analysis is conducted to 294 

compute seismic response. 295 

 296 

Seismic Response of Retrofitted Pile-Supported Wharf 297 

 298 

For seismic performance comparison of the various retrofit strategies, a base excitation with relatively high peak 299 

acceleration is employed. Such base excitation aims to produce a noticeable permanent seismic displacement. 300 

Fig. 5 shows the target base acceleration time history excitation from Westmorland earthquake (1981) recorded 301 

at the 5060 Brawley Airport Station. Following the staged analysis procedure detailed above, seismic responses 302 

of the as-built and retrofitted pile-supported wharves can be obtained. The responses under investigation include 303 

deck displacement, slope displacement, pile top bending moment and curvature. These four seismic responses 304 

are addressed in the subsequent seismic analyses due to the fact that damage and failure of the pile-supported 305 

wharves under seismic events is often associated with large slope deformation, excessive deck displacement, 306 

and the resulting pile deformation. 307 

 308 

 309 
 310 

Figure 5. Representative base excitation. 311 

 312 

Fig. 6 presents a comparison of time history response for various retrofit strategies under the selected ground 313 

motion. From Fig. 6(a), it can be observed that deck response of the as-built and retrofitted wharf structures are 314 

almost the same before 6 s. As the base excitation continues, the difference gradually increases from 6 to 16 s, 315 

and such obvious difference remains stable until the end of shaking. It can be seen that deck displacement 316 

becomes smaller after seismic retrofit, as anticipated. Among these three retrofit strategies, the soil-cement 317 

mixture retrofit results in the minimum deck displacement, the sheet pile comes second, followed by the pin pile 318 

approach. Fig. 6(b) shows the influence of the three retrofit strategies on the slope displacements at 319 

representative locations (i.e., crest, middle, and toe of slope, shown in Fig. 4a). Compared to the as-built case, 320 

these three retrofit strategies effectively restrain the development of slope deformation. The pin pile retrofit 321 

technique presents the best performance for slope displacement mitigation, followed by soil-cement mixture, 322 

and finally sheet pile retrofit. Fig. 6(c) exhibits the effect of the retrofit strategies on the pile top bending 323 

moment. For the sake of brevity, the seismic response of Piles A and F are presented. Pile A has maximum free 324 

length while Pile F has minimum free length, and in addition, the Pile A is closest to the retrofit zone while the 325 

Pile F is farthest. The retrofit strategies have minimal effect on bending moment at the top of Pile F but affect 326 

the bending moment at the top of Pile A. It can be seen that among these retrofit strategies, the soil-cement 327 

mixture most significantly mitigates the bending moment of Pile A near the top. The influence of different slope 328 
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retrofit strategies on the curvature at pile top is displayed in Fig. 6(d). In contrast to the pile top bending moment, 329 

the retrofit strategies have more distinct influence on the pile top curvature. It is interesting to note that after 330 

seismic retrofit, curvature at the top of Pile F becomes smaller but curvature at the top of Pile A becomes larger. 331 

The observed response of Piles A and F indicate that the retrofit strategies mainly influence the seismic response 332 

of soil and pile in the vicinity of the retrofit zone. 333 

 334 

 

 

 

 

 

Figure 6. Comparison of time history response for different slope retrofit strategies: (a) Deck 

displacement; (b) Slope displacement; (c) Bending moment on Piles A and F top; (d) Curvature on Piles A 

and F top. 

 335 

Fig. 7 displays lateral deformation of the wharf-ground system with and without the different slope retrofit 336 

strategies at the time instant of the maximum deck displacement (i.e., 13.4 s in Fig. 6a). Generally, these three 337 

retrofit strategies effectively restrict the lateral slope displacement, and the maximum slope displacement occurs 338 

on the crest of slope. The deformation zone of soil-cement mixture retrofit strategy is similar to that of the 339 

as-built case, except the slope toe. The pin pile retrofit strategy evidently shrinks the deformation area, and 340 

deformation of the slope toe and the deeper soil domain is largely diminished. The sheet pile retrofit strategy 341 

produces a similar deformation area to the as-built case but in general, the displacement response is relatively 342 

small. 343 

 344 

Crest of slope 
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To better understand the impact of the retrofit strategies on the wharf structure, lateral deformation of the wharf 345 

structure before and after seismic retrofit is investigated. Fig. 8 presents the comparison of lateral deformation 346 

profiles of the wharf structure with and without retrofit at the time instant of the maximum deck displacement 347 

(i.e., 13.4 s in Fig. 6a). It is clear that the three retrofit strategies play an essential role in decreasing lateral 348 

deformation of the wharf structure, especially for the soil-cement mixture case. Compared to the soil-cement 349 

mixture and sheet pile retrofit techniques, the pin pile retrofit efficiently diminishes the pile deformation at 350 

deeper depths as shown in Fig. 8. 351 

 352 

 353 
 354 

Figure 7. Lateral deformation of wharf-ground system at the time interval of maximum deck 355 

displacement for different slope retrofit strategies (t = 13.4 s shown in Fig. 6a): (a) As-built; (b) 356 

Soil-cement mixture; (c) Pin pile; (d) Sheet pile; (Unit: m, scaling factor of 5 for visualization). 357 

 358 

 359 
 360 

Figure 8. Lateral deformation of wharf structure at the time interval of maximum deck displacement (t = 361 

13.4 s shown in Fig. 6a, scaling factor of 10 for visualization). 362 
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 363 

In line with the above observations, it can be concluded that the effects of the different slope retrofit strategies 364 

on seismic response of this wharf-ground system are distinct. That is to say, the retrofit strategy exhibits that 365 

less effectiveness in mitigating a certain seismic response can be more efficient in reducing other seismic 366 

responses. For example, the pin pile retrofit demonstrated greater capability in lowering displacements of the 367 

soil stratum, but that was not the case for the deck displacement. For the deck displacement, the soil-cement 368 

mixture retrofit was the most effective. As a consequence, the appropriate retrofit strategy should be determined 369 

according to the specific improvement objective, in terms of reducing seismic response of the soil strata versus 370 

the wharf structure. 371 

 372 

Seismic Fragility of Retrofitted Pile-Supported Wharf 373 

 374 

Fragility analysis methodology 375 

 376 

Fragility curves provide an effective and practical means to measure the capability of a structure to withstand a 377 

specified event [56-58]. Specifically, seismic fragility defines the conditional probability of the seismic demand 378 

(D) placed upon the structure equal to or greater than its capacity (C) for a given ground motion intensity 379 

measure (IM). The conditional probability can be expressed in the following form [56] 380 

 Fragility=P D C | IM  (1) 

Evaluation of seismic fragility starts with construction of a probabilistic seismic demand model (PSDM) that is 381 

used to correlate the engineering demand parameters (EDPs) with the IM and represent a probability distribution 382 

for the demand. Often, it is assumed that the EDP follows a two-parameter lognormal probability distribution 383 

whose median is characterized by a power-law model [59], such that 384 

b

DS a IM  (2) 

where SD is the median estimate of the seismic demand, and a and b are the power-law model parameters. The 385 

Eq. (2) can be equivalently expressed in logarithmic space, taking linear form  386 

   ln ln( ) lnDS a b IM   (3) 

which facilitates the estimation of the power-law model coefficients a and b using a linear regression estimator. 387 

As mentioned above, the PSDM is modeled as a lognormal distribution, so it can be formulated as [60] 388 
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where Φ(●) represents the cumulative standard normal distribution function; di is the ith realization of the 389 

seismic demand; and n is the number of nonlinear time history analyses. 390 

 391 

Like the PSDM, the capacity models are also characterized by a two-parameter lognormal distribution. Having 392 

the demand and capacity models both defined through the lognormal distribution, the component fragility 393 

conditioned on the selected IM can be calculated from 394 
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where SD is the median estimate of the demand as a function of IM; SC is the median estimate of the capacity; 395 

βD|IM is the dispersion or logarithmic standard deviation of the seismic demand conditioned on IM; and βC is the 396 

dispersion of the capacity. 397 

 398 

Compared to the component-level fragility, the system-level fragility allows for global assessment of the seismic 399 

vulnerability of the whole wharf system. Seismic vulnerability for a structure system can be readily achieved by 400 

combining the effects of various structural components through the use of joint PSDM (JPSDM) [60]. The 401 

JPSDM is to formulate the joint probability distribution of the seismic demands by considering the correlation 402 

between the transformed demands of various structural components. Specifically, in the log-transformed state, 403 

the transformed seismic demands follow a multivariate normal distribution [60]. The mean vector is computed 404 

by Eq. (3), and the covariance matrix is assembled through estimation of the correlation coefficients between the 405 

transformed demands placed on the various components [52]. The covariance matrix associated with the JPSDM 406 

is calculated using the results of nonlinear time history analyses (NLTHA) corresponding to a suite of selected 407 

ground motions. Since the NLTHA are already performed for the component-level fragility calculation, no more 408 

NLTHA are needed for construction of JPSDM. Bear in mind that the log-transformed capacities also follow 409 

normal distribution. 410 

 411 

After the joint probability models of seismic demands and capacities are obtained, the system-level fragility can 412 

be estimated via a Monte Carlo simulation (MCS). To be specific, Latin hypercube sampling (LHS) is employed 413 

to draw samples based on the obtained seismic demand and capacity probability models. A large number of 414 

samples are generated through the LHS algorithm using the probabilistic characterization of the demand 415 

estimated from the NLTHA data and capacity postulated. Using the generated samples, the MCS estimate of 416 

system failure probability at given IM is defined by [34] 417 
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where I(●) denotes the failure indicator function. This study adopts an assumption of a serial system that no 418 

failure is claimed only when the capacity of all the components is higher than the corresponding demand. The 419 

failure indicator function can be calculated from [34] 420 
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in which ,C ix  and ,D ix  are the ith samples associated with the seismic demand and capacity, respectively; 421 

and m is the number of structural components under consideration.  422 

 423 

Fragility analysis results 424 

 425 

A suite of 80 ground motions are selected for seismic fragility analysis [61]. These ground motions are extracted 426 

from the Pacific Earthquake Engineering Research Center Strong Motion Database [62]. These selected ground 427 

motions have an even selection of recorded time histories from four bins that include combinations of low and 428 

high moment magnitudes, as well as large and small fault distances. The ground motion selection criteria are: (1) 429 
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the California ground motions recorded on site class D are under consideration since the selected wharf is 430 

located in California and its site type belongs to class D and (2) the chosen ground motions have various 431 

moment magnitudes as well as fault distances to be more representative. 432 

 433 

Because the deck displacement, bending moment and pile top curvature are the important indicators of wharf 434 

structure seismic performance, these response quantities are used as demands for seismic fragility assessment 435 

[34]. Based on the above-mentioned FE modeling procedures, nonlinear time history analysis is carried out for 436 

each of the selected 80 ground motions to obtain the seismic responses of interest. A data set of 80 IM-D pairs is 437 

used for subsequent seismic fragility analysis. 438 

 439 

Before performing fragility analysis, the quantitative seismic demand bounds for different damage states need to 440 

be defined. In this study, three damage states (i.e., slight, moderate, and extensive damage states) are considered. 441 

The slight damage state corresponds to the cover concrete strain on pile at crushing strength (i.e., 0.004 in Table 442 

2); the extensive damage state corresponds to the core concrete strain on pile at crushing strength (i.e., 0.018 in 443 

Table 2); and the moderate damage state is assumed to be the core concrete strain of 0.01, which is close to the 444 

average of the slight and extensive damage levels. 445 

 446 

Fragility curves at the component level can be derived based on Eq. (6). The results of the component fragility 447 

curves of this wharf structure before and after seismic retrofit are shown in Figs. 9-13. For various retrofit 448 

strategies as well as the as-built case, the fragility curves associated with the deck displacement-specific seismic 449 

demand are compared in Fig. 9, which offers a clear picture of how damage exceedance probability (fragility) 450 

for each damage state corresponds to the different peak ground velocity (PGV) levels. Using the retrofit 451 

techniques, the seismic fragility of the wharf deck turns out to be smaller, and the seismic fragility reduction 452 

becomes more significant from small to large damage states. As seen from Fig. 9, the soil-cement mixture 453 

retrofit strategy provides the best performance for lowering the seismic fragility of the wharf deck, followed by 454 

the pin pile, and then the sheet pile. Their performance differences can be mainly illustrated by their 455 

displacements, as shown in Fig. 6 (a), in which it can be seen that the soil-cement mixture retrofit measure 456 

corresponds to the minimum deck displacement, followed by that of the sheet pile and the pin pile. 457 

 458 

 459 

 460 

Figure 9. Damage exceedance probability of deck displacement: (a) Slight damage state; (b) Moderate 461 

damage state; (c) Extensive damage state. 462 

 463 

Figs. 10 and 11 present the fragility curves of bending moments at the top of Piles A and F, respectively. Like 464 

the deck displacement, overall, the damage exceedance probabilities of bending moments for various retrofit 465 

strategies are smaller than those for the as-built case, and the damage exceedance probabilities gradually 466 
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decrease from the slight to extensive damage states (Figs. 10 and 11). It can be also observed that the pile 467 

bending moment-specific seismic fragility is significantly smaller than the deck displacement-specific seismic 468 

fragility for both unretrofitted and retrofitted scenarios. Fig. 10 indicates that not all retrofit measures are 469 

effective in reducing the bending moment-specific seismic fragility of Pile A. Particularly, the seismic fragility 470 

curves for sheet pile retrofit strategy closely agree with those for the as-built case, and again, the soil-cement 471 

mixture retrofit strategy performs best. 472 

 473 

 474 

 475 

Figure 10. Damage exceedance probability of bending moment on Pile A top: (a) Slight damage state; (b) 476 

Moderate damage state; (c) Extensive damage state. 477 

 478 

Fig. 11 reveals that the effects of various retrofit strategies on the bending moment-specific seismic fragility of 479 

Pile F top are quite obvious. Compared to the Pile A, the differences of fragility curves associated with the 480 

various retrofit strategies are more noticeable for Pile F. As seen from Fig. 11, the performance rank of the 481 

retrofit measures in descending order is: soil-cement mixture, pin pile, and sheet pile. Generally, the retrofit 482 

strategies are effective in reducing the bending moment-specific seismic fragility. 483 

 484 

 485 

 486 

Figure 11. Damage exceedance probability of bending moment on Pile F top: (a) Slight damage state; (b) 487 

Moderate damage state; (c) Extensive damage state. 488 

 489 

Figs. 12 and 13 depict the fragility curves of curvature at the top of Piles A and F, respectively. Overall, the 490 

various retrofit strategies increase the curvature-specific seismic vulnerability of Pile A, which means that the 491 

retrofit schemes have a negative effect on seismic risk mitigation of Pile A. On the other hand, these retrofit 492 

measures positively affect the curvature-specific seismic fragility of Pile F slightly. Therefore, one can conclude 493 

that the influence of the retrofit strategies on the seismic fragilities of different piles is not identical. Combined 494 

with Figs. 10 and 11, it can be seen that the impacts of the retrofit strategies on seismic damage mitigation can 495 

be different even for the same pile when using different seismic demands (i.e., bending moment or curvature) in 496 
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seismic analysis. This may be explained by the evidence revealed by Fig. 6 that the impact of the same retrofit 497 

technique on different types of seismic responses can be inconsistent. The results of component fragility analysis 498 

demonstrate that one retrofit strategy cannot decrease the seismic vulnerabilities associated with different 499 

seismic demands of all structural components, which demonstrates that identification of the effective retrofit 500 

strategy should be performed in accordance with the particular improvement objective. 501 

 502 

 503 

 504 

Figure 12. Damage exceedance probability of curvature on Pile A top: (a) Slight damage state; (b) 505 

Moderate damage state; (c) Extensive damage state. 506 

 507 

The component fragility analysis of the pile-supported wharf before and after seismic retrofit shows a clear 508 

picture of effectiveness in reducing the seismic damage of the wharf structure at a component level. To assess 509 

the effect of various retrofit strategies on the overall fragility of the wharf structure, the system fragility analysis 510 

needs to be addressed. The system fragility analysis allows modelers to have a macroscopic view of the seismic 511 

fragility of the whole wharf system. Based on the JPSDM principle described above, the results of system 512 

seismic fragility can be obtained (Fig. 14). It can be seen that the wharf structure becomes less susceptible to 513 

seismic damage after retrofit. More specifically, for all slight, moderate, and extensive damage states, 514 

performance of the soil-cement mixture retrofit strategy in terms of the system seismic fragility mitigation is 515 

best, followed by the pin pile. Effect of the sheet pile retrofit is also positive but quite small. As such, the system 516 

fragility analysis enables evaluation of seismic performance of the various retrofit strategies in a combined 517 

manner. It should be noted that unlike the component fragilities and seismic responses, the system fragilities 518 

exhibit slight difference for these slope strengthening strategies. This is because these strengthening strategies 519 

focus on the slope (local) improvement whereas the system fragility is a global term. 520 

 521 

 522 
 523 

Figure 13. Damage exceedance probability of curvature on Pile F top: (a) Slight damage state; (b) 524 

Moderate damage state; (c) Extensive damage state. 525 

 526 
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 527 

 528 

Figure 14. Damage exceedance probability of the wharf system: (a) Slight damage state; (b) Moderate 529 

damage state; (c) Extensive damage state. 530 

 531 

Concluding Remarks 532 

 533 

This paper focuses on seismic performance assessment of a large-scale pile-supported wharf retrofitted with 534 

different slope strengthening strategies. Since there exists a weak clay stratum with low shear modulus and 535 

cohesion below the dike section, the safety reserve of the dike section against excessive deformation may not be 536 

adequate under potential seismic events. Three seismic retrofit measures are studied for slope improvement of 537 

the existing wharf dike, namely, improving the ground by a soil-cement mixture, driving pin piles near the dike 538 

toe, and creating an underwater bulkhead system using sheet piles. Seismic performance of these retrofit 539 

strategies on the wharf structure system is evaluated systematically from two perspectives. First, the seismic 540 

responses (slope deformation, wharf deck displacement, and pile top bending moment and curvature) of the 541 

pile-supported wharf with and without retrofit measures under a representative ground motion are fully 542 

investigated. Second, within a probabilistic framework, the effectiveness of various retrofit strategies in seismic 543 

damage mitigation of the pile-supported wharf is assessed using a versatile fragility analysis scheme. Seismic 544 

fragilities of the wharf structure before and after seismic retrofit are thoroughly evaluated in both component- 545 

and system-level manners. The conclusions drawn from this study include: 546 

 Generally, under the selected representative ground motion, the retrofit strategies played a significant role in 547 

mitigating the seismic response of the pile-supported wharf. Particularly, the soil-cement mixture retrofit 548 

performed best, being most effective in reducing lateral deformation of the wharf structure. 549 

 It should be noted that a given retrofit measures can have an unexpected negative impact on certain seismic 550 

responses of particular structural component. For example, curvature at the top of Pile A becomes larger 551 

after retrofit. Hence, the appropriate retrofit strategy should be determined according to the specific 552 

improvement objective, such as seismic response mitigation of the soil stratums or the wharf structure. 553 

 After retrofit, the wharf deck was less susceptible to seismic damage, and among these retrofit strategies, 554 

the soil-cement mixture retrofit provided the best performance for lowering seismic fragility of the wharf 555 

deck. Overall, the three retrofit strategies are effective for alleviating the seismic vulnerability of the piles, 556 

despite increasing the curvature-specific seismic vulnerability of Pile A. In addition, the soil-cement 557 

mixture retrofit does not always perform best for decreasing the seismic fragilities of the piles. This reveals 558 

that effects of various retrofit strategies on seismic risk mitigation of different structural components can be 559 

different and sometimes, certain retrofit measure may have a localized negative impact. 560 

 From the perspective of system-level seismic fragility, all retrofit strategies resulted in positive influences in 561 

terms of lowering the global seismic fragility of the overall wharf structure. Specifically, the soil-cement 562 

mixture retrofit in the system seismic fragility mitigation results in the lowest damage exceedance 563 
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probability, followed by the pin pile, and then by the sheet pile. 564 
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