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15  Abstract
16

17 Pile-supported wharves may be subjected to severe damage during major earthquakes. As such, efficient
18  strategies for retrofitting wharf systems are needed. In this study, we investigate the seismic performance of a
19  pile-supported wharf retrofitted by the following three conventional slope strengthening strategies: i) improving
20  the ground with a soil-cement mixture, ii) driving pin piles near dike toe, and iii) creating an underwater
21 bulkhead system using sheet piles. Effectiveness of the three retrofit schemes is assessed comprehensively. First,
22 seismic response of the as-built and retrofitted pile-supported wharf is investigated. Subsequently, performance
23 of the retrofit strategies in mitigating the seismic vulnerability is thoroughly investigated by comparing
24 component- and system-level fragility curves. It was found that: (1) overall, the strategies are effective in
25 mitigating the seismic response and in reducing the seismic fragilities of the wharf system; (2) the performance
26 of the retrofit measures varies at the structural component level, as a retrofit measure may have an isolated local
27 negative effect for a certain structural component. In this regard, an appropriate retrofit strategy should be
28 identified based on specifically defined retrofit purposes; and (3) as implemented, the soil-cement mixture
29 performed best (in lowering the system seismic fragility), followed by the pin pile, and lastly the sheet pile.

30

31 KEYWORDS: Seismic performance, Pile-supported wharf; Retrofit; Slope improvement; Fragility analysis;
32 Soil-pile interaction.

33

34 Introduction

35

36 In general, a pile-supported wharf usually involves one or more berths, and also consists of pile foundation,
37 deck, and other necessary facilities for supporting the containers. Pile-supported wharves, which accommodate
38 import and export activities, are a critical component of the transportation and utility networks. As the
39 commercial and industrial activities in national as well as international scale increasingly depend on trade,
40 pile-supported wharves and seaport systems play an important role in maintaining the welfare of the general
41 public, protecting significant capital investments, and promoting national prosperity. As a result, operational
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failure and damage will cause substantial economic loss, including the direct repair cost and indirect business
disruption owing to the resultant service interruption of the port system.

Many pile-supported wharves located in seismically active regions are particularly vulnerable to seismic hazard.
Post-earthquake field observations have demonstrated that pile-supported wharves were frequently subjected to
extensive damage during major earthquakes, such as the 1989 Loma Prieta [1], the 1995 Hyogoken-Nanbu
earthquake [2], and the 2010 Haiti earthquake [3], among others.

Many existing infrastructure systems (such as, bridges, building, and wharves) may not have adequate seismic
resistance as required by the current codes and guidelines partially because they were built prior to current
earthquake resistant design codes [4, 5]. In addition, pile-supported wharves are continuously deteriorating over
the course of service life due to a variety of factors, including but not limited to cargo volume growth, corrosion,
and harsh environment attacks. In this respect, the as-built pile-supported wharves designed without adequate
seismic detailing or in a seismic region with an increased hazard level are more susceptible to damage during an
earthquake event.

Demolition and reconstruction of such seismically deficient pile-supported wharves is not an easy task and also
requires much time and money. On the other hand, retrofit and strengthening of these as-built wharves could be
more convenient and cost-effective to improve their seismic performance and to help mitigate their functionality
loss. This highlights the importance of comprehensive seismic performance assessment of pile-supported
wharves with different retrofit measures, aiming to quantify the effectiveness of various seismic retrofit
measures for wharf structures and to prioritize an optimal retrofit strategy.

The significance of seismic performance of the retrofitted infrastructure systems has been increasingly
recognized among the earthquake engineering community, and in response, a surge of work has been done in
this research branch. In the literature, most studies are concerned with seismic retrofit of bridges (see e.g.,
[6-17]). The seismic retrofit and strengthening solutions adopted in practical applications for bridges mainly
include (1) improving the ductility, shear strength of bridge columns, cap beams and bents, as well as offering
confinement by jacking or wrapping the columns using either traditional or advanced materials; (2) reducing the
demands that earthquakes place on bridges by incorporating seismic isolation bearings and damping devices;
and (3) limiting excessive motions to mitigate potential pounding and unseating by cable or bar restrainers. Kim
and Shinozuka [6] carried out a nonlinear dynamic analysis of bridges before and after column retrofit with steel
jacketing, and evaluated the improvement in the fragility with steel jacketing by comparing fragility curves of
the bridge with and without seismic retrofit. Casciati et al. [7] explored the seismic reliability of a retrofitted
cable-stayed bridge installed with hysteretic damping devices in terms of fragility curves. Padgett and
DesRoches [8, 9] developed fragility curves for retrofitted bridges and also assessed the influence of various
retrofit measures on component and system seismic vulnerability. Zhang and Huo [10] and Xie and Zhang [11]
conducted the seismic performance assessment of highway bridges equipped with seismic isolation devices and
investigated the optimum design of isolation devices as well. Billah et al. [12, 13] carried out seismic
performance evaluation of multi-column bridge bents retrofitted with four different retrofit techniques using
either fragility analysis or incremental dynamic analysis. Zakeri et al. [14] evaluated the effects of versatile
retrofit strategies on seismic performance of skewed bridges in terms of fragility curves. DesRoches and
Delemont [15] evaluated the efficacy of using shape memory alloy (SMA) restrainers for seismic retrofit of a
typical multi-span simply supported bridge through a comparison with the conventional steel restrainer cables.
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Zheng et al. [16] fully assessed the effect of SMA-cable-based novel bearing on the bridge seismic performance
in terms of vulnerability, loss, resilience, and life-cycle loss. Abbasi and Moustafa [17] conducted a probabilistic
seismic assessment of older and newly-designed reinforced concrete bridges based on system and component
fragility curves under different damage states. In addition to bridges, seismic retrofit of buildings also has
captured significant attention. The representative research work can be found in [18-20].

Although seismic performance of as-built pile-supported wharves has been increasingly investigated [21-34],
little work has been done to date on retrofitting of existing pile-supported wharves or evaluating the
effectiveness of various retrofit measures on seismic performance. To the best of the authors’ knowledge, only
two studies have investigated the seismic performance of retrofitted pile-supported wharves [5, 35]. In contrast
to bridges and buildings, which are mostly onshore structures, the pile-supported wharves are waterfront
facilities directly exposed to the marine environment. Considering this unique operational condition, some
widely-used retrofit strategies for bridges and buildings, such as energy dissipation devices, wire pre-stressing,
and steel jacking, may be not easily implementable or not appropriate for retrofitting of pile-supported wharves.
As such, there is a strong need for designing multiple rehabilitation techniques that are practical for
improvement of the as-built pile-supported wharves, and fully investigating the comparative seismic
performance of these target retrofit measures to prioritize the most effective ones.

In this study, a typical pile-supported wharf structure is considered. The target pile-supported wharf consists of
6 rows of pre-stressed concrete piles, almost all of which are on a dike with an inclination of 31 degrees (noting
that stability of the dike is very important for safeguarding this wharf-ground system against seismic hazard). In
this regard, the aim of seismic retrofit of this pile-supported wharf is to improve the slope stability of the dike.
Three practical retrofit measures, that is, creating a soil-cement mixture near the dike toe, driving pin piles, and
constructing a sheet pile wall at the dike toe, are considered for seismic retrofit. Both deterministic and
probabilistic seismic analyses are utilized to evaluate the effectiveness of these three seismic retrofit measures.
For deterministic seismic analysis, a wide spectrum of seismic responses (e.g., displacements of wharf deck and
slope, bending moments of piles, and deformation of the whole wharf system) before and after retrofit are fully
explored under a representative seismic excitation scenario. On the other hand, for the probabilistic seismic
analysis, the record-to-record variability of ground motions is taken into account in the seismic performance
assessment. A suite of 80 ground motions extracted from the Pacific Earthquake Engineering Research Center
Strong Motion Database are selected to perform nonlinear time history analysis. On this basis, the effectiveness
of different slope strengthening strategies is thoroughly investigated by fragility analysis at both component-
and system-levels.

To summarize, the main contributions of this work are threefold. First, three different slope strengthening
strategies are introduced for retrofitting of a large-scale pile-supported wharf. Second, numerical modeling of
the as-built and retrofitted wharf structures is detailed. A nonlinear FE model is developed for dynamic analysis
of a fully coupled wharf-ground system. In particular, a soil-water fully coupled formulation is employed with a
soil constitutive model via a multi-surface plasticity framework. Third, the retrofit effectiveness of three
different slope strengthening strategies on pile-supported wharf is comprehensively assessed in terms of
deterministic and probabilistic seismic analyses. Especially for the probabilistic seismic analysis, the
performance of different slope strengthening strategies is thoroughly evaluated by fragility analysis at both
component- and system-levels.
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As-Built Pile-Supported Wharf and Retrofit Strategies

Description of as-built pile-supported wharf

As shown in Fig. 1, a wharf-ground configuration derived from the Port of Los Angeles Berth 100 layout [36] is
considered. This target wharf structure is 317 m long in the longitudinal direction and 30.5 m wide in the
transverse direction (Fig. 2a). Along the longitudinal direction, there are 52 bays arranged equally at a spacing
of 6.1 m, and along the transverse direction, there are 6 rows of pre-stressed reinforced concrete piles. The
distance between the pile rows E and F is 3.7 m, whereas the distance among the remaining pile rows is 6.7 m
(Fig. 2b). Below ground lengths of the pile rows E and F are identical while the below ground lengths of pile
rows A-D are varying. The reinforced concrete piles, each being 42 m long, are composed of the core and cover
concretes, and strands enclosed with spiral reinforcement (Fig. 2c¢), and their cross-sections are of octagonal
shape whose sides are 0.253 m (Fig. 2d). The concrete deck supported on these reinforced concrete piles is at
least 0.4 m thick. The dike, aiming to enhance the stability of this large-scale wharf structure, has an inclination
of 31 degrees. On the landside, there are 8 soil layers, comprising 3 soil types (i.e., marine sand, lagoonal clay,
and lakewood-San Pedro sand), while on the waterside, there are 4 soil layers only. The dike slope is covered by
the quarry run. Properties of these soil layers are presented in Table 1.

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

Details of retrofitting strategies

Due to presence of the weak clay stratum with low shear modulus and cohesion (soil layer I1IA in Table 1)
below the dike section, the safety reserve of the dike section against seismic failure may not be adequate,
especially when subjected to strong dynamic loadings (e.g., large seismic events). Su et al. [32] reported that
such a weak clay stratum will amplify the seismic shear deformation, which leads to large seismic deformation
of the soil and wharf structure above this layer, especially within the dike layer. Therefore, the retrofit strategies
are concerned with slope improvement for the dike.

Three retrofit techniques are considered to strengthen the slope toe zone and mitigate excessive slope
deformations [36]. A schematic of these retrofit strategies is shown in Fig. 3. The first retrofit strategy (Fig. 3a)
is the soil-cement mixture ground improvement scheme, which seeks to increase the shear resistance of the clay
layer below the dike section so as to improve slope stability by mixing cement with the soil and creating a
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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
waterside. The shear modulus of the soil-cement mixture is taken as 524 MPa and its cohesion is 498 kPa, which
are determined according to [37, 38]. The second retrofit strategy (Fig. 3b) consists of driving pin piles near the
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
8.5 mto 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
installed. The flexural stiffness of pin piles is set to 5.26x10* kN-m? adopted from [39]. The third retrofit
strategy (Fig. 3c) employs an underwater bulkhead system consisting of sheet piles. Steel sheet piles are long
structural sections with a vertical interlocking mechanism that creates a continuous wall that is most often used
to retain either soil or water. The sheet piles are Z-shaped and their detailed dimensions are shown in Fig. 3(c).
Lengths of sheet piles are 9.0 m and their base elevation is the same as that of the wharf piles.
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Figure 2. Configuration of wharf structure: (a) Wharf plan; (b) Wharf elevation; (c) Pile elevation; (d)
Cross-section of pile; (e) Fiber section of pile.
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Table 1. Physical properties of soil under wharf structure [32].

Pacific Ocean

Pacific Ocean

Pacific Ocean

o . . Density, p Friction Shear Bulk Cohesion, ¢
Soil unit Soil description (kg/m®) angle, ¢ modulus, G modulus, B (kPa)
2 (MPa) (MPa)
I Sandy fill (above ground water table) 1920
A Loose marine sand 1920 32 100 469 0
Il B Dense marine sand 2000 36 151 703 0
C  Medium dense marine sand 2000 34 127 591 0
A Soft to stiff lagoonal clay 1760 0 26 122 80
Il Bl 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
@ Retrofit zone

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

pile (unit: mm).
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Finite Element Modeling of As-Built and Retrofitted Pile-Supported Wharf

Since the lateral boundary is far from the pile-supported wharf-ground system and its modeling involves a
variety of finite element (FE) types, the target FE simulation domain (shown in Fig. 2a) is selected in an effort
to reduce complexity. Specifically, the selected FE simulation domain is 230 m long, and 53.8 m high on the
landside, and 33.5 m high on the waterside. The resulting FE models of the as-built and retrofitted wharf
structures are shown in Fig. 4. Modeling details are presented in the following sections.

Modeling of piles and soil domain

The pile cross-section has an octagonal shape and its fiber discretization (Fig. 2e) consists of steel strands, as
well as core and cover concrete. As such, the piles are modeled using nonlinear force-based beam-column
elements with fiber section. In particular, the core and cover concrete is simulated using Concrete01 material
model (Table 2) in OpenSees. Such model is characterized by a modified Kent-Scott-Park backbone curve with
zero stress in tension and degraded linear unloading/reloading stiffness [40-42]. The backbone curve is
smoothed by polynomial functions, and the steel is simulated using the uniaxial Giuffre-Menegotto-Pinto model
(Table 2) with isotropic strain hardening (i.e., Steel02 material model in OpenSees). It should be mentioned that
initial strain is applied due to the prestressing effect of the steel strands.
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Figure 4. Finite element mesh for different slope retrofit strategies: (a) As-built; (b) Soil-cement mixture;
(c) Pin pile; (d) Sheet pile.
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Table 2. Properties of concrete and prestressing steel used in fiber section [32].

Parameter Description Unit  Value
f, Concrete compressive strength MPa  -74.9 (-49.0)
£, Strain at concrete compressive strength - -0.005 (-0.002)
f., Concrete crushing strength MPa  -63.0 (0)
&g Strain at concrete crushing strength - -0.018 (-0.004)
f, Steel yield strength, MPa 1490
E Steel elastic modulus MPa  2.04x10°
O it 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.

The overall soil domain is idealized into 9 sub-layers as well as the dike structure shown in Fig. 1 and Table 1.
The saturated soil is modeled using four-node plane-strain bilinear isoparametric elements, to represent the
dynamic behavior of this two-phase solid-fluid fully coupled material [43]. Each node has three degrees of
freedom (DOFs): two solid displacements and one fluid pressure. For computational convenience, permeability
for all soil strata is set to the high value of 1 m/s to mimic a drained condition since liquefaction is not the
primary concern due to the relatively high friction angles of the cohesionless strata [36]. The PDMY soil model
(i.e., PressureDependMultiYield material model in OpenSees) is used to characterize the nonlinear behavior of
the saturated sand [44-46]. To be specific, the yield function of the PDMY model follows the classical plasticity
convention. It is assumed that the material elasticity is linear and isotropic while the material plasticity is
nonlinearity and anisotropy. The yield function forms a conical surface in the stress space with its apex on the
hydrostatic axis. A number of similar yield surfaces with a common apex and different size form the hardening
zone, and the outermost surface is the envelop of peak shear strength. The flow rule of the PDMY model defines
the direction of plastic strain increments using the normality rule. The soil contractive/dilative behavior is
governed by a non-associative flow rule. In contrast, the PIMY soil model (i.e., PressurelndependMultiYield
material model in OpenSees) is used to capture the shear behavior of clay under cyclic loading, which is
independent of confinement. The water level is located on the top of loose marine sand (soil layer 1IA in Table
1). Above the slope, the water body is simulated by applying hydrostatic pressure on the ground surface on the
waterside, imposing effective stresses on the underlying soil layer [47].

Modeling of soil-pile interaction

For this large-scale pile-supported wharf, significant soil-pile interaction (SPI) effects are involved and should
be taken into account in the FE model. Interface elements developed based on the possible deformation
mechanisms of soil-pile interface are effective for simulating SPI [48]. As such, Elgamal et al. [49] employed
the rigid link element perpendicular to pile axis with equalDOF constraints (i.e., equalDOF in OpenSees),
which directly connect the soil node and the end node of rigid link element. Such interface modeling can
incorporate the effect of pile geometry but fails to characterize the friction and slip mechanism of soil-pile
interface during dynamic excitation [49]. Fortunately, this modeling capability can be improved to simulate
friction and slip effects of SPI by using an equalDOF constraint, zero-length element, and rigid link element to
create the connection. In this regard, the zero-length element provides the yield shear force, perpendicular to the
axial force to simulate the slip at the soil-pile interface [32]. Herein, the rigid link element is used to characterize
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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
types of zero length elements (i.e., zeroLength and zeroLengthSection in OpenSees) are utilized to model the
yield shear force at the soil-pile interface. The zeroLength elements aim to axially connect the rigid link element
to the corresponding soil nodes. Along the soil-pile interface, the zeroLengthSection elements provide the
skin-friction yield shear force to simulate the interface slip. Such yield shear force depends on the length and
depth of pile elements as well as soil properties (i.e., friction angle and cohesion). The end nodes of rigid link
element near soil element connect to the corresponding soil nodes by equalDOF constraint.

Modeling of retrofit strategies

This section focuses on modeling of retrofit strategies based on their design schematic shown in Fig. 3. Fig. 4
shows the FE mesh of the retrofitted pile-supported wharf with different slope retrofit strategies along with the
as-built scenario. For the soil-cement mixture retrofit strategy, the pressure-independent multi-yield surface
(PIMY) elastic-plasticity model [50] with a higher cohesion is selected to model the soil-cement mixture. Since
deformation compatibility is assumed, no special element is needed to model the interface between soil and
mixture. For the pin pile retrofit strategy, the pin piles are simulated by elastic beam column elements. No slip
in the soil-pile interface is assumed and thus the nodes of pin piles directly connect to the adjacent soil nodes.
For the sheet pile strategy, linear beam elements are used to model the sheet piles. Such modeling technique has
been found effective in modeling quay wall systems [51].

Boundary and loading conditions

The boundary conditions of the FE models are: (1) lateral boundary is applied by employing a larger size soil
column to impose free-field conditions and soil columns on both sides maintain the same properties with the
model boundary; (2) nodes at the bottom of the model are fixed in all directions before shaking, and the lateral
displacement DOF constraint in the shaking direction is released during shaking; (3) to avoid the spurious wave
reflections along the model boundary, the Lysmer-Kuhlemeyer [52] boundary is applied along the model base.
In such boundary, three dashpots are defined through the zero length element and the base input motion is
applied by the equivalent loading, which is calculated by dashpot coefficient scaled by the area of model base.
Following the method of Joyner and Chen [53], the dashpot coefficient is defined as the product of the mass
density and shear wave velocity of the underlying medium; and (4) nodal pore pressure is specified on the
ground surface on the waterside according to the water height so that the ground surface boundaries on the
waterside and landside are pervious.

Both linear and nonlinear procedures are involved for seismic analysis of the wharf-ground system. For the
linear procedure, gravity application analysis (self-weight modeling) is performed before seismic excitation.
Next, the initial state analysis is enforced to maintain the soil stress states, and soil displacement is initialized to
zero through the OpenSees InitialStateAnalysisWrapper [54]. The obtained soil stress state serves as the initial
condition for the subsequent nonlinear dynamic analysis. To achieve convergence and model the actual loading
conditions, a staged analysis scheme is employed for performing the dynamic analysis [55]. Such staged
analysis scheme consists of 6 steps: (1) self-gravity of model is performed to obtain the initial stress state for the
subsequent analysis; (2) prestressing of pile foundations simulated by nonlinear beam-column element is
imposed by applying the initial strain of steel; (3) rigid link element and interface element (i.e., zeroLength and
zeroLengthSection elements in OpenSees) are added to simulate the deck and soil-pile interaction, respectively;
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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
layers are switched from elastic to plastic, and then the plastic analysis is performed; and (6) soil column with
heavy mass are connected on both lateral sides of model through the equalDOF to simulate the free field
boundary. Eventually, through applying the base motion, the nonlinear time history analysis is conducted to
compute seismic response.

Seismic Response of Retrofitted Pile-Supported Wharf

For seismic performance comparison of the various retrofit strategies, a base excitation with relatively high peak
acceleration is employed. Such base excitation aims to produce a noticeable permanent seismic displacement.
Fig. 5 shows the target base acceleration time history excitation from Westmorland earthquake (1981) recorded
at the 5060 Brawley Airport Station. Following the staged analysis procedure detailed above, seismic responses
of the as-built and retrofitted pile-supported wharves can be obtained. The responses under investigation include
deck displacement, slope displacement, pile top bending moment and curvature. These four seismic responses
are addressed in the subsequent seismic analyses due to the fact that damage and failure of the pile-supported
wharves under seismic events is often associated with large slope deformation, excessive deck displacement,
and the resulting pile deformation.

e o
(=N

03F

Acceleration (g)
(=]

0.6

0 5 10 15 20 25 30 35 40
Time (s)

Figure 5. Representative base excitation.

Fig. 6 presents a comparison of time history response for various retrofit strategies under the selected ground
motion. From Fig. 6(a), it can be observed that deck response of the as-built and retrofitted wharf structures are
almost the same before 6 s. As the base excitation continues, the difference gradually increases from 6 to 16 s,
and such obvious difference remains stable until the end of shaking. It can be seen that deck displacement
becomes smaller after seismic retrofit, as anticipated. Among these three retrofit strategies, the soil-cement
mixture retrofit results in the minimum deck displacement, the sheet pile comes second, followed by the pin pile
approach. Fig. 6(b) shows the influence of the three retrofit strategies on the slope displacements at
representative locations (i.e., crest, middle, and toe of slope, shown in Fig. 4a). Compared to the as-built case,
these three retrofit strategies effectively restrain the development of slope deformation. The pin pile retrofit
technique presents the best performance for slope displacement mitigation, followed by soil-cement mixture,
and finally sheet pile retrofit. Fig. 6(c) exhibits the effect of the retrofit strategies on the pile top bending
moment. For the sake of brevity, the seismic response of Piles A and F are presented. Pile A has maximum free
length while Pile F has minimum free length, and in addition, the Pile A is closest to the retrofit zone while the
Pile F is farthest. The retrofit strategies have minimal effect on bending moment at the top of Pile F but affect
the bending moment at the top of Pile A. It can be seen that among these retrofit strategies, the soil-cement
mixture most significantly mitigates the bending moment of Pile A near the top. The influence of different slope
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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,
the retrofit strategies have more distinct influence on the pile top curvature. It is interesting to note that after
seismic retrofit, curvature at the top of Pile F becomes smaller but curvature at the top of Pile A becomes larger.
The observed response of Piles A and F indicate that the retrofit strategies mainly influence the seismic response
of soil and pile in the vicinity of the retrofit zone.
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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.

Fig. 7 displays lateral deformation of the wharf-ground system with and without the different slope retrofit
strategies at the time instant of the maximum deck displacement (i.e., 13.4 s in Fig. 6a). Generally, these three
retrofit strategies effectively restrict the lateral slope displacement, and the maximum slope displacement occurs
on the crest of slope. The deformation zone of soil-cement mixture retrofit strategy is similar to that of the
as-built case, except the slope toe. The pin pile retrofit strategy evidently shrinks the deformation area, and
deformation of the slope toe and the deeper soil domain is largely diminished. The sheet pile retrofit strategy
produces a similar deformation area to the as-built case but in general, the displacement response is relatively
small.
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345  To better understand the impact of the retrofit strategies on the wharf structure, lateral deformation of the wharf
346  structure before and after seismic retrofit is investigated. Fig. 8 presents the comparison of lateral deformation
347  profiles of the wharf structure with and without retrofit at the time instant of the maximum deck displacement
348 (i.e., 13.4 s in Fig. 6a). It is clear that the three retrofit strategies play an essential role in decreasing lateral
349 deformation of the wharf structure, especially for the soil-cement mixture case. Compared to the soil-cement
350  mixture and sheet pile retrofit techniques, the pin pile retrofit efficiently diminishes the pile deformation at
351 deeper depths as shown in Fig. 8.

352
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353
354
355 Figure 7. Lateral deformation of wharf-ground system at the time interval of maximum deck
356 displacement for different slope retrofit strategies (t = 13.4 s shown in Fig. 6a): (a) As-built; (b)
357 Soil-cement mixture; (c) Pin pile; (d) Sheet pile; (Unit: m, scaling factor of 5 for visualization).
358
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361 Figure 8. Lateral deformation of wharf structure at the time interval of maximum deck displacement (t =
362 13.4 s shown in Fig. 6a, scaling factor of 10 for visualization).

-12-



363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380

381
382
383
384

385
386

387
388

389
390
391
392
393
394

In line with the above observations, it can be concluded that the effects of the different slope retrofit strategies
on seismic response of this wharf-ground system are distinct. That is to say, the retrofit strategy exhibits that
less effectiveness in mitigating a certain seismic response can be more efficient in reducing other seismic
responses. For example, the pin pile retrofit demonstrated greater capability in lowering displacements of the
soil stratum, but that was not the case for the deck displacement. For the deck displacement, the soil-cement
mixture retrofit was the most effective. As a consequence, the appropriate retrofit strategy should be determined
according to the specific improvement objective, in terms of reducing seismic response of the soil strata versus
the wharf structure.

Seismic Fragility of Retrofitted Pile-Supported Wharf
Fragility analysis methodology

Fragility curves provide an effective and practical means to measure the capability of a structure to withstand a
specified event [56-58]. Specifically, seismic fragility defines the conditional probability of the seismic demand
(D) placed upon the structure equal to or greater than its capacity (C) for a given ground motion intensity
measure (IM). The conditional probability can be expressed in the following form [56]

Fragility=P(D>C|IM) (1)
Evaluation of seismic fragility starts with construction of a probabilistic seismic demand model (PSDM) that is
used to correlate the engineering demand parameters (EDPs) with the IM and represent a probability distribution

for the demand. Often, it is assumed that the EDP follows a two-parameter lognormal probability distribution
whose median is characterized by a power-law model [59], such that

S, =alM® )

where Sp is the median estimate of the seismic demand, and a and b are the power-law model parameters. The
Eq. (2) can be equivalently expressed in logarithmic space, taking linear form

In(S,)=In(@)+blIn(IM) )

which facilitates the estimation of the power-law model coefficients a and b using a linear regression estimator.
As mentioned above, the PSDM is modeled as a lognormal distribution, so it can be formulated as [60]

P(D2d||M)=1—q{M} ()

D|IM

> [in(d)-In(s, )] -

_ 4]z
ﬂD|IM n—2

where ®(e) represents the cumulative standard normal distribution function; d; is the ith realization of the

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

Like the PSDM, the capacity models are also characterized by a two-parameter lognormal distribution. Having
the demand and capacity models both defined through the lognormal distribution, the component fragility
conditioned on the selected IM can be calculated from
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In(Sy)-In(S
P(D2C|IM):®w (6)
\[ﬁDuM + B
where Sp is the median estimate of the demand as a function of IM; Sc is the median estimate of the capacity;
Ponm is the dispersion or logarithmic standard deviation of the seismic demand conditioned on IM; and f¢ is the
dispersion of the capacity.

Compared to the component-level fragility, the system-level fragility allows for global assessment of the seismic
vulnerability of the whole wharf system. Seismic vulnerability for a structure system can be readily achieved by
combining the effects of various structural components through the use of joint PSDM (JPSDM) [60]. The
JPSDM is to formulate the joint probability distribution of the seismic demands by considering the correlation
between the transformed demands of various structural components. Specifically, in the log-transformed state,
the transformed seismic demands follow a multivariate normal distribution [60]. The mean vector is computed
by Eqg. (3), and the covariance matrix is assembled through estimation of the correlation coefficients between the
transformed demands placed on the various components [52]. The covariance matrix associated with the JP'SDM
is calculated using the results of nonlinear time history analyses (NLTHA) corresponding to a suite of selected
ground motions. Since the NLTHA are already performed for the component-level fragility calculation, no more
NLTHA are needed for construction of JPSDM. Bear in mind that the log-transformed capacities also follow
normal distribution.

After the joint probability models of seismic demands and capacities are obtained, the system-level fragility can
be estimated via a Monte Carlo simulation (MCS). To be specific, Latin hypercube sampling (LHS) is employed
to draw samples based on the obtained seismic demand and capacity probability models. A large number of
samples are generated through the LHS algorithm using the probabilistic characterization of the demand
estimated from the NLTHA data and capacity postulated. Using the generated samples, the MCS estimate of
system failure probability at given IM is defined by [34]

N

P, :%Zl (XC,i'XD,i) 0

i=1

where I(e) denotes the failure indicator function. This study adopts an assumption of a serial system that no
failure is claimed only when the capacity of all the components is higher than the corresponding demand. The
failure indicator function can be calculated from [34]

Y 0 if Xcj1>Xpjr and Xc o > Xp o and -+ and Xg jm > Xp im (®)
(XerXos)= 1 Otherwise

in which Xc; and Xxp; are the ith samples associated with the seismic demand and capacity, respectively;
and m is the number of structural components under consideration.

Fragility analysis results

A suite of 80 ground motions are selected for seismic fragility analysis [61]. These ground motions are extracted
from the Pacific Earthquake Engineering Research Center Strong Motion Database [62]. These selected ground
motions have an even selection of recorded time histories from four bins that include combinations of low and
high moment magnitudes, as well as large and small fault distances. The ground motion selection criteria are: (1)
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the California ground motions recorded on site class D are under consideration since the selected wharf is
located in California and its site type belongs to class D and (2) the chosen ground motions have various
moment magnitudes as well as fault distances to be more representative.

Because the deck displacement, bending moment and pile top curvature are the important indicators of wharf
structure seismic performance, these response quantities are used as demands for seismic fragility assessment
[34]. Based on the above-mentioned FE modeling procedures, nonlinear time history analysis is carried out for
each of the selected 80 ground motions to obtain the seismic responses of interest. A data set of 80 IM-D pairs is
used for subsequent seismic fragility analysis.

Before performing fragility analysis, the quantitative seismic demand bounds for different damage states need to
be defined. In this study, three damage states (i.e., slight, moderate, and extensive damage states) are considered.
The slight damage state corresponds to the cover concrete strain on pile at crushing strength (i.e., 0.004 in Table
2); the extensive damage state corresponds to the core concrete strain on pile at crushing strength (i.e., 0.018 in
Table 2); and the moderate damage state is assumed to be the core concrete strain of 0.01, which is close to the
average of the slight and extensive damage levels.

Fragility curves at the component level can be derived based on Eq. (6). The results of the component fragility
curves of this wharf structure before and after seismic retrofit are shown in Figs. 9-13. For various retrofit
strategies as well as the as-built case, the fragility curves associated with the deck displacement-specific seismic
demand are compared in Fig. 9, which offers a clear picture of how damage exceedance probability (fragility)
for each damage state corresponds to the different peak ground velocity (PGV) levels. Using the retrofit
techniques, the seismic fragility of the wharf deck turns out to be smaller, and the seismic fragility reduction
becomes more significant from small to large damage states. As seen from Fig. 9, the soil-cement mixture
retrofit strategy provides the best performance for lowering the seismic fragility of the wharf deck, followed by
the pin pile, and then the sheet pile. Their performance differences can be mainly illustrated by their
displacements, as shown in Fig. 6 (a), in which it can be seen that the soil-cement mixture retrofit measure
corresponds to the minimum deck displacement, followed by that of the sheet pile and the pin pile.
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Figure 9. Damage exceedance probability of deck displacement: (a) Slight damage state; (b) Moderate
damage state; (c) Extensive damage state.

Figs. 10 and 11 present the fragility curves of bending moments at the top of Piles A and F, respectively. Like
the deck displacement, overall, the damage exceedance probabilities of bending moments for various retrofit
strategies are smaller than those for the as-built case, and the damage exceedance probabilities gradually
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decrease from the slight to extensive damage states (Figs. 10 and 11). It can be also observed that the pile
bending moment-specific seismic fragility is significantly smaller than the deck displacement-specific seismic
fragility for both unretrofitted and retrofitted scenarios. Fig. 10 indicates that not all retrofit measures are
effective in reducing the bending moment-specific seismic fragility of Pile A. Particularly, the seismic fragility
curves for sheet pile retrofit strategy closely agree with those for the as-built case, and again, the soil-cement
mixture retrofit strategy performs best.
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Figure 10. Damage exceedance probability of bending moment on Pile A top: (a) Slight damage state; (b)
Moderate damage state; (c) Extensive damage state.

Fig. 11 reveals that the effects of various retrofit strategies on the bending moment-specific seismic fragility of
Pile F top are quite obvious. Compared to the Pile A, the differences of fragility curves associated with the
various retrofit strategies are more noticeable for Pile F. As seen from Fig. 11, the performance rank of the
retrofit measures in descending order is: soil-cement mixture, pin pile, and sheet pile. Generally, the retrofit

strategies are effective in reducing the bending moment-specific seismic fragility.
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Figure 11. Damage exceedance probability of bending moment on Pile F top: (a) Slight damage state; (b)
Moderate damage state; (c) Extensive damage state.

Figs. 12 and 13 depict the fragility curves of curvature at the top of Piles A and F, respectively. Overall, the
various retrofit strategies increase the curvature-specific seismic vulnerability of Pile A, which means that the
retrofit schemes have a negative effect on seismic risk mitigation of Pile A. On the other hand, these retrofit
measures positively affect the curvature-specific seismic fragility of Pile F slightly. Therefore, one can conclude
that the influence of the retrofit strategies on the seismic fragilities of different piles is not identical. Combined
with Figs. 10 and 11, it can be seen that the impacts of the retrofit strategies on seismic damage mitigation can
be different even for the same pile when using different seismic demands (i.e., bending moment or curvature) in
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seismic analysis. This may be explained by the evidence revealed by Fig. 6 that the impact of the same retrofit
technique on different types of seismic responses can be inconsistent. The results of component fragility analysis
demonstrate that one retrofit strategy cannot decrease the seismic vulnerabilities associated with different
seismic demands of all structural components, which demonstrates that identification of the effective retrofit
strategy should be performed in accordance with the particular improvement objective.
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Figure 12. Damage exceedance probability of curvature on Pile A top: (a) Slight damage state; (b)
Moderate damage state; (c) Extensive damage state.

The component fragility analysis of the pile-supported wharf before and after seismic retrofit shows a clear
picture of effectiveness in reducing the seismic damage of the wharf structure at a component level. To assess
the effect of various retrofit strategies on the overall fragility of the wharf structure, the system fragility analysis
needs to be addressed. The system fragility analysis allows modelers to have a macroscopic view of the seismic
fragility of the whole wharf system. Based on the JPSDM principle described above, the results of system
seismic fragility can be obtained (Fig. 14). It can be seen that the wharf structure becomes less susceptible to
seismic damage after retrofit. More specifically, for all slight, moderate, and extensive damage states,
performance of the soil-cement mixture retrofit strategy in terms of the system seismic fragility mitigation is
best, followed by the pin pile. Effect of the sheet pile retrofit is also positive but quite small. As such, the system
fragility analysis enables evaluation of seismic performance of the various retrofit strategies in a combined
manner. It should be noted that unlike the component fragilities and seismic responses, the system fragilities
exhibit slight difference for these slope strengthening strategies. This is because these strengthening strategies
focus on the slope (local) improvement whereas the system fragility is a global term.
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Figure 13. Damage exceedance probability of curvature on Pile F top: (a) Slight damage state; (b)
Moderate damage state; (c) Extensive damage state.
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Figure 14. Damage exceedance probability of the wharf system: (a) Slight damage state; (b) Moderate
damage state; (c) Extensive damage state.

Concluding Remarks

This paper focuses on seismic performance assessment of a large-scale pile-supported wharf retrofitted with
different slope strengthening strategies. Since there exists a weak clay stratum with low shear modulus and
cohesion below the dike section, the safety reserve of the dike section against excessive deformation may not be
adequate under potential seismic events. Three seismic retrofit measures are studied for slope improvement of
the existing wharf dike, namely, improving the ground by a soil-cement mixture, driving pin piles near the dike
toe, and creating an underwater bulkhead system using sheet piles. Seismic performance of these retrofit
strategies on the wharf structure system is evaluated systematically from two perspectives. First, the seismic
responses (slope deformation, wharf deck displacement, and pile top bending moment and curvature) of the
pile-supported wharf with and without retrofit measures under a representative ground motion are fully
investigated. Second, within a probabilistic framework, the effectiveness of various retrofit strategies in seismic
damage mitigation of the pile-supported wharf is assessed using a versatile fragility analysis scheme. Seismic
fragilities of the wharf structure before and after seismic retrofit are thoroughly evaluated in both component-
and system-level manners. The conclusions drawn from this study include:

e  Generally, under the selected representative ground motion, the retrofit strategies played a significant role in
mitigating the seismic response of the pile-supported wharf. Particularly, the soil-cement mixture retrofit
performed best, being most effective in reducing lateral deformation of the wharf structure.

e It should be noted that a given retrofit measures can have an unexpected negative impact on certain seismic
responses of particular structural component. For example, curvature at the top of Pile A becomes larger
after retrofit. Hence, the appropriate retrofit strategy should be determined according to the specific
improvement objective, such as seismic response mitigation of the soil stratums or the wharf structure.

o  After retrofit, the wharf deck was less susceptible to seismic damage, and among these retrofit strategies,
the soil-cement mixture retrofit provided the best performance for lowering seismic fragility of the wharf
deck. Overall, the three retrofit strategies are effective for alleviating the seismic vulnerability of the piles,
despite increasing the curvature-specific seismic vulnerability of Pile A. In addition, the soil-cement
mixture retrofit does not always perform best for decreasing the seismic fragilities of the piles. This reveals
that effects of various retrofit strategies on seismic risk mitigation of different structural components can be
different and sometimes, certain retrofit measure may have a localized negative impact.

e From the perspective of system-level seismic fragility, all retrofit strategies resulted in positive influences in
terms of lowering the global seismic fragility of the overall wharf structure. Specifically, the soil-cement
mixture retrofit in the system seismic fragility mitigation results in the lowest damage exceedance
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probability, followed by the pin pile, and then by the sheet pile.
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