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Liquefaction–induced large displacement of pile-supported wharf

Akihiro Takahashi� 1 & Jiro Takemura2

Abstract

Centrifuge model tests were carried out to investigate the dynamic behaviour of a pile-supported wharf in front of back-

filled gravity type caissons, focusing on the failure mechanism of the piles, the effects of liquefaction in the backfill and

underlying sand layer on the permanent deformation of the wharf during earthquakes, and the dynamic interaction between

the piled deck and caisson through the approach bridge. The targeted piled structure is the pile-supported wharf damaged

in the 1995 Hyogo-ken Nambu Earthquake at Takahama, Kobe. Liquefaction of the foundation soil and the backfill behind

the caisson during an earthquake-like shaking causes largeseaward lateral movement of the rubble mound. As a result, a

large horizontal displacement gap was formed between the rubble mound and the bearing stratum. This displacement gap

caused a very large bending moment in the pile, at the pile topand in the bearing stratum just below the sand layer. These

locations where large bending moments were observed agreedwith the locations where large pile deformations were ob-

served at the Kobe site. Centrifuge model tests reasonably predicted the failure mode of the piled wharf observed in the

Kobe Earthquake. Varying the thickness of the sand layer under the rubble mound caused a change of the deformation

mode of both ground and structures. The test without the sandlayer showed no displacement gap between the rubble

mound and the bearing stratum, resulting in small permanentdisplacement of the wharf, while a thicker liquefiable sand

layer did not necessarily cause a larger deformation of soiland the structures.
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Introduction

One of the major sources of earthquake-induced damage to port facilities is liquefaction of saturated loose sandy soils.

This type of soil often prevails at waterfronts and marine environments. The significant liquefaction and associated ground

movement and waterfront structure damage have not only occurred under very strong earthquakes like the 1995 Hyogo-

ken Nambu Earthquake, but also under moderate levels of earthquake motion in past earthquakes [1]. Near waterfronts

many pile-supported structures, especially pile-supported buildings, had pile damage without severe damage to their

superstructures in past earthquakes. During the lateral spreading of liquefied soil, the covering non-liquefied soil, i.e. the

soil layer above the water table, moves seaward together with the liquefied soil. Pile foundations located in such a lateral

spreading ground behind quay walls were investigated, and detailed observations revealed that the damage to the piles

occurred at depths other than the pile heads, particularly near the interface between the liquefied and non-liquefied soils

[2] [3].

Not only the piles behind the quay walls, but also those in front of the wall were damaged. For instance, the 1989 Loma

Prieta Earthquake caused damage to the pile-supported wharves at the port of Oakland [1]. All of the piles of the wharves

were installed into rock dikes. Dredged sands and silty sands were filled behind the dikes. A deck of the Seventh Street

Terminal wharf was a ballasted cast-in-place concrete slab, and it was supported by vertical piles in six rows and battered

piles in one row [4]. The hydraulic sand fill and the upper 1.5mof the dense native sand experienced liquefaction and

the wharf moved 0.3m seaward during the Loma Prieta Earthquake. Most of the battered piles were cracked or fractured,

though the vertical piles and the deck suffered only minor damage. The wharf and embankment strengthening program

is undertaken at the port of Oakland to design and construct the structural modifications necessary to mitigate the effects

of the deepening project in conjunction with a federal government-sponsored channel dredging project [5]. Salah-Marset

al. [6] reports seismic evaluation of the wharf and embankment at the port using FLAC and demonstrates effectiveness of

(1) soil improvement in the backfill and embankment and (2) installation of a sheet pile wall at the toe of the embankment

on mitigation of wharf permanent deformation.

Several piers and wharves were also damaged during the 1995 Hyogo-ken Nambu (Kobe) Earthquake [2] [7] [8] [9]

[10] [11]. The wharf supported on vertical piles moved 1.3 to1.7m toward the sea at Takahama in Kobe [8] [9]. The

Takahama Wharf was constructed in front of stacked gravity type caissons made of concrete cellular blocks as shown in

Fig. 1. The wharf was constructed on a firm foundation depositthat consists of alternating layers of Pleistocene clay and

sandy gravel. The caissons were installed on a layer of loosesand layer about 2m thick, and hydraulically backfilled with

the decomposed granite,masado. The concrete deck of the wharf was supported by three rows ofsteel pipe piles with a

diameter of 700mm and connected to the top caisson with approach bridges. Thicknesses of the steel pipe piles were 10,

12 and 14mm from sea-side to land-side, respectively. The piles of the deck penetrated the sand layer into the bearing

strata consisting of gravel and Pleistocene clay layers. The rubble mound was constructed on the sand layers in order to

increase lateral resistance of the deck against shiploads.

After the Hyogo-ken Nambu Earthquake, a detailed investigation on the damaged wharf was carried out, including

post-mortem observations of the piles. Clear failures withbending were observed in the removed piles. Large deforma-

tions took place at the top, near the deck of the wharf, and at the interface between the rubble mound and the liquefiable

sand layer, as shown in Fig. 1. Also, several cracks were found on the approach bridges and the connection points between
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the bridges and the deck of the wharf.

Using shaking tables in geotechnical centrifuges as well asordinary shaking tables, many researchers have experi-

mentally investigated the effects of the large lateral soilmovement – especially liquefaction-induced lateral spreading of

soil – on the failure and deformation of the piles on slopes and behind the quay walls. However, only a limited number of

shaking table tests have been carried out for pile-supported wharves [12] [13] [14] [15] [16] [17], although many questions

remain in the seismic performance of wharves, i.e. pile-failure mechanism, effects of liquefaction in backfill and sand

layer on permanent deformation of the wharf, and dynamic interaction between deck and caisson through the approach

bridge. In order to examine wharf response during an earthquake in detail paying attention to above-mentioned several

factors affecting the wharf response, the authors has carried out physical model tests using a geotechnical centrifuge.

In addition, since enough space could not be secured in frontof the wharf and in the backfill behind the caisson in the

centrifuge model tests due to the limitation of the container size, effects of the model container size, i.e. side bound-

ary conditions, on permanent deformation of the wharf as well as the model ground were examined by two-dimensional

numerical analyses without the piled deck.

Centrifuge model test procedures and conditions

The centrifuge used was the Tokyo Tech Mark II Centrifuge [18]. The model setup used is shown in Fig. 2. An aluminium

model container was used with inner sizes of 450mm in length,150mm in width, and 250mm in height. The inner side

of the container was coated with alumite. The front face of the container was a transparent glass window that enabled

observation of the model’s ground deformation. Rubber sheets 10mm thick were placed at both sides of the container to

absorb stress waves from the side boundaries. Due to the limitations of the container size and a 50g allowable centrifuge

acceleration for shaking test, prototype scales of all dimensions of the model were reduced to half those of the site, and

some simplifications were introduced in modelling the caissons and soil layers. The model piled deck consisted of an

aluminium deck weighing 0.42kg and 9 piles rigidly fixed to the deck. The pile spacing ratio s/d=6.7, as shown in Fig.

3. The model piles were steel tubes having an outside diameter of 7mm, a thickness of 0.14mm, and a total length of

200 or 220mm (for PW7 only). Properties of the model pile are listed in Table 1. Strain gauges were instrumented inside

each pile at 9 different levels. However, due to a limited number of data acquisition channels, data from only three or

four gauges for each pile were used, as shown in Fig. 2. The piles of the deck were installed in three different soil

layers; (1) a bottom dense sand bearing stratum corresponding to the gravel and Pleistocene clay at the Kobe site, (2) a

saturated loose liquefiable sand layer, and (3) a top rubble mound. These soils were prepared by air pluviation. The basic

properties of the soils used are summarised in Table 2. Aluminium gravity type caissons were placed between the rubble

mound and the backfill. The unit weight of the caissons was 2.5kN/m3. An approach bridge made of aluminium was

placed between the deck and the caisson to transmit only compressive axial load. The bridge was placed in notches on

the deck and the upper caisson. High viscosity fluid was usually used as pore fluid to avoid conflict with the scaling laws

associated with the time of dynamic events and the seepage incentrifuge tests [19] [20]. Sand layers were saturated with

a methyl-cellulose-base solution [21] which has a viscosity 50 times higher than that of water under a negative pressure

of about 98kPa in a large tank by applying a vacuum. Ground water level was set at a depth of 40mm from the backfill

surface in all the tests. Japanese noodlessomen were placed between the model ground and the transparent window as
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markers to observe deformation of the ground.

Table 3 gives the test conditions. In case PW1, a shaking testwas conducted under 50g by applying the earthquake

motion recorded at Kobe Port Island in 1995 to the shaking table (Fig. 4). This wave was recorded at a depth of 83m from

the ground level, the same stratum as the bearing stratum forthe wharf. As the wharf faced at an angle of 20 degrees to the

north, the input motion was calculated using the NS- and EW-oriented ground accelerations. In the figure the input signal

to the shaker was plotted with a dotted line, and the recordedmotion of the table was plotted with a solid line. As shown

in Fig. 4, the strong ground motion like the Hyogo-ken Nambu Earthquake could not be obtained in the simulation by the

shaker used, although the differences in the displacement time history and the shape of the Fourier spectrum graph were

not large. Hence, in cases PW2 through PW7, 20 sinusoidal waves with a frequency of 100Hz (2Hz in the prototype scale)

were applied which approximated the spectral peaks of the recorded wave at Kobe P.I. around 70 and 140Hz (around 1.4

and 2.8Hz in the prototype scale). Typical time histories ofthe input sinusoidal waves are given in Fig. 5, together with

its Fourier spectrum.

Besides PW1 and PW2, which simulate the conditions of the Kobe site, five additional tests were conducted. The

stabilising effect of the deck piles on the lateral spreading of soils will be addressed in PW3 using a model without a deck.

Assessment of the container size effects on the ground deformation will be made in the numerical simulation of PW3. In

PW4 and PW5, to gain further insight into the effect of liquefaction on the large deformation of the wharf, the liquefiable

sand layers under the rubble mound and behind the caisson were replaced by higher hydraulic conductivity silica sand to

avoid liquefaction. The effect of the approach bridge on a dynamic interaction between the deck and the caisson will be

discussed by comparing PW6 and PW2. In PW7, the thickness hs of the liquefiable sand layer under the rubble was twice

as large as that in PW1 and PW2. In order to align the embedded length of the pile into the bearing stratum in all the

cases, piles with lengths of 220mm were used in PW7.

Due to the limited number of data acquisition channels, the number of instrumented locations were varied according

to the test case as summarised in Table 4. Displacements of the deck and the lower caisson were measured by laser

displacement transducers. These displacements were not measured directly on structures but at targets 30mm above the

surface of the deck as shown in Fig. 2. All the physical valuespresented in the following sections are in the model scale.

Assessment of container size effects on test results by numerical analysis

Ground response without piled deck in physical model test

Figure 6 shows observed excess pore water pressures at cell locations P5, P2 & P6 in case PW3. The effective over burden

pressures,σ 0

v0, are also plotted in the figure. The pore pressure at P2, located in the liquefiable sand layers, levelled off

at an early stage of the shaking although it did not reachσ 0

v0. That at P6, located in the backfill, gradually increased with

shaking and reached itsσ 0

v0. As the rubble had a higher hydraulic conductivity comparedto the liquefiable sand layer,

accumulation of the excess pore water pressure at P5 was verysmall. Taking this into account, the decrease in stiffness

and strength of the rubble mound was thought to be small. The observed permanent deformation of the model ground

in PW3 is shown in Fig. 7. As mentioned above, since the rubblemound was relatively stiff, the loss of the strength

at the sand layer under the rubble could allow the caissons tomove laterally seaward. As a result, a large horizontal

displacement gap was observed between the rubble mound and the bearing stratum.
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Numerical analyses with different model container width

The side walls of the model container could restrain the deformation of the model ground, and this deformation restriction

resulted in the seabed heaving and the excessive backfill subsidence just behind the quay wall as shown in Fig. 7. In

order to examine the model container size effects on permanent deformation of the quay as well as the model ground,

two-dimensional numerical analyses without the piled deckwere conducted. Details of the numerical code used in this

study are described by the first author [22] [23].

In the analyses, the width of the model container was varied.One is the model whose width (W) is the same as that

of the centrifuge model tests (W=440mm, 22m in the prototypescale), and the other is the model with double the width

(W=880mm, 44m in the prototype scale). The finite element mesh used for W=440mm is shown in Fig. 8.

The extended subloading surface model proposed by Hashiguchi & Chen [24] was adopted for the soil layers. Material

parameters of the soil layer and the pile are listed in Table 5, whereGs = specific gravity,e0 = initial void ratio,κ & λ =

slopes of swelling & compression lines inv� ln(p0) plane,ν = Poisson’s ratio,σ 0

i j0 = initiail stress,σ 0

m0 = σ 0

ii0=3, δi j =

Kronecker’s delta, k=hydraulic conductivity,ρ = unit weight,E = Young’s modulus,I = flexural rigidity of beam,A =

area of beam section, and the other parameters are specific parameters for the constitutive model used. These parameters

were determined so that single numerical simulations fittedcyclic undrained triaxial tests. Ellipsoid type surface isutilised

for the yield and the subloading surfaces.

Nodes at the both ends of analytical domain were allowed to move freely in vertical directions but not in horizontal

direction. At the bottom end, all movements were restrained. Fluid flow velocities were set to zero at all the boundaries

except at the surface of the ground. A simple two-step loading of gravity was adopted in the static analyses to estimate

the stress condition prior to the dynamic response analyses: In the first step, a stress analysis was conducted with the

assumption that a deformation modulus of each soil is uniform irrespective of the confining pressure. (Typically, the

modulus at the mid-depth of the soil layer is adopted in each soil.) Then, in the second step, the stress analysis was carried

out with the stress-dependent deformation modulus using the stress condition obtained in the first step.

Applied earthquake motion was the acceleration record in the centrifuge test. In order to obtain the numerical solution,

the differential equations were integrated along time. Theintegration scheme used was Newmark’sβ method, and the

time step for the integration was∆t =0.0002sec. System damping was represented by Rayleigh damping, and the damping

ratio used was 1% in a first mode of free vibration of the system. The first vibration period of the system was 0.0048sec.

Time histories of excess pore water pressure at P5, P2 & P6 areplotted in Fig. 9. The excess pore water pressure

response for W=440mm and W=880mm are comparable, though at P6, which is located in the backfill, relatively lager

fluctuation was observed in the W=440mm case. Although in thenumerical analyses accumulation of the pressure was

rather quick and the pressure slowly dissipated after shaking at P6 in comparison with the centrifuge model test (Fig. 6),

the numerical analysis can capture the overall excess pore water pressure response.

Calculated horizontal displacements of the caisson at the target height, which is 30mm above the caisson surface as in

the centrifuge test, are shown in Fig. 10. Unfortunately, since horizontal displacement of the caisson could not be recorded

by the laser displacement transducer in PW3, only the permanent displacement of the caisson obtained from comparison

of the photographs taken before and after shaking is indicated by the arrow in the figure. The caisson responses for

W=440mm and W=880mm were very similar, resulting in more or less the same permanent displacement. In Fig. 11,

permanent horizontal displacement distributions of the rubble mound level (z = 120mm) and the sand layer under the
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rubble (z = 80mm) are plotted for both cases together with physical model test result (PW3). The displacements for the

physical model test were obtained from the movements of the noodle targets placed between the transparent window of

the container and the model grounds. Though the permanent horizontal displacements in the centrifuge test are smaller

than those in the numerical analyses, the distributions aresimilar as a whole.

Figure 12 shows the permanent deformations of the model ground, together with the result for W=880mm with

flexible side boundaries. The displacement scale in the figure is magnified by a factor of two. In the case with flexible side

boundaries, responses of horizontally layered gound were input to the side boundaries, while nodes at the side boundaries

were allowed to move freely in vertical directions but not inhorizontal direction in the other cases.

In the cases of rigid side boundaries, the large seabed heaving and backfill settlement were observed in the case of

W=440mm, while the heaving and the settlement in the case of W=880mm were small. As seen in Fig. 12(c), marked

effects of side boundary conditions on the permanent displacement of the quay wall and the rubble mound cannot be seen,

although the rubble mound displacement for the case with theflexible side boundaries is slightly smaller than that for the

rigid side boundaries case.

The quay wall and the rubble mound showed essentially the same permanent displacement in all the cases. This fact

supports the conclusion that the wharf responses obtained in this study were not much affected by the side walls of the

model container, while the distances of the model containerside walls from the quay heavily influence the deformation of

the ground, since the quay movement is the cause and the deformations of the backfill and the seabed are the consequence.

Therefore, determining the width of the domain behind the quay is more important and much affects the piled structure

responses when the targeted piled structure is located behind the quay.

Although the ground movement in front of the quay is relatively less affected by the sea-side boundary as seen in the

figures, differences still exist; the narrower rigid container tends to give us slightly smaller horizontal displacement of the

wharf and the displacement for the case with the flexible sideboundaries is slightly smaller than that for the rigid side

boundaries case. Thus, it should be noted here that the wharfhorizontal displacement in the field could be different from

those seen in the centrifuge. However, the results from one test can be compared to others as all the centrifuge tests were

undertaken in the same model container.

Simulation of the Takahama Wharf damaged in the 1995 Hyogo-ken Nambu
Earthquake

Figure 13 shows observed excess pore water pressures at celllocations P2 & P4 and accelerations at meter location A6 in

cases PW1 and PW2. The effective over burden pressures,σ 0

v0, are also plotted in the figure. In case PW1 the excess pore

water pressure at P2 almost reached a value of 80% of itsσ 0

v0 at two peaks in the input wave, i.e. at 0.04 and 0.12 seconds,

but full liquefaction was not observed in this case. In PW2, the pore pressure at P2, located in the liquefiable sand layers,

reachedσ 0

v0 and levelled off, showing liquefaction at an early stage of the shaking. Although excess pore water pressure

at P6 was not recorded in PW2, the backfill was seen to be liquefied, considering that the acceleration response at A6 was

remarkably attenuated with shaking in PW2, and the pore pressure at P6 in PW3 reached itsσ 0

v0 as shown in Fig. 6. As

mentioned in the previous section, the decrease in stiffness and strength of the rubble mound was thought to be also small

in PW2, since accumulation of the excess pore water pressureat P5 in PW3 was very small.
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The observed permanent deformation of the model ground in PW2 is shown in Fig. 14. The structures moved laterally

seaward, and a large horizontal displacement gap was observed between the rubble mound and the bearing stratum as seen

in PW3 (Fig. 7). (Permanent deformation of the model ground in PW1 was essentially the same as that observed in PW2,

although the displacement was smaller than that in PW2.) Although rows of piles are sometimes used for stabilisation of

a moving slope, i.e. a landslide, and this stabilising effect of the rows of piles might have a potential for preventing the

movement of the rubble mound and/or the caisson, it could notbe seen in this study. Figure 15 shows permanent lateral

displacements of the rubble mound and the sand layer under the rubble in PW2 and PW3. Regarding the pile spacing of

the deck, the movement of the front side of the model ground corresponded to that at the centre of the pile space. Although

obtained data are scattered, the displacement distributions of the rubble and the sand layer are nearly the same, and no

remarkable difference can be seen since the pile spacing ratio was relatively larger than that of the other types of piled

structure.

Figure 16 illustrates observed lateral displacements of the deck and the lower caisson. It should be noted that the dis-

placements shown in the figure were not measured directly at those structures but at targets 30mm above the surface of the

deck as shown in Fig. 2. Regarding the plot of the lower caisson (dotted line in Fig. 16), the laser displacement transducer

went out of its measurable range as the target surface defected its laser reflection. It is apparent from the figure that the

caisson and the deck moved together in the early stages of theshaking. Displacements of the caisson, however, became

larger than that of the deck, which may have been caused by therelatively large tilting of the caisson. In PW1, permanent

displacements of the structures were smaller than those in PW2. Two large fluctuations were observed, corresponding to

the peaks of input acceleration. The structures gradually moved with time, and no substantial displacement took place

after the shaking in PW2. This result suggests that not only deterioration of the soil strength due to liquefaction but also

the continuous cyclic force had substantial effects on the accumulation of the deck displacement.

For case PW2, the bending and axial strains on the piles at various depths were measured, and the values recorded just

after the shaking are shown in Fig. 17. Also for case PW2 the variation of strains measured at the top (St9S & St9L), at

the sand layer (St4S & St4L), and at the bearing stratum just below the sand layer (St2S & St2L) for the sea-side and the

land-side piles are illustrated in Fig. 18 together with theaxial strain variations at the pile head. As strain gauges were put

only on the right inside of the piles, outputs from them include strains caused by axial tension or compression as well as

bending. However, the variation of the axial strain measured by two parallel strain gauges was very small compared to the

measured strain on the right side of the pile, as shown in Fig.18. The measured strain on the right side of the pile would

be nearly equal to the bending strain of the pile. Negative values in the figure represent compression on the right side of

the pile. As shown in this figure, a very large negative strainappeared at the top of the piles, and large positive values were

measured in the bearing stratum just below the sand layer, also evident in Fig. 17. These points agree with the locations

of large pile deformation observed at the Kobe site as illustrated in Fig. 1. All indications support the conclusion thatthe

centrifuge model tests can reliably show us the failure modeor mechanism of the wharf at the actual site. The strain on

the piles changed sign in the sand layer irrespective of the pile row. This fact represents that the inflection points in the

piles deflection existed at this level, and there was large relative displacement between the rubble mound and the bearing

stratum as shown in Fig. 14. The deck moved seaward as a resultof lateral movement of the rubble mound and behaved

as apassive pile.

Regarding the amplitudes and accumulations of strain on thepile, the strains observed at the pile head (St9S & St9L)
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are larger than those at the bearing stratum just below the sand layer (St2S & St2L), especially in the early stage of shaking.

Both the larger amplitude and the larger permanent strain atthe top of the piles suggest that the large deformation at the

pile head initiated the failure of the deck pile before that at the lower portion of the pile around the sand layer under the

rubble mound. According to the results of a beam structure analysis of the deck subjected to rubble mound movements

through soil springs by Minamiet al. [8], the structure hinging initially occurred at the heads of the sea-side and the

land-side piles and at the lower portion which correspondedto the depth of the liquefiable layer of the middle pile, and

then the hinging came to the lower portion of the sea-side andthe land-side piles. The centrifuge test results agree with

their analysis results as a whole, although there are minor differences in the middle pile response and the bending strains

don’t reach their elastic limits. In the following sections, effects of several factors on the permanent deformation ofthe

wharf will be discussed.

Deck–caisson interaction through approach bridge

The wharf deck in this study was connected to the caisson by the approach bridge. As mentioned above, cracks were

found on the approach bridges and the land-side of the deck atthe Takahama Wharf. These cracks were seen to be caused

by clashing between the bridge and the deck. Though the impact was not enough to collapse the deck, the interaction

between the deck and the caisson through the approach bridgemight increase the damage to the wharf. In order to examine

effects of the approach bridge on the permanent deformationof the wharf, a centrifuge test result without the approach

bridge (PW6) will be compared with a test with the bridge (PW2).

Observed displacements of the deck in PW2 and PW6 are shown inFig. 19. Comparing the results in PW2 and PW6,

the velocity of the deck in PW6 was smaller than that in PW2, resulting in smaller permanent displacement. Accelerations

observed at the deck in PW2 and PW6 are compared in Fig. 20. Acceleration in the seaward direction is taken as positive

in the figure. In PW2, clear spikes can be seen in the positive peaks where the deck moved landward. This implies that the

landward movement of the deck was prevented by the caisson through the approach bridge, and a large horizontal force

was applied from the caisson. It can be expected that the approach bridge accelerated the seaward movement of the wharf.

Liquefaction of sand layers

Liquefaction of the sand layers undoubtedly affected the permanent deformation of the wharf. Although this fact can be

qualitatively accepted, how the liquefaction of the sand layers quantitatively affects performance of the wharf is unknown.

In order to examine the liquefaction effects on the wharf performance, in PW4 and PW5 the liquefiable sand layer under

the rubble mound (PW4) and behind the caisson (PW5) were replaced by higher hydraulic conductivity silica sand to

avoid liquefaction. The density of the replaced soil was adjusted to that of the original liquefiable layer. In order to study

the effect of the thickness of the liquefiable sand layer under the rubble mound, the thickness (hs) of the liquefiable sand

layer under the rubble in PW7 was twice as large as that in PW1 and PW2.

Observed excess pore water pressures at P2 in PW4 and at P4 in PW5 and acceleration at A6 in PW5 are illustrated

in Fig. 21. Responses of pore pressures and acceleration in PW2 are plotted in dotted lines for comparison. Although

excess pore water pressures at P2 in PW4 and at P4 in PW5 (wherethe liquefiable sand was replaced by high hydraulic

conductivity sand) showed almost the same response as thosein PW2 in the early stages, quick dissipation of pore
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pressures was observed. Such dissipation was not marked in the other tests. The amplitude of the acceleration at A6

remained constant with the shaking in PW5, while the acceleration response was remarkably attenuated in PW2. These

facts show that the replacement of the liquefiable soil performed well as a countermeasure.

Observed horizontal displacements of the lower caisson andthe deck in PW2, PW4, PW5 & PW7 are shown in Fig.

22. In the early stage of the shaking, the responses of the deck and the caisson were almost the same and they moved

together in all the cases. Except in PW7, the displacements of the caisson, however, became larger than that of the deck,

which may be caused by the relatively large tilting of the caisson, as previously explained. In PW7, the tilting of the

caisson was small, and the horizontal displacement of the deck and the caisson was almost the same, as shown in Fig. 23.

Displacements of the deck and the caisson in PW4 and PW5 were smaller than those in PW2. Comparing the results

in PW4 and PW5, the velocity of the structures in PW4 decreased at earlier stages than in PW5, resulting in smaller

displacements. Under these test conditions, it can be concluded that the liquefaction at the sand layer beneath the rubble

mound and caisson has more marked effects on the movement of the structures than that at the backfill.

Observed deformations of the model ground due to the shakingin PW2, PW4, PW5 and PW7 are shown in Figure

23. The horizontal displacement gap between the rubble mound and the bearing stratum was remarkably smaller in PW4

than the other cases. Considering the fact that liquefaction took place in the sand layer between these two layers except

in PW4, as shown in Fig. 21, it can be said that even the thin sand layer under the rubble mound, i.e. 1–2m in these

model tests and at Takahama, had a significant effect on the displacement of the rubble mound and caisson. Regarding

the difference in the thickness of the liquefiable sand layerunder the rubble, significant settlement of the caisson and

squeezing of the sand layer between the two non-liquefiable layers were observed in PW7, while in PW2 displacement of

the rubble mound was larger than that of the sand layer, and nolarge settlement was observed. This result indicates that

variation of the thickness of the sand layer under the rubblemound causes a change of deformation mode of the ground

and structures.

Permanent displacements of the rubble mound and the sand layer under the rubble around the deck are plotted against

the permanent displacement of the deck in Fig. 24. These displacements were measured from photos taken before and

after the shaking. Within the test conditions of this study,the displacement of the deck is proportional to that of the rubble

mound. This implies that the deformation of the stiff rubblemound dominated the displacement of deck.

The change of the deformation mode of the ground and the structures can also be seen in Fig. 22 and Fig. 24. The

displacement of the caisson became larger than that of the deck in PW2, reflecting the relatively large tilting of the caisson,

while in PW7 the tilting of the caisson was small, and horizontal displacements of the deck and the caisson were almost

the same, resulting in a small permanent horizontal displacement. Though the thicker liquefiable sand layer made the

movement of the overlaying non-liquefiable layer easier, italso made the settlement of the caisson larger. Due to the

larger settlement of the caisson, its tilting might have been attenuated, resulting in smaller horizontal displacements of the

rubble mound and the deck. Regarding the facts mentioned above, the thicker liquefiable sand layer does not necessarily

make the permanent displacement of the deck larger.

The measured strain on the piles just after the shaking in PW2, PW4, PW5 and PW7 are shown in Fig. 25. In

PW2, PW5 and PW7, the strain value changed its sign around thesand layer under the rubble. This fact represents that

the inflection points in the pile deflection existed at this portion, and there were large relative displacements betweenthe

rubble mound and the bearing stratum, as shown in Fig. 23. Thestrain distribution in PW5 was almost the same in shape as
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PW2, but smaller in magnitude. By replacing the backfill withhigh hydraulic conductivity material to prevent liquefaction,

the permanent displacement of the rubble mound as well as thestrain on the pile can be reduced. Improvement of the

backfill against liquefaction can be an effective countermeasure to prevent the failure of the deck. In case PW4 where the

sand layer located under the rubble mound was replaced, the inflection points of the pile deflection were located around

the surface of the rubble mound. This confirms that there was no relative displacement between the rubble mound and

the bearing stratum. Strains at the pile top in PW4 are smaller than those in the other cases. It can be concluded that

improvement of the sand layer under the rubble mound is more effective for reducing the lateral spreading of the ground

and preventing the large deformation of piles than improvement of the backfill.

Conclusions

Centrifuge model tests were carried out to investigate the dynamic behaviour of the pile-supported wharf, focusing on

the pile-failure mechanism, the effects of liquefaction inthe backfill and the sand layer on permanent deformation of

the wharf during earthquakes, and the dynamic interaction between the wharf deck and the caisson through the approach

bridge. The targeted piled structure was the pile-supported wharf damaged in the 1995 Hyogoken-Nambu Earthquake at

Takahama, Kobe. Effects of the model container size, i.e. side boundary conditions, on permanent deformation of the

wharf as well as the model ground were also examined by two-dimensional numerical analyses without the piled deck.

The following conclusions are drawn:

� The numerical analysis results support that the wharf responses obtained in this study were not much affected by

the side walls of the model container, while the distances ofthe model container side walls from the quay heavily

influence the deformation of the ground, since the quay movement is the cause and the deformations of the backfill

and the seabed are the consequence. Therefore, determiningthe width of the analytical domain behind the quay is

important and much affects on the piled structure responseswhen the targeted piled structure is located behind the

quay.

� Liquefaction of the foundation soil and the backfill behind the caisson during the earthquake caused a large seaward

lateral movement of the rubble mound. As a result, a large horizontal displacement gap was formed between the

rubble mound and the bearing stratum. This displacement gapcaused very large bending moments at the pile tops

and in the bearing stratum just below the sand layer. These large bending moment locations agree with the locations

where large pile deformations were observed at the Kobe site. Centrifuge model tests can reasonably predict the

failure mode of the piled wharf observed in the Kobe Earthquake.

� Rows of piles are used for stabilisation of a moving slope andthis stabilising effect of the rows of piles might

have a potential for preventing the movement of the rubble mound and/or the caisson in the tests. However no

marked difference can be seen in the displacement distributions of the rubble and the sand layer with or without the

pile-supported wharf, since the pile spacing ratio for the pile-supported wharf is relatively large.

� During the shaking, the wharf gradually moved seawards, andno substantial displacement took place after the

shaking as no flow liquefaction occurred. This result suggests that not only the deterioration of the soil strength due
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to liquefaction but also the continuous cyclic force had a substantial effect on the accumulation of the movement of

the wharf.

� The approach bridge connecting the deck of the wharf and the caissons accelerates the seaward movement of the

wharf during an earthquake, as the landward movement of the deck is prevented by the caisson through the bridge.

� Variation of thickness of the sand layer under the rubble mound caused a change of deformation mode of the ground

and structures. The test without the sand layer beneath the rubble showed no displacement gap between the rubble

mound and the bearing stratum, resulting in only a small permanent displacement of the deck, while the thicker

liquefiable sand layer did not necessarily cause the larger deformation of the soils and structures.

� Improvement of the liquefiable sand layers is effective to reduce the wharf permanent deformation. Particularly

improvement of the sand layer under the rubble mound is more effective for reducing the lateral spreading of the

ground and preventing the large deformation of piles than improvement of the backfill.
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Table 1. Properties of model pile.

Young’s modulus, E (GPa) 1:90�102

Yield strength,σY (MPa) 2:00�102

Pile radius, r (mm) 3.50

Thickness of pipe, t (mm) 0.14

Moment of inertia, I (mm4) 17.8

Area, A (mm2) 3.02

Table 2. Material properties of soils used.

Material D50 (mm) Dr (%)
Hydraulic

conductivity� (m/sec)

Liquefiable sand layer Toyoura sand 0.19 50 5�10�4

Non-liquefiable sand layer Silica sand No.3 1.2 75 5�10�3

Rubble mound Quartz sand 3.1 30 7�10�2

Bearing stratum Silica sand No.3 1.2 80 5�10�3

�: Fresh water was used as pore fluid to measure the hydraulic conductivities.

Table 3. Test conditions.

Case Input motion Deck Approach bridge Backfill
Sand layer under rubble

(Thickness hs(mm))

PW1 Kobe P.I. Yes Yes   (20)

PW2 Sinusoidal Yes Yes   (20)

PW3 Sinusoidal No No   (20)

PW4 Sinusoidal Yes Yes  � (20)

PW5 Sinusoidal Yes Yes �  (20)

PW6 Sinusoidal Yes No   (20)

PW7 Sinusoidal Yes Yes   (40)

 : Liquefiable, � : Non-liquefiable

Table 4. Placed accelerometers and pore pressure transducers in shaking table tests.

Casen Sensor location A2 A3 A4 A5 A6 AS1 AS2 AS3 P1 P2 P3 P4 P5 P6

PW1, 2, 4, 5, 6 & 7  � �          � �

PW3        �      
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Table 5. Material parameters for numerical analysis.

Parameter Sand layer Rubble mound Bearing stratum

Gs 2.65 2.69 2.64

e0 0.79 0.81 0.76

κ 0.0013 0.001 0.0005

λ 0.0072 0.01 0.005

ν 0.33 0.33 0.33

φ 40Æ 47Æ 45Æ

φd 25Æ 25Æ 25Æ

µ 0.9 0.9 0.9

φb 30Æ 30Æ 30Æ

br 100 100 100

u1 4 9 9

m1 1 1 1

c 30 30 30

βi j0
σi j 0�σm0δi j

(�σm0)

σi j 0�σm0δi j
(�σm0)

σi j 0�σm0δi j
(�σm0)

F0=(�σm0) 1.2 2.4 2.4

si j0 0.2σi j0 0.2σi j0 0.2σi j0

k (m/s) 1:0�10�5 1:4�10�3 1:0�10�4
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