10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

An Experimental Investigation of the Liquefaction Resilience of

Dual Row Retaining Walls using Centrifuge Modeling

Srikanth S. C. Madabhushi
Stuart K. Haigh

Abstract

Dual row retaining walls can be used as embankment structures and coastal defenses against wave or
even T'sunami loads. However, their resilience to a preceding earthquake and liquefaction of the foundation
soil is not well understood. In this paper, dynamic centrifuge modeling is used to investigate the seismic
response of a dual row retaining system where the walls are founded in a loose, saturated deposit
susceptible to earthquake induced liquefaction. A combination of instrumentation techniques, ranging
from measurements of the wall bending and displacements to the pore pressures and horizontal earth
pressures acting on the walls, are used to elucidate the mechanics of the soil-structure system. The
experiments reveal that the cyclic loading does not induce a catastrophic collapse. A subtle understanding
of the liquefaction phenomena, including shear induced dilation and co-seismic migration of the pore fluid
towards a region of relative suction between the walls, is required to understand the observed behavior.
A ratcheting mechanism for the wall deformations, consistent with the co-seismic measurements of the
soil and structural response, is proposed. The findings challenge conventionally conservative design
recommendations, such as the need for sheet pile walls to extend beyond a liquefiable layer to prevent

liquefaction induced collapse of dual row wall systems.

1 Introduction

Dual row retaining walls are novel civil engineering systems that, through interaction between their structural
and geotechnical elements, can have enhanced strength and stiffness. The design features two parallel rows
of sheet pile walls with the wall heads periodically connected by tie rods. Following the installation of the
two rows of sheet pile walls into an existing embankment or the ground, the space between them is typically
in-filled with sand. This can achieve a large lateral capacity within a limited horizontal footprint.

In addition to forming efficient embankment structures, dual row retaining walls can be used in ports
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Figure 1: Conceptual schematic of dual row retaining wall used as a coastal defence, potential hazards and
construction of dual row wall tsunami defence in Kochi Japan (photo from Cummins (n.d.))

or along coastlines to serve as wave or even Tsunami defense (fig. 1a). For example, following the 2011
Tohoku Earthquake and Tsunami event, similar structures have been deployed in Kochi, Japan as illustrated
in fig. 1b. In this context the resilience of the dual row retaining walls to dynamic loading when founded
in saturated soils is of paramount importance. In this work the results from an experimental investigation
using dynamic centrifuge modeling to investigate the overall mechanical response and resilience of the dual

row retaining wall system founded in a liquefiable sand are presented.

1.1 Literature Review

Madabhushi (2018) details the combined centrifuge and finite element modeling investigation, conducted
at the Schofield Centre at the University of Cambridge, of a variety of dual row retaining wall systems.
Exploration of the mechanics of the systems founded in medium dense, dry sand provided a number of
insights into the dual row wall behavior and fundamental findings regarding the limiting dynamic earth
pressures that can be mobilized (Madabhushi and Haigh, 2020, 2021). Overall, traditionally used dynamic
earth pressure coefficients and their derivatives with assumed geostatic vertical effective stress distributions,
e.g. Okabe (1924); Mononobe and Matsuo (1929); Steedman and Zeng (1990); Choudhury and Nimbalkar
(2006), were found to obfuscate the dynamic soil behavior. This was in light of the predicted dynamic
vertical stress variations and observation that the static earth pressure coefficients, depending only on the
soil friction angle, bounded the e pressures mobilized during shaking.

Madabhushi and Haigh (2018a) compared the measured accelerations and displacements in experiments
on similar dual row retaining wall systems, one founded in medium dense dry sand whilst the other was in
a looser, liquefiable deposit. The system in dry sand showed very small permanent displacements and even

stiffened with progressive cycles due to densification and the development of locked-in stresses (Madabhushi


Stuart Haigh
Inserted Text
s

Stuart Haigh
Inserted Text
,

Stuart Haigh
Cross-Out

Stuart Haigh
Inserted Text
not sure this is helpful as derivatives could mean slopes..

Stuart Haigh
Sticky Note
not sure this is entirely clear..
I assume you mean conventional earth pressure coefficients multiplied by vertical effective stresses (which change) bound the measured horizontal earth pressure.. I think you need to spell this out more explicitly and in more words as otherwise your meaning may be lost in your conciseness.. [normally my issue!]


47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

and Haigh, 2019). However, a surprising result was that despite full liquefaction of the free field the dual
row wall system in the saturated soil did not suffer a catastrophic collapse. This calls into question the
typical design recommendation that the wall toes must extend to a non-liquefiable layer, e.g. Otsushi et al.
(2016), In this paper a dynamic centrifuge test with a larger dual row retaining wall system featuring a
variety of instrumentation techniques is used to deepen the insight into the deformation mechanics during
seismic induced liquefaction of the foundation soil.

In this work the present understanding of ‘general liquefied soil behavior’ will be used to rationalize the
experimental observations. Firstly, following the pioneering studies by Casagrande (1936); Castro (1969);
Castro and Poulos (1977) and framework by Roscoe et al. (1958), the demarcation between dense (dilative)
and loose (contractive) behaviors depending on the voids ratio and confining pressure is used. The ‘phase
transformation points’ or ‘characteristic state lines’, as observed in both undrained cyclic triaxial testing
and cyclic torsional tests (Ishihara, 1985; Luong and Sidaner, 1981), is considered an inherent transitional
behavior of saturated soils and will be used to generalize the expected stress-strain behavior. This includes
butterfly loops in the stress space and a banana shaped stress-strain response, i.e. implying that continued
cycling at low effective stresses can result in a cyclic regain of strength and stiffness (e.g. Elgamal et al.
(1998)).

More subtly, the differences between the liquefaction phenomena as observed in ‘table-top’ or element
tests and in larger initial boundary value problems in the field or centrifuge tests must also be acknowledged
(Madabhushi and Haigh, 2012; Lakeland et al., 2014). For example, recognizing the importance of co-seismic
pore fluid redistribution across a large soil body may require liquefaction to be interpreted as a partially
drained rather than strictly undrained phenomena, The potential for the liquefied soil’s compressibility and
permeability to dramatically change may also be relevant for the co-seismic pore pressure redistribution in
addition to the subsequent re-consolidation (Haigh et al., 2012).

The potential for liquefaction to cause damage and induce large displacements of coastal retaining and
quay walls in the field has been widely documented following past earthquakes, ie—Inatomi et al. (1997); Chen
and Hwang (2000); Sumer et al. (2002). Similar observations have been replicated by dynamic centrifuge
tests and numerical analyses, for example Zeng and Steedman (1993) and Madabhushi and Zeng (2007),
which also highlight the potential for increased dynamic and residual bending moments in a single cantilever
or tied retaining wall. On the other hand, for an excavation with a prop between two retaining walls Aversa
et al. (2015) observed a relaxation and reversal of the bending moments compared to the static case, though
again these were accompanied by significant wall displacements. Overall, past observations from the field
and research motivates an experimental investigation of dual row retaining walls founded in liquefiable soils,

and in particular their resiliency; to large permanent deformations during and following seismic loading. A
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further practical consideration will be the structural demands that are placed on the walls and connecting

tie rods.

2 Centrifuge Modeling

Dynamic centrifuge modeling has been used to uniguely, observe changes to the soil strength, stiffness and
transmission of shear waves during the applied loading and liquefaction for many initial boundary value
problems (Arulanandan et al., 1995; Kutter et al., 2020). A key advantage of the methodology is the
similitude of the stresses and strains between the reduced scale model and equivalent full scale case, allowing
the SLS and ULS performance of complex civil engineering systems to be economically tested.

Figure 2 presents a simplified schematic of the centrifuge model discussed in this paper with model and
prototype scale dimensions at 60 g - the target centrifugal acceleration at 1/3 the wall height. Schofield
(1980) details both the 10 m Turner beam centrifuge used and scaling laws invoked during the results
presentation. The sign convention that leftward dynamic displacements, velocities and accelerations are
positive is adopted. Outward bending, i.e. away from the infill, will be negative and positive for the left and
right wall respectively and will be expressed per m in the out of plane direction.

The centrifuge test is identified as WF849, in reference to the saturated soil (W) up to the embedded
height of the relatively flexible walls (F) and total retained, embedment and center-center wall spacing values
of 8,4 & 9 m respectively. The walls have a thickness of 0.18 m and bending stiffness of 34 M Nm?/m, and

the two connecting tie rods have a back calculated total axial stiffness of 50 M N/m (Madabhushi and Haigh,

Prototype Width (m)
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Figure 2: Cross section of centrifuge test WF849 showing model and 60 g prototype dimensions with instru-
mentation locations
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2021). The geometry is studied to examine the liquefaction resilience of a tall wall system with a relatively
small embedment which may be expected to be susceptible to toe displacements.

The model was constructed within a laminar box to minimize dynamic boundary effects (Brennan et al.,
2006). S28 Hostun sand (Azeiteiro et al., 2017) was first deposited using an automatic spot pluviator
(Madabhushi et al., 2006) to achieve a medium-low relative density (14 ~ 40 %) to the ground surface (0 m
in fig. 2). The dual row walls were placed at 1 g on a level bed of sand with pouring continued in between
and around them. Above the ground level a dense infill (I3 ~ 80 %) was pluviated. The Cam-Sat control
system (Stringer and Madabhushi, 2009) was then used to automatically saturate the centrifuge model under
vacuum, following cycles of flushing the sealed model with C'O,. To satisfy consistency of the co-seismic
and consolidation time scaling Hydroxypropyl Methylcellulose was used to saturated the model. This was
prepared following the recommendations of Stewart et al. (1998) to achieve a dynamic viscosity 60 x greater
than water at the anticipated centrifuge pit temperature.

In this paper the response of centrifuge model to a sinusoidal base excitation of ten 1 Hz cycles with an
average PGA of 0.4 g per cycle is explored. This was the first large magnitude or ‘destructive’ motion the
model was subjected to. Madabhushi and Haigh (2019) have previously described the benefits of a preceding
small magnitude, ‘non-destructive’ motion (PGA < 0.05 g that does not result in permanent structural
displacements) to relieve soil arching around retaining walls that can persist during swing-up for retaining
wall models constructed at 1 g.

Instrumentation used to capture the response of the centrifuge model includes full bridge strain gauges
to capture the flexure of each wall, MEMs accelerometers and LVDTs to measure the wall accelerations and
displacements, and Load Cells to measure the axial tie forces. Around the right wall within the saturated
soil several PPTs were placed to measure the pore fluid pressures. Two additional PPTs were fixed to the
left and right wall to infer the vertical settlement of the structural elements. Piezoelectric accelerometers
were placed externally and in the soil during pluviation to measure the applied shaking and resulting soil
acceleration. Finally, two laminated tactile pressure sensing sheets were adhered to the central portions of
the wall, with the remaining areas covered with acetate to ensure consistent interfacial properties between
the walls and soil. In order to obtain reliable total stress measurements from these sheets careful calibration
and interpretation of the results is required, particularly for their use with granular materials (Paikowsky and
Hajduk, 1997). In this work, the pressure data is processed utilizing both 1 g calibration and swing-up data
as outlined in Madabhushi and Haigh (2018b) who also illustrated the consistency between the processed

horizontal stresses and bending obtained from strain gauges.
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3 Results

3.1 Soil Response: Pore Pressures

The generation of excess pore pressures is instrumental o understanding the dynamic experimental observa-
tions, underpinning both the bulk strength and stiffness changes to the soil. Dynamic excess pore pressures
can arise from numerous physical phenomena; from the soils tendency to change volume under both normal
and shear loading, due to flow driven by potential head gradients across the soil body and the fluids own
hydrodynamic component-from-its velocity, Oscillations of the latter component are typically ignored based
on the relatively low permeability of un-liquefied sands (= 10~% m/s),

In fig. 3 the co-seismic and re-consolidation excess pore pressure time histories are presented from the
infill and far field (fig. 3a) and from the transducers surrounding the right wall (fig. 3b). A schematic
representation of each instrument location relative to the dual row wall system is shown, accompanied by
the depth below the ground level and estimate of the initial vertical effective stress based on geostatic
equilibrium. Seismic liquefaction occurrence can be identified based on the excess pore pressure ratio 7,
typically defined as the ratio of the excess pore pressure to the initial vertical effective stress or confining
pressure. For the experiment described this definition is problematic for a number of reasons. Firstly, the
static stress distributions, particularly near the walls, ig difficult to theoretically predict. Secondly, it can
be argued that the current effective stress should be used in place of the initial vertical effective stress. As
the soil liquefies there will be a total stress re-distribution as the soil tries to equilibrate the wall system,
likely via both normal and shear stresses. Further, as identified by Madabhushi and Haigh (2020, 2021)
there can be significant dynamic oscillations of the vertical effective stresses around the retaining walls in
addition to the expected horizontal effective stress cycling. Overall, whilst a straightforward estimate of the
initial vertical effective stress is shown in fig. 3, other indications of seismic liquefaction occurrence will also
be relied on.

The far field excess pore pressure time histories in fig. 3a quickly reach a plateau that, whilst lower than
the theoretical initial vertical effective stress, is constant throughout the co-seismic period. Further, there

is a cyclic drop or ‘suction spike’ observed at the shaking frequency that also indicates the shaking was

sufficient to induce full liquefaction away from the walls. Suetion-spikes—at—doublethe-driving frequeney

The co-seismic pore pressures closer to the walls, particularly within the infill, are dramatically different.

Between the walls relative suction is generally observed, with a rapid decrease from the hydrostatic values
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(a) Time histories of PPTs in infill and far field, suggesting full liquefaction in the free field but relative
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(b) Time histories of PPTs showing contrasting generation of negative and positive excess pore pressures
immediately inside the right wall and below and outside the right wall respectively

Figure 3: Co-seismic and re-consolidation excess pore pressures recorded in test WF849
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in the early cycles followed by a gradual increase with time. The initial decrease of the excess pore pressure
can be attributed to an overall dilative tendency of the soil in this region. However, immediately below
this region fig. 3b confirms the soil is trying to contract and generates positive pore pressures. Positive
co-seismic pore pressures are also generated at all depths immediately outside the right wall. The observed
dilative tendency of the saturated soil immediately between the walls shows that the contractile effect of
the overburden stress from the dry infill has been overcome. The shaking may induce a splay displacement
mode, i.e. one where the infill drives out the walls (rotating about the tie rod) and into the external soil that
is softened by the positive pore pressures. However, the finite permeability and thus resistance to volumetric
expansion of the saturated infill soil instead leads to negative excess pore pressures.

A reduction of the excess pore pressures below the hydrostatic value will temporarily strengthen and
stiffen the saturated infill soil during the shaking, reducing the outward driving force from the soil to the walls.
Nearer the surface the hydrostatic pressures are completely canceled and the pore fluid is instantaneously
applying gauge suction on the soil and potentially the walls. The dynamic component of the co-seismic
variation of the suctions is at double the driving frequency and relatively symmetric about an increasing
mean value. An increase and decrease of suction for each half cycle of acceleration suggests the infill soil
is also trying to change volume at double the driving frequency, which will be discussed when the wall
displacements are examined later in this paper.

By contrast, the positive pore pressures immediately outside the wall show cyclic drops at the driving
frequency and appear ‘capped’ in the other half, The drops may again be attributed to shear induced dilation
from the wall displacement whilst the plateau the pore pressure returns to, particularly near the surface,
corresponds to full liquefaction of the soil. Figure 3b shows that the suction spikes can take the external
soil from fully liquefied to negligible excess pore pressures within each cycle of acceleration - implying a
cyclic total loss and regaining of the soil strength and stiffness - whilst the saturated soil between the walls
is not at all close to liquefying due to the large overburden stress from the dry infill and is even cyclically
strengthened between the walls.

Overall there is a significant co-seismic redistribution of the pore fluid, likely from the lower liquefying
layers upwards which partly relieves relative suction between the walls and permits volumetric change in
this region. This highlights the importance of viewing liquefaction as a partially drained event across large
bodies of soil. Post-seismically there is a rapid redistribution of the pore pressures that results in the-positive
excess pore pressures within the saturated infill which then dissipate as the soil re-consolidates. The coupling
between the base shaking and soil stress state that lead to this transition will be explored in conjunction

with the dynamic wall displacements.
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3.2 Soil and Structural Response: Accelerations

The accelerations that are transmitted through the soil to the retaining wall system are coupled with the
excess pore pressure generation and contribute towards the structural loading and response. In fig. 4a the
vertical propagation of the soil acceleration in the free field and through the saturated and dry infill soil is
shown. Following from fig. 3a, the attenuation of acceleration in the free field is as expected; the initial ‘de-
liquefaction shocks” (Kutter and Wilson, 1999) arising from the rapid stiffening of the liquefied but dilating
soil at large strains and subsequent persistence of observable shaking at the surface; a reminder of the cyclic
drops in excess pore pressure. The comparatively larger accelerations within the saturated infill are also in
line with the limited positive pore pressure and relative suctions generated in those soil regions. The small
accelerations in the dry infill suggests that portion of the system above the ground level remains relatively
stable.

The resulting accelerations of the right and left walls are shown in fig. 4b. Overlaying the time histories
shows that the left and right walls broadly accelerate in phase. However, examining the difference between
the right and left wall acceleration reveals that they accelerated in the same direction by different amounts
and crucially, the pattern of one wall leading another reverses every half cycle of applied base shaking.
Combining fig. 3 and fig. 4 suggests that the walls, rather than displacing continuously, may experience
deformations in a ratcheting fashion. This is to say that when the overall system is driven rightwards the
right wall will displace relatively rightward, and similarly when the system moves left the left wall has an
additional leftward displacement. The increasing discrepancy between the right and left wall acceleration
down the wall height is indicative of an opening up of the wall toes and rotation about the tie rod. It
is noteworthy that this is a relatively progressive failure mechanism rather than a sudden, catastrophic
collapse of the dual row wall system that would be expected if a simplistic interpretation of the liquefaction

phenomena as a binary loss of soil strength and stiffness is imagined.

3.3 Soil and Structural Response: Wall Displacement and Flexure, Horizontal

Stresses and Tie Forces

The co-seismic pore pressures and accelerations have hinted at a possible deformation mode for the dual row
wall system. Figure 5 presents the results from the series of horizontal LVDTs fixed to an external gantry
and spring loaded against the left and right walls. Aversa et al. (2015) describe how the use of LVDTs in
this configuration will measure both the model wall movements and effect of the laminae movement, and
offer a correction based on assuming symmetric wall displacements. As this assumption may not hold for

the present experiments, this adjustment is not made and the LVDTs are only zeroed following swing up
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and prior to any shaking. That there is a potential error from global soil translation, which would apply an
equal positive and negative error to opposite walls at a given height, should be borne in mind.

Figure 5a shows both the time history of the six LVDTSs recording the co-seismic displacements of the
left and right wall and the spatial distribution of these same measurements as they progress throughout

the shaking. In agreement with the wall accelerations, the left and right wall are confirmed to displace by
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(b) Absolute and relative wall accelerations from MEMs accelerometers revealing cyclic variation of rela-
tive acceleration between walls that are broadly accelerated in phase

Figure 4: Time histories of wall and soil accelerations recorded in test WF849
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different amounts but in phase and at the driving frequency of the base shaking. Further, fig. 5a confirms

the walls open up about the tie rod and that there is a gradual co-seismic accumulation of deformations

rather than an instantaneous collapse under the strong cyclic shaking applied. Post shaking no further
displacements were observed.

The interdependence between the relative wall displacements and surrounding excess pore pressures is
highlighted in fig. 5b. The time history of relative wall displacement confirms that in a given half cycle of
acceleration there is a full cycle of relative wall displacement superposed onto the gradual monotonic outward
splaying of both walls. As both walls are displaced in one direction, the leading wall moves further into the
externally liquefying soil than the lagging wall into the un-liquefied infill. This leads to a drop in excess pore
pressure outside the wall due to the tendency for shear dilation and within the wall from the volumetric
expansion, rapidly restraining the leading wall and decreasing the relative displacement. As the applied
acceleration is reversed the roles of leading and lagging wall will be reversed. The proposed mechanism is
consistent with cycling of the external pore pressures, individual wall accelerations and displacements at the
driving frequency and also with the relative accelerations, displacements and suctions within the saturated
infill at double the driving frequency.

As a result of the excess pore pressure generation, the soil stresses and resulting structural loading will
be affected. Figure 6 shows select, time histories from the tactile pressure sensors, wall strain gauges and
load cells in the tie rods. The total dynamic horizontal stresses in fig. 6 - which in the saturated soil
represents the sum of the effective stresses, excess and potentially hydrodyanmic pore pressures - are seen to
broadly increase outside the right wall and within the dry infill but decrease within the saturated infill. The
horizontal earth pressure coefficient mobilized will tend to unity in fully liquefied soil, which may represent
an increase from initially active conditions or decrease from an initially passive state. However, co-seismic
cycling of the excess pore pressure, partial mobilization of the passive resistance statically and an increase of
soil strength mobilization as the wall displaces can justify the net increase in horizontal total stress observed.
The outward wall displacement can also ratienalize-the reduction in horizontal stresses within the dry infill.
The larger and rapid co-seismic reduction and subsequent increase of the total horizontal stress within the
saturated infill is consistent with the negative excess pore pressures measured in this region.

The effect of these varying soil stresses on the dual row wall system is captured in fig. 6b. A transition
from largely outward to inward bending towards the infill is seen for both walls, simultaneous with a reduction
of the tensile force in the connecting tie rod. As with the displacements, the left and right wall exhibit flexure
in the same direction and by comporable amounts. The trend of increased external horizontal stress and
decreased internal stress measured around the right wall result in an overall decrease of the wall bending

that is maintained even as the soil reconsolidates.
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Further mechanical insight can be gained from the envelopes and instantaneous distributions of the wall
bending and corresponding soil stresses (fig. 7). Madabhushi and Haigh (2021) discussed the predominantly
outward bending of stiff dual row walls in dry sand whilst relatively flexible systems exhibited a characterstic
S shaped flexure that correpsonds to inward bending towards the wall toe and outward bending with an
equilibrating tensile force at the wall head. Accordingly, fig. 7a shows that pre-shaking the wall is relatively
stiff in comparison to the saturated soil and features only outward bending. The co-seismic rise and fall
of the external and internal stresses result in the inward bending of the lower portion of the wall. As the

shaking progresses, fig. 7b reveals that the external soil stresses have further increased whilst a redistribution
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(a) Time histories and select spatial distribution of LVDT measurements highlighting the gradual pro-
gression of the outward wall deformations
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(b) Time histories of relative wall displacement and excess pore pressures around the right wall demon-
strating the gradual monotonic progression of the outward splaying mechanism underlying the cycling at
double the driving frequency

Figure 5: Displacement measurements from the LVDTs in test WF849
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of the internal pressures leads to minimal horizontal stresses within the dry infill. The net result is broadly
inward bending of both walls during the shaking with the external and internal saturated soil equilibrating
the walls to the extent that there is minimal bending near the wall heads with almost no tie force required.
Post-shaking the bending moments remain greatly diminished despite the recovery of the saturated infill
stresses. Overall, as a result of the shaking the wall flexure and tie forces are both reduced and from a
practical perspective the dynamic demands on the structural componenets may not be critical for design.
The relaxation of elastic strain energy stored in the walls and tie rod should be interpretted as a consequence
of the wall displacement due to the dynamic soil loading and resistance, rather than the driver for the splaying

mode and toe kick out.
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(a) Measurements from tactile pressure sensing sheets broadly showing a co-seismic decrease
and increase of horizontal total stress within and outside the wall respectively

T T T
- i
I5) [—Depth: 0.7 m
=] = ~ —Depth: 1.58 m|
§ § | | | [==Depth: 5.12 m|
w0 B
= E T I T —Dept: 0.7 m
g = L — Depth: 1.58 m
3 — Depth: 5.12 m
m
1 1 1
. T T T T T
3 ’é‘ or 4 - .
LS ~
o % -10F : = E
H =
20 L L 1 1 1
@ 1 T T T T T
£ oMWW~
— O
S
<4 L L 1 1 1
0 5 10 15 50 100 150 200

Time (s)

(b) Select strain gauge and load cell measurements showing an overall reversal of bending
moment towards the infill and a reduction of tension in the connecting tie rod

Figure 6: Time histories of horizontal soil stresses, bending moments and tie force in test WF849
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3.4 Overall Mechanics

Whilst it is intuitive that a dual row wall system founded in liquefiable soil can deform through outward
displacement of the wall toes, the centrifuge experiment reveals a more subtle ratcheting mechanism in which
the deformations are cyclically accumulated. Figure 8 presents a combination of the centrifuge measurements

to summarize the response of the dual row wall system as the soil liquefies. For the time instants chosen the
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(a) Distributions pre-shaking and during early cycling showing predominantly outward bending of the

wall and corresponding total horizontal stresses
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(b) Distributions during a later cycle and post-shaking highlighting the transition to inward bending and

corresponding total horizontal stresses

Figure 7: Envelopes and instantaneous distributions of measured bending moments and horizontal total
stresses in test WF849
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bending moment distributions were double integrated and combined with two LVDT measuremets for each
wall to estimate the lateral wall displeaement; accounting for each walls flexure, rotation and translation.
The third LVDT measurement is plotted to give an indication of consistency. Acceleration vectors from
measurements on the wall and in the soil are also shown. The instantaneous distributions of potential head
are calculated from the pore pressure data with the datum at the ground surface, i.e. a value of zero indicates
hydrostatic conditions. The pore pressures from the transducer affixed to the left wall increased by 4 kPa
across the shaking that-indicates a settlement of 0.41 m. To provide approximate estimates of vertical wall
settlements as shown in fig. 8, the co-seismic rate of settlement was assumed to be constant. Finally, the
instantaneous distributions of bending moment and total horizontal stresses measured around the right wall
are also plotted.

The overall response across a typical cycle of the sinusoidal loading is shown in figs. 8a to 8c, with
figs. 8a to 8b and figs. 8b to 8c spanning half cycles of rightward and leftward acceleration respectively. As
previously described, the walls globally cycle in phase but by different amounts as the acceleration direction
is reversed. This leads to an opening up of the dual row system about the tie rod as the rotation accrued
in one half cycle is not completey reversed in the next. The outward rotation of the walls is driven by the
infill soil movement and horizontal stresses, with minimal wall flexure due to the external soil being softened
by the positive pore pressures. Crucially however, in each half cycle the wall movement is arrested by both
the shear dilation and strength regain of the external soil and increased relative suction between the walls,
as captured in fig. 8b. Referring back to fig. 5b the average outward ratcheting of the two walls appears to
progress fairly constantly across the loading cycles, despite the fluctuating rates of pore pressure generation
and earth pressure changes in the same period. This suggests the soil and structure system is quite stable
with broadly compensating changes to the resisting forces developed in response to a change in the driving
forces, thus preventing a ‘runaway’ failure or catastrophic collapse of the dual row system.

The estimate of the co-seismic vertical settlements shown in fig. 8 are eempartively smaller than the
horizonal displacement of the wall toes. Experimentally, the limited vertical extent of saturated and loose
soil below the dual row system but also the prolonged strong shaking over 10 s should be borne in mind.
Overall, the true vertical settlement of a dual row wall system founded in liquefiable soil in the field will
depend on the underlying stratigraphy and characterstics of the earthquake it experiences. In the context of
their role as a coastal defence, and particularly their resilience to combined earthquake and Tsunami events,

the impact of this potential settlement on their post seismic lateral capacity requires further study.
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(a) Instant leading to rightward displacement of the right wall into the externally softened soil, driven by
infill soil movement and horizontal stresses
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(b) Instant of arrested right wall movement due to shear dilation outside the right wall and increased
relative suction between the dual row walls
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(c) Reversal of accelerations and partial reversal of wall displacements showing some permanent rotation
of the right wall has accrued in this cycle

Figure 8: Overall response of the dual row system during a typical cycle of induced liquefaction, constructued
using combined measurements of the wall bending, displacement, soil and wall accelerations, horizontal soil
stresses and pore pressures
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3.5 Conclusions

The centrifuge test has been used to study the complex and coupled dynamic response of the soil and
structural elements forming the dual row wall system. A variety of different instrumentation techniques -
ranging from measurements of the wall bending and displacements to the pore pressures in the saturated soil
and horizontal earth pressures acting on a wall - are considered in turn and in combination to understand
the resilience of the system and elucidate the overall mechanical response. In particular, focusing on the
frequency of the co-seismic records resutling from a simple single frequency base motion afforded a more
direct interpretation of the system mechanics. In contrast to previous studies on dual row retaining walls
in dry sand where increased dynamic structural loads and minimal permanent displacements were induced
(Madabhushi and Haigh, 2020, 2021), founding the systems in liquefiable soils broadly results in diminished
structural demands on the walls and tie rod as permanent displacements are developed. Notably however
these displacements were accrued progressively and the system was resilient to a catastrophic collapse under
the applied cyclic shaking.

A nuanced understanding of the liquefaction phenomena, including shear dilation outside the walls and
the co-seismic migration of pore fluid towards the saturated infill experiencing relative suctions, is required
to justify the observed response and resiliency. The cyclic regain of the external soil strength and stiffness,
in addition to the inceased liquefaction resistance from increased vertical and horizontal effective stresses
from the dry infill and wall equilibrium, are important considerations. A ratcheting mechanism for the wall
deformations was identifed based on the experimental measurements. In a given half cycle of acceleration
the leading wall displaces away from the infill and lagging wall and this change is not completley reversed in
the subsequent half cycle. The proposed mechanism is consistent with cycling of the external pore pressures
and displacements at the driving frequency and also with the relative displacement between the two walls
and suctions within the saturated infill at double the driving frequency.

Whilst the simple, symmetric base motion applied was important to allow interpretation of the mechani-
cal response, the dependence of the system’s seismic resilieney, on the shaking characterstics requires further
study. In particular, the rate of progress of the ratcheting mechanism may be increased if the seismic excita-
tion features asymmetric pulses that do not result in the partial recovery of each wall rotation in alternating
half cycles. Nevertheless, the experimental results and proposed mechanism challenge conventionally con-
servative design strategies, in particular that the sheet pile walls must extend completely below a liquefiable

layer to prevent catastrophic collapse.
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