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Seismic strength capacity of gravelly backfill reinforced with
geocells in retaining walls evaluated by shaking table tests
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ABSTRACT: The seismic performance of a series of geosynthetics reinforced soil retaining
walls (GRS RW), comprising of poorly graded gravel reinforced with geocell layers, was studied by shaking table experiments conducted on models. Geocell layers, unlike planar geogrid
conventionally used to tensile-reinforce the backfill of a GRS RW, are able to accommodate a
wide range of gravel sizes within their cells. This feature becomes advantageous to backfilling
a GRS RW with large-size poorly graded soil. The positive effects of the three dimensional
feature of the geocell on the backfill strength and backfill stiffness were also analysed. Furthermore, the failure mechanisms of the GRS RW models are outlined via 3D Digital Image
Correlation analysis. On the above premise, it was found that geocells can tensile-reinforce
effectively a GRS RW to attain high stability and so seismic performance.

1 INTRODUCTION
Geosynthetic-reinforced soils retaining walls (GRS RW) and integral bridges (GRS IB) have
demonstrated to be seismically more stable structures in contrast to ordinary unreinforced soil
structures when subjected to high seismic demands under cost-effective requirements (Munoz
et al., 2012, Tatsuoka et al, 2014, Tatsuoka et al, 2017). GRS technology has become the
standard for the design and construction of reinforced soil structures in Japan for very important (Rank I), important (Rank II) and other non-critical soil structures (Rank III).
Geogrid layers, as planar tensile reinforcements, are conventionally used to tensilereinforce the backfill of GRS structures. Good interlocking soil-geogrid is relevant to
achieve a high pull-out resistance of the reinforced soil-wall system. However, when quality
soil for structural backfilling a GRS RW is not available, it is difficult to construct costeffectively a GRS structure to meet seismic requirements. In this view, the authors and their
colleagues (e.g. Kiyota et al., 2009) proposed to investigate the performance of geocells
reinforcing poorly graded gravel backfill for new types of GRS RW via physical models.
The present paper shows that large size gravelly soil is effectively tensile-reinforced by geocell layers which contributes to the making a sturdy structure. Image analysis of the physical
models shows that the induced deformations of the backfill, and associated shear strain
localisation together with the rate of strength and stiffness degradation of the backfill, are
major contributors to reduction in the dynamic stability of a GRS RW system.

2 GRS RETAINING WALL MODEL
The models corresponds to the typical GRS RW prototype having a staged-constructed fullheight rigid (FHR) facing. The GRS RW includes three major features: 1) staged-construction
procedure to ensure the wall stability during backfilling, compaction, and wall construction
before casting-in-place the FHR facing, 2) the use FHR facing where a number of reinforcement layers are firmly connected, and 3) the use of geosynthetics layer as tensile-reinforcement
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material. Models of the conventional type RW and two types of FHR-facing GRS RWs were
constructed (grid-reinforced model and the geocell-reinforced model).
The scaled down prototype to model followed scale similitude rules (Munoz et al, 2012, Tatsuoka et al, 2012). The models were designed considering a scale-down factor in length λ and
stress of 10. The GRS RW systems tested herein have a FHR facing with reinforcements
layers firmly attached to its face while the backfilled is made of poorly graded gravel. The wall
model (40 cm-width×50 cm-height and 3 cm-thickness) was made of duralumin and its back
face and the bottom surfaces, in direct contact with the backfill and supporting ground, were
made rough by covered them with a sheet of sandpaper No. 150.
The GRS RW models were erected inside a rectangular prismatic steel box (180 cm-long ×
40 cm-wide×87.5 cm-high) fixed to a shaking table. Figure 1a shows a picture of a GRS RW
model mounted on the shaking table apparatus. The front and back sides of the box comprises
of a transparent-tempered glass window which allowed observing the in-plane displacements
and deformations of the models during the shaking events.
2.1 Reinforcement of the backfill
The backfill was reinforced for a region of 40 cm-width×50 cm-height and 36 cm in length.
In total 10 layers of reinforcement for a width of 39.5 cm were arranged at a vertical spacing
of 5 cm in the backfill. The reinforcement layers were firmly connected to the wall face by
either bolts or clamps. Under this arrangement, high connection strength between the
reinforcement layers and the wall face was ensured. In all the models, the backfill and supporting ground were made by dry-tamping poorly-graded gravel (D50= 14.2 mm, Uc= 1.44,
Gs= 2.65; maximum dry density Dmax=1.87 g/cm3) to a prescribed dry density of about 0.95
Dmax=1.78 g/cm3 (void ratio e=0.49)
Two different types of reinforcement layers were used: 1) phosphor-bronze grid of 1 mm
thickness having its surface made rough by sand gluing, in order to promote grid-gravel friction. The phosphor-bronze grid has an aperture of 35 mm× 35 mm (Munoz et al. 2012), and
2) a new type of square-shaped cell mattress composed of three-dimensional cells with
dimensions of 50 mm× 60 mm× 25 mm (Xinye et al, 2017). This reinforcement is made of
polyester.
A series of pull-out experiments were conducted on the composite reinforcement-gravel to
evaluate the extent their interactions when subjected to lateral force. Typical curves of pullout resistance versus displacement of these reinforcements indicates that the geocell-gravel
composite, exhibited the highest pull-out resistance (~7.5 kN/m) in contrast to phosphorbronze grid (~4.5 kN/m). Therefore, it was expected the GRS RW geocell-reinforced to perform dynamically more stable in contrast to GRS RW grid-reinforced. Furthermore, neither
of the reinforcements failed by tensile rupture, but by pull out. Therefore, the reinforcement
models can represent high tensile-strength reinforcements used in actual construction.

Figure 1. a) Shaking table, GRS RW model and image acquisition setup b) typical instrumentation of the
models.
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Figure 2.

Typical time history of base acceleration by AC7 applied to the models.

2.2 Instrumentation of the models
The models were densely instrumented by contact-measurement devices at locations relevant to
monitor 1) displacements by either displacement transducer LVTD (LV1 to LV3) or laser-displacement sensors (LD1 to LD3), 2) earth pressures (LC1 to LC3) and 3) accelerations. Accelerations were recorded by a set of small-size accelerometers set up on the shaking table (AC7), on
the upper-top wall (AC6) and embedded within the backfill (AC2 to AC5) and foundation ground
(AC1), see Figure 1b. Once the models were constructed and instrumented, they were subjected to
a scale-down time history of accelerations applied to the base of a shaking table apparatus.
3 DYNAMIC LOADING ON THE MODELS
Each model was subjected to a history of sinusoidal base acceleration with twenty sinusoidal
cycles during steady shaking per loading stage. This number of cyclic loading is representative
of a Mw 8.0 earthquake, see (Seed et al, 1983). The base acceleration amplitude was increased
about each 100 gal (1 m/s2) per stage until failure or collapse of the structures took place. In
all the model tests, the base acceleration was applied at a natural frequency, fi equal to 5 Hz
to simulate the predominant frequency of the Kobe earthquake (Munoz et al., 2012). Figure 2
shows the typical base acceleration applied to the shaking table and recorded by AC7.
In addition, a static load of 1 kPa surcharge made of lead shot bags, was placed on the crest
of the backfill of the models to simulate the weight of pavement for railways or highways,
assumed to be equal to 10 kPa in actual construction.
4 FIELD OF DEFORMATIONS OF THE MODELS
4.1 Conventional type retaining wall (T-shape-G)
Digital image correlation (DIC) provided deformations and motions of a large area of interests. This technique aids to reveal major insights into the evolution of strain localisation of
geomaterials (Munoz et al. 2016a,b, 2017 a,b). Figure 3a shows the failure sequence of the
model. With this model, large deformations of the wall and its backfill were observed, under
relatively low seismic demands, i.e. a base acceleration about 400 gal (4 m/s2).
Figure 3b shows the cumulative residual deformations of the backfill and foundation
ground with T-shape-G model obtained by DIC analysis. This figure shows that the vertical
deformations (settlements) became less than about 1 mm (less than 0.2% the height of the
wall) for acceleration demands less than 300 gal (3 m/s2), loading Stage III. Under this condition, the wall can be considered stable.
However, after increasing the applied base acceleration by about 100 gal (1 m/s2), a demand
of 400 gal (4 m/s2), loading Stage IV, a sudden and abrupt overturning of the wall took place
inducing large settlements of the backfill crest. That is, settlements, larger than 40 mm (8% the
height of the wall) in a wedge in the backfill in contact with the back face of the wall. A brittle
failure of the wall system took place.
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Figure 3. Failure patterns of the conventional unreinforced RW with gravel backﬁll at residual stages
a) testing, b) settlement ﬁeld and c) shear strain ﬁeld.

In this manner, relatively large shear strains, up to about 10%, localised suddenly along an
inclined failure plane in the backfill as the amplitude of the demand acceleration and number
of loading cycles increased in Stage IV, as demonstrated in Figure 3c. In Figure 3c and subsequent figures, the shear strain values correspond to total shear strain comprising of both
cyclic and average shear strain.
4.2 GRS RW having the backfill reinforced with phosphor bronze grids (GeogridM-G)
Figure 4a shows the deformation of the GRS RW model having the gravelly backfill
reinforced with phosphor bronze grids subjected to 600, 700 and 800 gal (6, 7 and 8 m/s2) of
demand acceleration (only this stages are shown here for convenience). Figure 4b shows the
cumulative residual vertical deformations of the wall system. This GRS RW model performed
far more stable against higher seismic demands compared to the conventional unreinforced
RW, i.e. the T-shape-G described above.
With GeogridM-G, after the end of loading Stage IV (image not shown), vertical deformations accumulated progressively in a wedge in the unreinforced backfill located immediately
behind the reinforced zone block. In contrast, the reinforced zone only deformed vertically
about 0.75 mm (0.15% the height of the wall).
At the end of loading Stage V (image not shown), and subsequent loading stages, the formation
of a wedge in the unreinforced backfill is pronounced. This wedge formation may be attributed to
the dual-ratcheting mechanism that took place in the unreinforced backfill zone. This is, the
wedge formation is induced by the active and passive movements of the wall and the reinforced
zone block. Maximum settlements in this wedge reached 0.5% the height of the wall.
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Figure 4. Failure patterns of the reinforced RW with geogrid at residual stages a) testing, b) settlement
ﬁeld and c) shear strain ﬁeld.

As shown in Figure 4b, base acceleration of 600 gals (6 m/s2, loading Stage VI) induced
further deformations of the backfill together with displacements and rotations of the wall.
Maximum settlements in the unreinforced wedge reached 1.2% and 4% the height of the wall
at the residual states of loading Stages VI and VII, respectively. Only under a relatively high
seismic demand in Stage VIII, about 800 gal (8 m/s2), settlements became larger than 5% the
height of the wall.
The field of shear strains in the backfill shown Figure 4c reveals that the development of
shear strain did take place progressively, unlike with the case T-shape-G case where shear
strain development was abruptly. The failure of the wall system was ductile.
Shear strain was negligible after the end of loading Stage IV, less than 0.3%, and no localisation of strains were observed in the backfill at this stage (image not shown). Figure 4c
shows that with increasing both the amplitude of base acceleration and the number of loading
cycles following Stages VI, VII and VIII, shear strains grew and localised markedly in regions
1 to 4 in the backfill. Regions 1 to 4 are presented later in Figure 6 and described in section 6
of the paper. For instance, at the end of Stage VII, shear strains develop the largest in region
1, up to about 18%, while after the end of Stage VIII, shear strains did extend to more
than 18%.
4.3 GRS RW having the backfill reinforced with geocells (GeocellSD-G)
With the GRS RW geocell model (GeocellSD-G), excessive deformations of the retaining
wall system were alleviated and the development of deformations was effectively delayed
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Figure 5. Failure patterns of the GeocellSD-G model at residual stages a) testing, b) settlement ﬁeld
and c) shear strain ﬁeld.

throughout each loading stages, as demonstrated by Figure 5a, b and c. As a result, the
failure and collapse of this type of wall system were reached at a loading stage under
higher seismic demand, i.e. Stage IX (900 gal = 9 m/s2). In comparison, the GeogridM-G
model failed at Stage VII (700 gal= 7 m/s2) and the T-shape-G model failed at Stage IV
(400 gal = 4 m/s2).
The failure of the GRS RW geocell model was ductile. Similarly, as with GeogridM-G, with
GeocellSD-G model, settlements took place the largest in the unreinforced backfill, as shown
in Figure 5b.
With the GRS RW geocell model, shear strain development, and strain localisation in the
backfill did take place in a lesser extent in contrast to GeogridM-G and T-shape-G model for
the same seismic demand. For instance, at loading Stage VII, while with GeogridM-G model,
the shear strains in the backfill are within a range of 7% to 18% (i.e. in regions 1 and 2 presented later in Figure 6), with GeocellSD-G model the shear strains developed only in range
4% to 7% as shown in see Figure 5c.
At the end of loading Stage VIII, the GeogridM-G and GeocellSD-G models show that shear
strains developed in the order of 20% (region 1) in the backfill, see Figures 4c and 5c. This
indicates that although GeocellSD-G performed less deformable than GeogridM-G throughout
the seismic events, the reinforcement capacity of the geocell, as well as the strength capacity of
the geocell to reinforce the backfill, may have reached their limit. More investigation is
required in this matter.
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Figure 6. Shear strains localised in regions 1 to 4 in a) grid and b) geocell reinforced gravel under the
same base acceleration demand

5 SEISMIC PERFORMANCE OF THE MODELS
5.1 Shear strain localisation
In general, the FHR facing of the models experienced noticeable horizontal translations and
rotation as base acceleration increased in both the number cycles and amplitude of base acceleration. At the same time, permanent deformations took place progressively at different
extent within the reinforced and unreinforced zones of the backfill and foundation soil.
Shear strains developed at lower rate initially and then faster to eventually localised in the backfill and foundation soil. The results showed that shear strains localised in the following regions
mainly:
1. In the backﬁll along the contact region between the reinforced and the unreinforced zone,
2. At the bottom in the reinforced zone, which takes the form of an inclined plane having its
origin around the toe of the FHR facing and extends through the reinforced block following an inclination that depends on the reinforcement type employed,
3. In the unreinforced zone (immediately behind the reinforced zone) along an inclined plane
of a wedge that was formed as a result of the repeated active and passive movements of the
reinforced zone (and the wall), and
4. At interface FHR facing bottom and foundation soil. Furthermore, shear strains localised
in a minor extent, at the contact in between the FHR facing and reinforced backﬁll.
On the other hand, locations other than 1 to 4 above experienced negligible shear strain
development. This is demonstrated by the DIC analysis and results as shown in Figures 4 to 6.
5.2 Backfill strength degradation
The strength degradation of backfill induced by the seismic loading can be estimated by backcalculation following the study of Zeghal (Zeghal et al 1995) by integrating the equation of
motions of downhole accelerometers in a soil column and using stress-free surface boundary
conditions. By doing so, the time history of shear stress and shear strain can be calculated for
a given soil element in a soil column. Furthermore, stress and strain relations allow for calculations of the shear modulus cycle by cycle during seismic loading.
The estimated degraded shear moduli of the considered elements at AC5, AC3 and AC2 in
the backfill, and AC1 in the foundation ground is presented in Figure 7. The initial shear
modulus (G0), at strain levels of 10–6, can be estimated by using Kokusho’s formula (Kokusho
1981) for rounded gravel, equal to about 63 MPa for a void ratio e =0.49 and effective confinement stress on average σ0ʹ= 10 kPa, for the model tests.
It was found that the shear modulus reduces with the values of strain amplitude during each
stage of loading as shown in Figure 7. In this respect, the rate of stiffness degradation of the
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Figure 7. Stiffness degradation curves of gravelly backﬁll reinforced with PP geogrid from shaking
table test (I, II, III, etc., represents respective loading stages)

backfill was significantly delayed due to primarily the relative stiff behaviour of the reinforced
zone. However, unavoidably, due to the difference in strength and stiffness between the
reinforced and unreinforced zones, large shear strains developed in the interface reinforced
zone-unreinforced zone weakened the backfill greatly.
The decrease in the stiffness of the GRS RW models by degradation of its components
increased the response acceleration of the backfill and the FHR facing in each loading stage
which induced, and accelerated further, the degradation of the resisting components of the
GRS RW models, thus accelerating the failure process.
6 CONCLUSIONS
To study the deformational patterns of geosynthetics reinforced soil (GRS) retaining walls
(RW) having a full-height rigid (FHR) facing subjected to earthquake excitations, model of
GRS RW having the backfill made of poorly graded gravel and reinforced with phosphorbronze and geocell models were constructed and tested. Furthermore, their full field of
deformations and strains were examined. Two-dimensional digital image correlation (DIC)
method was used to do so. The field of shear strains demonstrated, for all the models, shear
strains localised the largest in the backfill at the interface in between the face of reinforced
zone and a wedge formed in the unreinforced zone. Shear strain development was highly alleviated when the backfill was reinforced with geocells layers. Therefore, the backfill strength
was less degraded. The strength of this GRS RW was the highest compared with the typical
geogrid reinforced RW type and conventional type RW.
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