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ABSTRACT 
 
 This paper discusses the results of experiments carried out at 1g on two model geosynthetic 

reinforced soil walls under dynamic excitation – one with no surcharge and the other with 3kPa 
surcharge applied at the surface. Models were constructed in dry sand to a medium dense state 
with full height rigid facing and 5 layers of flexible reinforcement. Stepped sinusoidal base-input 
motions applied over limited time intervals with increasing acceleration amplitude at increments 
of 0.1g were applied until model failure. The models were well instrumented to determine 
accelerations, reinforcement loads and horizontal earth pressures on the retaining wall. In addition 
three high speed cameras focusing on different parts of the wall were used to capture the pre-
failure deformation by use of particle image velocimetry software (GeoPIV). Comparisons of the 
results show the influence of surcharging on the deformation response. Examination of the within-
cycle behaviour of one test provides insights as to the progressive nature of deformation of GRS 
walls, from engagement of reinforcement at low amplitudes of cycling to accumulation of strain at 
high amplitudes. 

 
Introduction 

 
Geosynthetic reinforced soil (GRS) walls are increasingly specified in seismic regions over 
conventional retaining walls due to their ductility under earthquake loading and versatility of 
form and function. Seismic design is currently based on the results of physical model tests and 
supplemented with field observations during seismic events. Questions arise over the 
performance of GRS walls when extrapolating behaviour determined from scaled-down models 
to full scale retaining walls. This is because reduced scale models conducted at 1g do not 
experience the same stress levels within the model deposit resulting in reduction of normal stress 
on reinforcement layers and greater dilatancy of the backfill within the reinforced zone during 
shearing. This may lead to differences in deformation response, acceleration amplification and 
reinforcement load distribution. Despite this, the majority of physical model tests have been 
conducted at 1g at reduced scale rather than full scale to the greater ease of preparation and 
control. The alternative to full-scale shake table testing is to test under geotechnical centrifuge 
conditions via which prototype soil stress levels may be attained. However relatively few such 
tests have been performed (Siddharthan et al. (2004), Nova-Roessig and Sitar (2006) and Izawa 
and Kuwano (2011)), due to the corresponding disadvantages, centering around particle size 
interactions with reinforcement and preparation issues at small centrifuge-model scale.  
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Noting the paucity of published date of centrifuge tests on GRS walls with full height rigid 
facing, those that have been performed on walls with segmental facing or wrap around 
reinforcement generally show highly ductile behaviour (Nova-Roessig and Sitar, 2006; Izawa & 
Kuwano, 2011) in terms of global deformation, while facing stiffness has been found to affect 
how deformation is carried by the reinforcement. Nova-Roessig and Sitar (2006) in tests on 
wrap-around faced walls, found failure to occur as distributed shearing throughout rather than via 
a distinct failure zone, whereas Izawa & Kuwano (2011), for tests on walls fronted with rigid 
segmental panels, noted the formation of slip planes at larger amplitude shaking. Shaking table 
tests on 1-g scaled wall models exhibit generally ductile behaviour too, although how these are 
manifested appears to differ between testing arrangements. While Watanabe (2003) and Guler & 
Selek (2014) noted the formation of discrete zones of failure within the fill for full height rigid 
(FHR) and segmental faced walls, respectively, Guler & Selek (2014) also recorded zero residual 
strains for low amplitude shaking. In contrast, and El-Emam & Bathurst (2007) found for tests 
on FHR walls that wall displacement was progressive from small to large amplitude shaking. 
These different findings may be a result of different g-level environments, different front facings, 
seismic signals and experimental focus. That is, relatively few physical models have 
systematically examined in close detail, the internal deformation of GRS walls from low to high 
level acceleration. This was the aim of this study. 
 

Experimental Method and Materials 
 
This paper assesses the importance of stress level on deformation response by examining two 
tests from a series of 12 that were carried out on the 1g shake table at the University of 
Canterbury in New Zealand. Tests were conducted on 1:5 scale models of a 4.5m GRS vertical 
retaining wall with full height rigid (FHR) facing, resulting in a model height of 0.9m. Each 
model consisted of a uniform soil deposit of medium-dense sand with Dr = 50 %, rigid model 
wall constructed of 5mm thick aluminium plate and five layers of reinforcement. Taking a 
typical extensible geogrid stiffness (e.g. Tensar UX1800HS which has an axial stiffness, 𝐽𝐽2% of 
2375 kN/m), the corresponding stiffness at model scaled would be 95 kN/m. Microgrid by 
Stratagrid with 220kN/m stiffness was used, which has approximately twice this stiffness, 
therefore corresponding to a somewhat inextensible geogrid at prototype scale (i.e. 5500kN/m). 
Unconstrained wall movement was achieved by careful consideration of the wall seal, which was 
manufactured from an ultra-high molecular weight (UHMW) polyethylene strip to generate the 
required stiffness against sand ingress and low friction (coefficient 0.1 to 0.2) against the side 
walls. A sinusoidal multi-stage loading was applied using constant amplitude acceleration with 
50 cycles of loading at a frequency of 5Hz for each stage, and increasing the acceleration 
amplitude in 0.1g increments for each subsequent loading phase (stage). A discussion on scaling 
principles may be found in Jackson (2010) and Bowman et al (2012).  
 
The overall test series in question (Loh, 2013) was designed to examine the influence of soil 
density, reinforcement length and surcharging on the behaviour of model reinforced soil walls 
under seismic loading. The reinforcement length for the specific tests described here was 0.9m, 
resulting in a ratio of L/H = 0.9, where L=length of reinforcement, and H=height of wall. Tests 
were equipped with: twelve accelerometers placed on the box and in the backfill at various 
locations; three earth pressure cells placed to record horizontal pressure on the retaining wall 
facing; and nine reinforcement load cells (three each for the top-most, middle and bottom-most 



layers of reinforcement) to determine reinforcement loads near the connection point with the 
front facing at which the load would be greatest. The layout of the transducers are given in 
Figure 1 (a) plan view and (b) elevation view of the model. 
 
Dry white quartz sand from Albany, Australia (mean particle size, D50 = 0.3mm, maximum and 
minimum voids ratio of 0.83 and 0.51, respectively) was used to construct the models in 75mm 
lifts, by pouring from a hopper and undercompacting each layer to the desired density using 
vibration (Loh, 2013) while the front face was supported. During model construction, a thin layer 
of black dyed soil was placed at each horizontal reinforcement level and at discrete spacing 
vertically to enable the overall deformed elevation to be visualized. Three megapixel high speed 
cameras operating at 200 frames per second were also placed as shown in Figure 2, to give three 
regions of interest (ROI) at the interface between the ends of the reinforcement and the backfill 
or the reinforcement and the wall (ROI (i), top two layers of reinforcement; ROI (ii), bottom 
three layers of reinforcement; ROI (iii), bottom layer of reinforcement-wall connection. In the 
areas where the cameras were focused, the dyed sand was omitted as the presence of these lines 
tended to cause distortion in the image analysis. 
 
Surcharging was achieved by placing a discontinuous layer of flexible foam, then steel plate 
segments and finally plastic rolls of sand in between the plates. Care was taken to ensure the 
plates, foam and rolls did not touch the sides of the model. 
 

 

 
Figure 1: Instrumentation Setup of GRS wall model with L/H = 0.9: (a) Plan (b) Side. 
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Figure 2: High-speed camera ROI locations (KL7 Wall model – L/H = 0.9). Black lines are dyed 

sand applied only at the front to enable gross deformation to be viewed. 
 
GeoPIV analysis was carried out using PIV “patches” of size 48 pixels spaced at 8 pixels (i.e. 
overlapping, Lesniewska and Wood (2009)) to generate greater strain detail. This resulted in 
pixels per mm of between 2.7 and 5.2, depending on the size of the ROI and on the particular 
camera. Further details may be found in Loh (2013). 
 

Results and Discussion 
 
The deformation results of two test arrangements are discussed here, where the ratio of 
reinforcement length to wall height L/H = 0.9 with relative density of 50%. Test KL7 had no 
surcharge while Test KL10 had a surcharge of 3kPa applied at the surface. 
 
Figure 3 shows relationships between the cumulative wall displacement (at the top of the wall) 
and applied maximum acceleration amplitude across the six stages of testing (from 0.1g to 
failure at 0.6g), for the two tests. There is relatively little difference between them, however at 
the early stage of loading (up to 0.3g acceleration) the displacement of the top of the wall for the 
surcharge test is less than for the non-surcharged wall, but then this trend is reversed at higher 
accelerations. 
 
Figure 4 shows the final deformed profile of test KL7 after 0.6g cyclic loading, with some 
generalized shearing of the main body, and three failure planes developed from the toe of the 
rigid wall, with slippage along the bottom layer of reinforcement and finally a shear band 
extending to the surface from the back of this layer. 
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Figure 3: Displacement-base acceleration curves for surcharged and non-surcharged models. 

 

 
 
Figure 4: Global backfill deformation of KL7 wall model at the end of the 0.6g excitation level 

(failure): Black dashed lines indicate the failure planes determined from the global images. 
 
Figures 5 and 6 present the cumulative residual shear strain results from GeoPIV analyses (White 
et al, 2003) on the three ROIs for the tests KL7 (A) and KL10 (B) at 0.2g and 0.4g, respectively. 
In general it can be seen that at 0.2g (Figure 5), greater shear strains developed at the back of the 
reinforcement (ROI (i) and (ii)) for KL7 (no surcharge) than KL10 (with surcharge). By 0.4g 
(Figure 6), slightly greater shear strains are developed in the surcharged model than in the model 
without surcharge, this is most evident in ROI (ii) with the development of a vertical shear band 
linking the ends of the reinforcement. Taken together, the results show that at lower seismic 
acceleration, applying a surcharge may result in an increase in the stability of the wall – with less 
wall displacement and shear strain. At larger acceleration, the surcharge destabilizes the wall as 
the front begins to rotate outwards. 
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Figure 5: Cumulative shear strain plots (in %) within all ROIs at the completion of the 0.2g 
excitation level. (A) KL7 (no surcharge); (B) KL10 (3kPa surcharge). 

 

  

 
 

Figure 6: Cumulative shear strain plots (in %) within all ROIs at the completion of the 0.4g 
excitation level. (A) KL7 (no surcharge); (B) KL10 (3kPa surcharge). 

To investigate the within-cycle deformation of a typical model, Figure 7(a) shows the 
development of shear strain for test KL7 (ROI (ii)) at 0.1g, i.e. the initial and lowest amplitude of 
shaking, where the reinforcement is progressively engaged (i.e. pulled taut) during loading from 
top to bottom from 2 to 12 cycles. This can be seen by the maximum shear strain of 20% 
indicated by red appearing along the topmost reinforcement at cycle 4, followed by the next layer 
in cycle 6 to 8 and finally some shear strain developing in the bottommost layer to around 4% by 
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cycle 12. In addition, development of some shear within the soil at the back of the reinforcement 
is already apparent by the 6th cycle, although it does not progress much after this. Figure 7(b) in 
comparison, shows the penultimate cyclic stage at 0.5g from 1 to 5 cycles of 50. Here, at the 1st 
cycle a small degree of shearing (~3%) is seen at the topmost layer. With each cycle, further 
shear strain accumulates along discrete shear bands radiating from the back of the all of the 
reinforcement layers. 
 

 
 

 (a)       (b) 
 

Figure 7: Cumulative within-cycle shear strain plots (in %) for KL7 within ROI (ii) in the (a) 
0.1g excitation level – 2, 4, 6, 8, 10, 12th displacement cycle peaks; (b) 0.5g excitation level – 0, 

1, 2, 3, 4, 5th displacement cycle peaks. 
 

Conclusions 
 
The results of two reduced scale model reinforced soil walls, with no surcharge and under a 3kPa 
surcharge, experiencing cyclic loading are presented in terms of gross and local deformations. It 
is thought that one effect of applying a surcharge is to increase soil stresses within the backfill 
leading to an increase in normal stresses experienced by each individual reinforcement layer. 
Therefore, the surcharge increases the soil-geogrid interaction, particularly towards the surface; 
increasing the pullout resistance of the reinforcement layers thus increasing wall stability under 
initial (low level) cyclic loading. However, conversely, a surcharge also increases the active 
earth pressure at rest on the retaining wall, acting as a static destabilizing force. Furthermore, at 
higher excitation levels, the surcharge may act to increase the dynamic loading of the GRS wall 
by increasing the shear stresses within the backfill due to its potential for out-of-phase motion 
relative to the backfill due to its own inertia, and by increasing the overturning moment as a top-
heavy horizontal load. At the formation of the failure wedge, the surcharge on the backfill within 
the failure wedge becomes a contributor to the destabilizing forces of the failure block as it 
applies additional vertical stresses to the failure block.  These increased shear stresses would act 
on the GRS wall, further destabilising it under dynamic loading. This results in greater shear 
strains developing under larger cyclic loads. 
 
Within cycle deformation is highlighted by examining the shear strain accumulation after 
individual cycles under 0.1g (low amplitude) and 0.5g (high amplitude) at the back of the three 



bottommost layers of reinforcement. Under low amplitude cycling, the reinforcement is seen to 
engage and a small degree of shearing in proto-shear bands is experienced at the back of the 
reinforcement layers, however this appears to stabilise. By 0.5g, each cycle results in an increase 
in deformation and shear strain development along discrete shear bands. 
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