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ABSTRACT: The objective of this paper is to comprehensively investigate the effect of rainfall intensity on the 

performance of a geogrid reinforced soil wall by simulating in-flight rainfall in centrifuge. Two centrifuge model tests 

were performed on a typical geogrid reinforced soil wall with low-permeable backfill at 40 gravities using a 4.5 m 

radius large beam geotechnical centrifuge facility available at IIT Bombay, India. The model wall of height 10 m with 

a 6° inclination with vertical was subjected to rainfall intensities of 10 mm/h and 20 mm/h with the help of specially 

designed pneumatic nozzles-based rainfall simulator. The analysis and interpretation of centrifuge model tests 

indicated that with the ingression of rainwater, there was a decline in matric suction, resulting in the rise of phreatic 

surface and a subsequent increase in positive pore water pressures. The infiltration rate was observed to be faster when 

the model wall was subjected to higher rainfall intensity, and it experienced a global stability failure in a shorter 

duration as compared to the model wall subjected to lower rainfall intensity. However, it was observed that the model 

wall subjected to higher rainfall intensity developed fewer positive pore water pressures. This indicates that when a 

low-permeable backfill is subjected to rainfall intensity greater than its saturated hydraulic conductivity, the large 

magnitude of face deformations and surface settlements caused by the subsurface flow contribute to and expedite the 

failure of the structure, in addition to the instability caused by the loss of matric suction within the soil mass.

Keywords: Geogrid reinforced soil wall, Low-permeable backfill, Rainfall, Pore water pressures, Centrifuge 

modelling.

1 INTRODUCTION

Geosynthetic reinforced soil walls (GRSW) with low 

permeable backfill soils are susceptible to rainfall-

triggered failures with the instability arising due to the 

inefficiency of such poorly draining soils (good quality 

backfill soils with less than 15% fines content passing 

0.075 mm sieve and with plasticity index ≤ 6 is mandated 

by AASHTO (2009)) to dissipate the generated excess 

pore water pressure. According to Xue and Gavin (2008), 

at the start of rainfall, infiltration equals rainfall intensity 

and consequently no runoff occurs. With increasing 

rainfall intensity, the run-off starts earlier subsequently 

reducing the infiltration and the run-off continues even 

after rainfall stops, indicating subsurface (lateral) flow. 

Yoo et. al. (2021) suggested that for a given total rainfall, 

the longer but lower intensity rainfall induced facing 

displacements of similar magnitudes as the shorter but 

high intensity rainfall. A critical (threshold) rainfall 

volume was identified by Rahardjo et al (2007) for low 

permeable soils above which its effect on factor of safety 

is found to be insignificant

To investigate the impact of rainfall infiltration on 

low-permeable backfill soils, a few full scale/field tests 

were carried out [Stuglis 2010, Portelinha et al. (2013), 

Bui Van et al. (2017)]. Garcia et al. (2007), Yoo and Jang 

(2013), Melo et al (2021), Yoo et al. (2021) etc. used 

small-scale physical model testing to mimic rainfall 

infiltration characteristics with some of studies 

addressing the capillary barrier effect developed in 

unsaturated soil conditions [Junfeng et al. (2021, 

Portelinha et al. (2021)]. Centrifuge based physical 

model studies have been employed in a very limited 

number of works to study the effect of rainfall on 

retaining walls. Many studies including Tamate et al. 

(2012), Ling and Ling (2012),), Eab et al. (2014), Khan 

et al. (2018) etc. have developed rainfall simulators and 

infiltration models for testing at enhanced gravities in a 

centrifuge. The in-flight rainfall simulator used in the 

present study creates artificial rainfall as fine mist using 

specially designed pneumatic nozzles thereby 

facilitating the regulation of the intensity and duration of 

rainfall at high gravities. 

Despite the relevance, very few centrifuge model 

studies have been conducted to assess the effect of 

varying rainfall pattern on the unsaturated properties of 

low-permeable soils. Hence, research on performance of 

geogrid reinforced soil walls with such low permeable 

backfills subjected rainfall conditions calls for more 

attention. In this study, two centrifuge tests are compared 

to ascertain the influence of rainfall intensity on the 

behaviour of a rigid facing geogrid reinforced wall with 

low permeable backfill soils.
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2 CENTRIFUGE MODET TESTS

2.1 Model Materials used in the present study 

Model soil used in the present study was formulated 

by blending locally available fine sand (SP as per USCS) 

and commercially available kaolin (CL as per USCS) in

a ratio 4:1 (sand : kaolin) by dry weight. The model soil

constituted of 80% sand, 10% silt and 10% clay with 

percentage of fines equal to 20%. The Liquid limit (LL), 

Plastic limit (PL) and Plasticity index (PI) of sand-kaolin 

mix are observed to be 11.86%, 9.78% and 2.08% 

respectively, on the basis of which the sand-kaolin blend 

represents a silty sand mixture, designated as SM as per 

USCS. The maximum dry unit weight (γdmax) and 

optimum moisture content (OMC) were determined as 

18.75 kN/m3 and 9% respectively by performing 

Standard Proctor compaction tests. In addition, the 

coefficient of permeability of the blended soil was 

observed to be 1.54 x 10-6 m/sec by conducting falling 

head test on moist-compacted soil samples placed at 

γdmax and OMC. The same soil was utilized for base layer 

as well as for the reinforced wall.

Following the scaling laws proposed by researchers 

like Viswanadham and König (2004), Viswanadham and 

Jessberger (2005) etc., a model geogrid (G1) was 

developed adhering to scaling criteria of tensile load 

strain characteristics and ensuring identical frictional 

bond behaviour and identical percentage open area 

between model and prototype geogrids. The model 

geogrid exhibited ultimate tensile loads of 0.873 kN/m 

and 0.959 kN/m and ultimate tensile strains of 45.81% 

and 25.15% in machine and cross machine directions 

respectively (ASTM D6637-15). A percentage open area 

(f) of 97.4% was ensured for both model and prototype

geogrids to avoid loss of contact between soil-geogrid-

soil and to prevent scale effects. The length of geogrid

layers was oriented along the cross-machine direction. A

model facing made of 10 mm thick (3 layers of 3 mm

thick sheets joined using special wood glue) marine

plywood sheet was used to replicate a prototype precast

concrete panel wall facing of thickness of 185 mm.

Facing element consists of six panels, connecting six

layers of 200 mm long and 200 mm wide geogrid

reinforcements adopted in centrifuge model with a

vertical spacing (Sv) of 40 mm (model dimensions). The

joint between the facing panels is in the form of Mortise

and Tenon type.

2.2 Model Test Package and Instrumentation

The present study was carried out using a 4.5 m 

radius large beam geotechnical centrifuge facility 

available at the Indian Institute of Technology Bombay 

details of which were given by Chandrasekaran (2001). 

Fig. 1 shows the schematic cross section of model test 

package used in the present study. The internal 

dimensions of model container used are 760 mm in 

length, 200 mm in width and 410 mm in height. The front 

glass is made of Perspex glass whereas the other three 

walls are made of mild steel plate. Markers were glued 

to geogrid layers and facing panels and were tracked by 

four permanent markers. To simulate an initial ground 

water table, a seepage tank was placed on left side of the 

model container. Pore pressure transducers (PPTs) were 

placed at 25 mm (PPT4), 67.5 mm (PPT3), 187.5 mm 

(PPT2), and 240 mm (PPT1) from the seepage tank 

respectively, above the base layer of the model walls.

Fig. 1. Schematic cross section of model test package (dimensions 

in mm) [not drawn to scale]

The wall was constructed to a total height of 250 mm 

in seven soil layers, compacted at OMC and γdmax. Post 

the wall construction, a sand drainage layer was provided 

at the right side of the model container additionally with

a toe drain comprising of a geotextile wrap-around pipe 

embedded into this sand drainage layer. In addition, the 

excess water flowing as run-off post soil saturation was 

collected in an acrylic container via a toe-drain pipe

provided at the rear side of the mode strong box. The 

rainfall simulator was mounted on top of the model 

container which primarily consists of (1) a nozzle 

assembly attaching plate which is a slotted plate enabling

horizontal shift of hanging rods attached with nozzles (2)

a water container assembly which is an overhead tank 

[capacity= 20L] designed based on Modified Mariotte’s 

principle, used for maintaining a constant water head 

during rainfall.

2.3 Test Programme

In the present study, two centrifuge model tests were 

conducted on reinforced soil walls by varying rainfall 

intensity but keeping wall dimensions, backfill material

and geogrid reinforcement parameters constant. The

wall height, H, was equal to 250 mm, simulating a wall 

of height 10 m in prototype dimensions at 40g. Wall face 

inclination (β) was equal to 84° with horizontal. Six 

layers of geogrid reinforcements were provided with a Sv
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ultimate tensile strain of G1 type geogrid [ε

of 40 mm (Sv/H = 0.160). Model walls MW1 and MW2 

were subjected to rainfall intensities of 10 mm/h and 20 

mm/h respectively. Rainfall simulation in the centrifuge 

is based on pre-defined scaling laws wherein the rainfall 

intensity increases by N times in the centrifuge, while the 

rainfall duration reduces by 1/N2 times that of prototype 

rainfall events. 

After mounting the entire test set up, the centrifuge 

was started, and the data acquisition system was logged 

on to record the voltage values received from the 4 PPTs.

Post an equilibrating time of 15 minutes to establish the 

initial ground water table within the base layer, the water 

pressure and air pressure were set to the appropriate

values to simulate the desired rainfall intensities. After 5 

minutes, the solenoid valve was remotely activated, and

the four nozzles positioned at 7 cm from the wall crest

started to spray water in the form of fine mist. The 

rainfall was continued until wall failure occurred, or 

equilibrium conditions were achieved. 

3 RESULTS AND DISCUSSION

The positive pore water pressures measured by the 

PPTs during the tests were recorded with the help of a 

data acquisition system at every one second interval, and 

images were captured in-flight at every 5 seconds 

interval by an  on-board 12 Megapixel GoPro camera. 

Any movements experienced by the model walls with 

the progress of rainfall were determined by performing 

Digital Image Analysis (DIA) on pictures captured in-

flight during centrifuge testing.

3.1 Pore water pressure and phreatic surface 

development during rainfall

The seepage behaviour of geogrid reinforced soil 

walls subjected to rainfall was investigated using pore 

water pressure readings obtained from pore pressure 

transducers (PPTs). The voltage values recorded by the 

PPTs were translated to corresponding pore water 

pressures (in kPa) by adopting proper calibration factors.

The phreatic surfaces within the model walls were 

then determined from the measured pore water pressures. 

Fig. 2 (a)-(b) present the phreatic surfaces  developed 

during rainfall for the soil wall models Model MW1 and 

Model MW2 respectively, plotted at various time 

intervals till the onset of failure on the original wall 

profile. The head of water were obtained by converting 

the pore water pressures recorded into prototype values, 

and dividing them by the unit weight of water. 

Furthermore, photographs captured at the time of 

collapse are also included as insets into Fig. 2(a) – (b)

indicating the failure condition and extent of 

deformations at the penultimate stage for both the 

models. Model MW1 registered continuously increasing 

positive pore water pressures with rainfall. Maximum 

pore water pressure developed at the time of failure was 

62.2 kPa translating to a maximum total water head of 

8.32 m measured at PPT 3. Meanwhile, in model MW2, 

it was observed that the model wall developed lesser 

positive pore water pressures even when subjected to a 

higher rainfall intensity of 20 mm/h. It achieved a 

maximum total water head of 6.69 m corresponding to a 

maximum pore water pressure of 46.2 kPa developed at 

the PPT3 position at the time of failure. In case of model 

MW2, the build-up of pore water pressure at the wall 

base was noted to be relatively slower after 9 days of 

rainfall with the growth in positive pore pressure less 

than 2% as observed in Fig. 2(b). This indicated that 

when a low-permeable backfill is subjected to a rainfall 

intensity much greater than its saturated hydraulic 

conductivity (ks = 1.54 x 10-6 m/s), the infiltration rate 

reduces and majority of the water flows along the surface.

This was substantiated by measuring the surplus water 

drained out and collected in the run- off collector during 

the centrifuge tests. It was ascertained that the collected 

discharge volume was higher (~ 4.5 litres) in the case of 

model MW2 subjected to a higher rainfall intensity of 20 

mm/h even when the total rainfall duration was only half 

of that of model MW1 subjected to an intensity 10 mm/h 

(~2.18 litres).   

3.2 Displacement vectors obtained in model soil 

With the progress of rainfall, the wall models 

experienced movement in both the lateral and vertical 

directions. The displacements incurred by the L-shaped 

plastic markers were analysed in terms of the shift in 

their coordinates with reference to the global coordinates 

at salient time intervals with rainfall and represented as 

Xp and Yp respectively on the abscissa and ordinate. Fig. 

3(a)-(b) depict the displacement vectors plotted for 

Model MW1 and Model MW2 respectively on the basis 

of images taken at 40g before commencement of rainfall 

until the respective penultimate stage of centrifuge tests. 

Additionally, the normalized maximum face movement 

(Sf,max/H) and corresponding penultimate stage of each 

centrifuge test are also included in Fig. 3(a)-(b). The 

dashed lines represent the deformation profile of the 

model reinforced walls at the penultimate stage which is 

plotted using displacement incurred by the temporary 

markers along the facing and crest of the wall.
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(a) Model MW1 [G1, ng = 6; Sv = 1.6 m; I = 10 mm/h]

(b) Model MW2 [G1, ng = 6; Sv = 1.6 m; I = 20 mm/h]

Fig. 2. Development of phreatic surfaces with rainfall within 

reinforced soil walls

(a) Model MW1 [G1, ng = 6; Sv = 1.6 m; I = 10 mm/h]

(b) Model MW2 [G1, ng = 6; Sv = 1.6 m; I = 20 mm/h]

Fig. 3. Displacement vectors of reinforced soil walls subjected to 

rainfall

The displacement vectors for Model MW1 illustrated

in Fig. 3 (a) clearly depicts that the weakest zone is 

inevitably the wall facing and crest region of the soil wall.

The soil matric suction in reinforced zone started

dropping with time as the wetting front descended

gradually ultimately resulting in complete collapse of the 

wall within 27.5 mins [31.02 days in prototype 

dimension] of rainfall. In model MW2 as presented in 

Fig. 3 (b), the progression of surface settlements and face 

movements occurred faster, and the wall experienced a 

catastrophic failure in a shorter duration of 15.25 mins 

[16.94 days] with the application of 20 mm/h rainfall. In 

contrast to model MW1 where collapse was 

predominantly due to loss of suction, model MW2 

underwent catastrophic slumping failure within a shorter 

period of time due to deformations generated by the 

significant volume of surface and subsurface flow.

Moreover, the rainfall-induced settlements at the wall 

crest and face displacements for model walls MW1 and 

MW2 were deemed undesirable in terms of 

serviceability even before their final subsidence. 

3.3 Strain distribution along the geosynthetic 

reinforcement layers

The strain contours for model wall MW1 and MW2 

are depicted in Figs. 4(a)-(b) respectively at their

penultimate stage of centrifuge tests clearly demarcating 

the distinct failure surfaces. The strain contour profile of 

Model MW1 indicates considerably higher straining due 

to complete global slip failure [Fig. 4(a)]. This resulted 

in rupture of geogrid layers in the upper section of the 

wall. All the geogrid layers exhibited strain less than 

ultimate tensile strain of G1 type geogrid [εug = 25 %] till 

a period of 30 days of rainfall. However, at the 

penultimate stage [t= 31.02 days], the upper layers 

showed elevated strains.

The strain contours of Model MW2 [Fig. 4(b)] 

indicated that the magnitude of peak reinforcement strain 

encountered within the layers was almost comparable 

with model MW1. However, the geogrid straining in 

model MW2 accentuated due to the distress caused by 

higher rainfall intensity as the deteriorating effect of 

rainfall infiltration is accelerated when a higher rainfall 

intensity is applied. 

4 CONCLUSIONS

Two centrifuge model tests were performed at 40 g 

on model geogrid reinforced soil walls of height 250 mm 

having 6° batter using a robust in-flight rainfall simulator. 

The model walls were subjected to rainfall intensities of 

10 mm/h and 20 mm/h, and were compared to 

investigate the effect of varying rainfall pattern on the 

performance of the GRSW system. The following 

conclusions can be drawn from the test results:
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(a) Model MW1 [G1, ng = 6; Sv = 1.6 m; I = 10 mm/h]

(b) Model MW2 [G1, ng = 6; Sv = 1.6 m; I = 20 mm/h]

Fig. 4. Strain (in %) contours of centrifuge model walls at pen-

ultimate stage

i. While the model wall subjected to rainfall intensity

of 10 mm/h recorded failure after 31.02 days of

rainfall, the wall subjected to higher rainfall

intensity underwent a disastrous failure at a much

earlier time [t = 16.94 days] but with comparable

crest settlements and face movements. It can be

stated that lower intensity longer duration rainfall

caused similar wall displacements as high intensity

short duration rainfall for the same amount of total

precipitation.

ii. Lower values of pore water pressures were

encountered in model wall subjected to 20 mm/h

rainfall when compared to model wall subjected to a

lower rainfall intensity of 10 mm/h. It implies that

as the applied rainfall intensity exceeds the saturated

hydraulic conductivity of the soil, the excess water

translates into subsurface flow and walls fail mainly

due to excessive wall deformations rather than loss

of matric suction.

iii. The perpetual precipitation caused excessive

straining in the geogrid layers subsequently

resulting in rupturing of geogrid layers which

resulted in the complete subsidence of the walls.

However, when higher rainfall intensity was applied, 

the severe surface and subsurface flow deformations 

contributed to more distress in the geogrid layers, 

resulting in faster rupturing and early wall collapse.

The centrifuge results highlight the importance of 

drainage medium in geogrid wall sections constructed 

with low permeable backfill under rainfall conditions.

Further studies are warranted to examine the effect of

inclusion of a drainage element against rainwater 

infiltration, the location of initial water table and vertical 

spacing of geogrid layers within the wall cross-section.

Also, it may be explored to further the study by 

measuring negative pore water pressures and soil 

moisture thereby facilitating the detection of descending 

wetting front during different stages of rainwater 

infiltration into the wall system.
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