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ABSTRACT:  10 

The GeoBarrier System (GBS) is designed to improve the urban sustainability with the 11 

planting bags within it. The GeoBarrier System (GBS) is a man-made 3-layered cover system 12 

comprising an exposed vegetative layer combined with hidden 2-layered unsaturated covered 13 

system, which harnesses the distinct difference in unsaturated hydraulic properties between a 14 

non-cohesive fine-grained layer and a coarse-grained layer. Previous research works indicated 15 

that GBS could be used as an earth retaining structure and slope stabilization system against 16 

rainfall-induced slope failures. However, the differential settlement was observed along the 17 

approved soil mixture (ASM) geobag layers in the previous study. The objective of this project 18 

is to investigate the appropriate modification of ASM layers in order to reduce the deformation 19 

of planting GeoBags. The research works involved the mixing of ASM with different 20 

percentages of recycled concrete aggregate (RCA) (called structured soil mixture or SSM) to 21 

improve the modulus elasticity of ASM layer within the planting geobag. The scope of this 22 

study includes the laboratory experiments for saturated and unsaturated soil characterization, 23 

numerical analyses and loading tests. The results indicated that the soil mixture with a ratio of 24 

50% ASM and 50% coarse RCA can be used to provide improved resistance to deformation of 25 

GBS. 26 

 27 
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 30 

1. INTRODUCTION 31 

The GeoBarrier System (GBS) was designed as a resource-efficient innovative 32 

alternative to conventional concrete retaining walls, focused towards embracing and supporting 33 
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sustainable living (Rahardjo et al., 2020). The GBS is a man-made 3-layered cover system 34 

(Figure 1) comprising an exposed vegetative layer combined with a hidden 2-layered 35 

unsaturated covered system, which harnesses the distinct difference in unsaturated hydraulic 36 

properties between a fine-grained layer and a coarse-grained layer (Rahardjo et al., 2019a). The 37 

system hinders rainwater from infiltrating into the parent soil beneath, thereby maintaining the 38 

slope stability and significantly reducing likelihood of rainfall-induced slope failures. GBS 39 

further allows use of recycled material such as recycled concrete aggregates, instead of raw 40 

materials, e.g. sand and gravels, to be used as the fine- and coarse-grained layers, thus 41 

encouraging recycling. In addition, GBS does not use steel or concrete hence making it more 42 

environmentally friendly and cost effective for use in both urban and rural sites. The GBS 43 

comes with specially designed planting pockets.  44 

The GBS solution is poised to improve the urban sustainability with the planting bags 45 

within it (Rahardjo et al., 2019a). The specially designed planting pockets on the GBS modules, 46 

or GeoBags (Figure 2), provide unique opportunity for planting a wide variety of larger ferns, 47 

creepers and shrubs which can replace concrete areas with green areas. In line with current 48 

sustainable environment policies, recycled materials such as recycled concrete aggregate 49 

(RCA) and reclaimed asphalt pavement (RAP) can be used to replace natural aggregates as 50 

components of the capillary barrier system (Rahardjo et al. 2013; McCulloch et al. 2017). 51 

Previous research works indicated that GBS could be used as earth retaining structure and slope 52 

stabilization system against rainfall-induced slope failures (Rahardjo et al., 2016a, b). 53 

However, the differential settlement was observed along approved soil mixture (ASM) geobag 54 

layers in the previous study. This happened since the ASM layers could not be compacted to 55 

high density to allow plant roots to grow within the ASM bag. 56 

Rahardjo et al. (2009) mixed the topsoil or ASM with granite chips to improve the 57 

strength of ASM with respect to tree stability. The topsoil used in this research was brown in 58 

color and consisted of clayey soil, organic matter (compost), and sand on a volume-basis ratio 59 

of 3:2:1, respectively. They observed that a mixture of 50% ASM and 50% granite chip gave 60 

a high maximum wind force needed to uproot the tree as indicated by the static analysis and 61 

numerical modelling. Rahardjo et al. (2009) also indicated that the use of RCA within ASM 62 

did not have negative impact on the plant health. 63 

 64 
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 65 

Figure 1. Schematic diagram of Geobarrier System (modified after Rahardjo et al., 2020) 66 

 67 

Figure 2. GeoBag with planting pocket 68 

The objective of this study is to investigate the appropriate composition of mixtures 69 

between ASM and coarse-grained material to achieve the required allowable deformation 70 

within GBS. In addition, the effect of soil mixtures on the saturated and unsaturated soil 71 

properties were analyzed in this study. The term used to represent soil mixtures in this study is 72 

called Structured Soil Mixture (SSM). The soil mixtures consisted of different percentages of 73 

ASM and coarse recycled concrete aggregate (RCA). The study involves the suitability of 74 

coarse RCA to replace granite chips, the design of a suitable SSM to replace ASM and 75 

laboratory experiments for characterization of saturated and unsaturated properties of SSM 76 
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with different compositions. The assessment of the performance of GBS incorporating the 77 

proposed SSM was carried out using seepage and deformation analyses to observe the water 78 

flow characteristics and the deformation characteristics of the proposed SSM under different 79 

scenarios. The loading tests were conducted to evaluate the results from deformation analyses. 80 

 81 

2. INVESTIGATED MATERIALS 82 

Eight different types of Geobags were investigated in this study with varying 83 

dimensions and strengthening materials: 300 mm depth, 400 mm depth, 500 mm depth, 600 84 

mm depth, 500 mm depth with external strap, 600 mm depth with external strap, 500 mm depth 85 

with internal straps, 600 mm depth with internal straps. The Geotextile used in this research 86 

for manufacturing the GeoBarrier System ASM GeoBags consisted of a woven monofilament 87 

fibre weaved to form a stable matrix with high water flow and optimum opening size for soil 88 

retention. The specifications of GeoBags are as follows: Tensile strength of greater than or 89 

equal to 50 kN/m, California Bearing Ratio (CBR) puncture strength of greater than or equal 90 

to 5.0 kN, Pore size of less than or equal to 600 micrometer, Water permeability greater than 91 

or equal to 0.2 m/s. The geobags used in this study had the same specifications as used by 92 

Rahardjo et al. (2020). 93 

The material used as the external strap was a 70 mm monofilament webbing (with 94 

working load of greater than or equal to 3 ton) stitched across the midsection of the Geobag. 95 

The material used as the internal strap was a 50 mm monofilament webbing with a working 96 

load of greater than or equal to 2 ton. The number of the internal strap for each Geobag was six 97 

pcs and each of them was stitched within the Geobag. Three different mixtures of SSM were 98 

investigated in this study: 100 % ASM, 80% ASM-20% coarse RCA and 50% ASM-50% 99 

coarse RCA. In this study, the ASM was mixed with the RCA with the following compositions: 100 

80% ASM and 20% Coarse RCA (80SSM) and 50% ASM and 50% Coarse RCA (50SSM), on 101 

a dry mass basis (Figure 3). The Authors used minimum percentage of ASM (50 %) in the 102 

study. The percentage of ASM less than 50 % will affect the plant health (Rahardjo et al., 103 

2019b). The 80% ASM was selected in the soil mixture as median value between 50 % ASM 104 

and 100 % ASM. The 100 % ASM was selected as reference in comparison with the other two 105 

soil mixtures. 106 

 107 
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 108 

Figure 3. ASM and SSM used in this study  109 

 110 

3. METHODOLOGY 111 

This study involves the experimental works in laboratory for characterization of 112 

saturated and unsaturated properties of ASM and SSM; finite element seepage and stress-strain 113 

analyses; and physical loading test to observe the deformation characteristics of the proposed 114 

SSM under different scenarios. Physical loading tests were conducted to observe the 115 

deformation characteristics of the proposed SSM under different scenarios. The soil properties 116 

from laboratory testing were incorporated in the stress-strain analyses whose results were used 117 

to evaluate the results from the loading tests. The seepage analyses were carried out to evaluate 118 

the performance of GBS using SSM in minimizing rainwater infiltration into the GBS slope. 119 

3.1 LABORATORY TESTING 120 

Grain-size distributions of the soils were determined following ASTM D6913-121 

04(2009). Specific gravity of the soil mixtures was measured following the procedure described 122 

in ASTM D854-02(2002). The soils were classified in accordance with the Unified Soil 123 

Classification System (USCS) described in ASTM D 2487-11(2011). Prior to measurements 124 

of the soil-water characteristics, saturated permeability and shear strength, the air-dried soils 125 

were compacted by tamping under a dry condition (i.e., water content less than 0.5%) to 126 

achieve a specified dry density. The dry density corresponds to 90% relative compaction under 127 

the standard Proctor effort (ASTM D698-12, 2012). The dry density of each soil was then 128 

controlled to be the same for all tests in order to justify the trends of change in the mechanical 129 

and hydraulic properties of soils. 130 

The effects of SSM on the SWCCs of the soil mixtures were investigated by conducting 131 

Tempe cell tests, as described in Satyanaga and Rahardjo (2020). Procedures of conducting 132 

Tempe cell tests at low matric suction values as described in Satyanaga et al. (2017) were 133 
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adopted in this study. In order to obtain a complete relationship between volumetric water 134 

content and matric suction data, the results of the Tempe cell tests were fitted with Fredlund 135 

and Xing (1994) function using the correction factor equal to 1 as suggested by Leong and 136 

Rahardjo (1997). The saturated permeabilities, ks, of the ASM and SSM specimens were 137 

determined using the falling head method in accordance with Satyanaga et al. (2021). 138 

Permeability functions, kw, of the soils were determined indirectly using the statistical method 139 

originally proposed by Childs and Collis George (1950). Statistical method is one of common 140 

and most accurate method to determine permeability function as suggested by Zhai et al. (2020, 141 

2019a, 2019b) 142 

The triaxial tests on unsaturated specimens were performed using a conventional 143 

triaxial cell that was modified for air and water pressure control (Satyanaga and Rahardjo, 144 

2019b). The axis-translation technique was applied to control the matric suction to the desired 145 

values. To facilitate a separate control for the pore-air and pore-water pressures, a 5 bar high-146 

flow high-air entry ceramic disk of 6.35 mm thickness was sealed onto a 10 cm diameter base 147 

pedestal that had a circular grooved water compartment. The groove was used to flush diffused 148 

air bubbles during the experiments. The required amount of dry soil specimen was placed 149 

directly on top of the pre-saturated ceramic disk and was compacted every 1 cm of height to 150 

the desired dry density. The compaction method applied in this study was adopted from 151 

compaction standards where the soil sample is compacted layer by layer by applying the same 152 

compaction effort.  153 

For triaxial tests on saturated specimens, a trial test on saturated ASM showed that a 154 

constant axial strain rate of 0.01 mm/min was sufficient for maintaining a constant pore-water 155 

pressure during shearing. Therefore, the consolidated drained triaxial tests on saturated soil 156 

specimens were carried out at a constant shearing rate of 0.01 mm/ min. For the triaxial tests 157 

on unsaturated specimens, the soil specimen was sheared at a constant shearing rate of 0.0009 158 

mm/ min. This axial strain rate had been used for consolidated drained triaxial tests on the 159 

residual soil from Singapore (Kim et al., 2021), which had a permeability comparable to that 160 

of the ASM specimen. The special rubber membrane was set up covering the pedestal and 161 

porous stone prior to the placement of the soil mixture. A hand vacuum was used to suck the 162 

air inside the rubber membrane. Then the required amount of dry soil mixture was placed 163 

directly on top of the porous stone inside the membrane. The soil mixture was then compacted 164 

every 1 cm of height to the desired dry density. 165 

 166 
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3.2 NUMERICAL ANALYSIS 167 

A two-dimensional (2-D) transient seepage analysis was carried out using Seep/W 168 

(Satyanaga et al., 2019b) to assess the pore-water pressure variations within ASM layers of 169 

GBS that incorporate different soil mixtures (100ASM, 80SSM, 50SSM) during rainfall. The 170 

seepage analysis was conducted under 22 mm/h of rainfall for 24 hours. This rainfall intensity 171 

was selected since this value was considered very extreme rainfall and it was used by Public 172 

Utilities Board of Singapore to design the drainage in Singapore (Kristo et al., 2019). The 173 

boundary conditions of the numerical model are illustrated in Figure 4. The finite element 174 

analysis was conducted using 0.25 mm size of element. In this study, a typically steep slope of 175 

a 4 m high with an inclination angle of 70° was used in the numerical model (Satyanaga et al., 176 

2019b). The slope was retained by GeoBags filled with ASM and reinforced with geogrids. 177 

The original soil behind GBS was simulated based on typical residual soil properties from Old 178 

Alluvium in Singapore (Satyanaga and Rahardjo, 2019). The location of groundwater table was 179 

assumed at 1 m below the toe of the GBS slope following study by Rahardjo et al. (2018b) for 180 

groundwater table distribution in Singapore. Figure 4 shows the slope that was reinforced with 181 

the GBS and the geogrids that were strongly attached to GeoBags. The geogrids were extended 182 

to 2.8 m (70% of slope height) from GBS facing or 1.4 m behind the coarse RCA layer 183 

(Rahardjo et al., 2020). The GBS comprised the compacted residual soil (reinforced zone), 184 

geogrids, fine RCA and coarse RCA for the capillary barrier cover, and ASM or SSM for the 185 

sustainable green cover. The SWCC and permeability function from each of GBS materials 186 

were incorporated in the Seep/W to generate the pore-water pressure profiles for different times 187 

(Zhai et al, 2020; 2019). The seepage analysis was conducted under 22 mm/h of rainfall for 24 188 

hours. 189 
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 190 

Figure 4. Numerical model for seepage analysis 191 

A deformation analysis was carried out using Sigma/W (Kim et al., 2018) to examine 192 

the deformation of an ASM geobag of GeoBarrier System (GBS) that incorporates different 193 

percentage of ASM (i.e., 100ASM, 80SSM and 50SSM). The numerical model for the 194 

deformation analysis is presented in Figure 5. The application of 70 kPa surcharge at the top 195 

of geobag was determined based on the load from 4 m height of GBS as shown in Figure 4. 196 

The surcharge was only applied within partial portion of geobag surface since the slope angle 197 

of GBS was 70o. The boundary conditions of the numerical model are illustrated in Figure 5. 198 

The modulus elasticity, effective cohesion and effective friction angle from ASM and SSM 199 

materials were incorporated in the deformation analysis of Sigma/W. 200 
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 201 

Figure 5. Numerical model for deformation analysis 202 

 203 

3.3 LOAD TESTING 204 

Geobags are bags usually made from textiles having high tensile strength and filled 205 

with materials such as gravel, sand and even construction wastes. Advantages of soil 206 

reinforcement by geobags are summarized as follows (Matsuoka and Liu, 2003): (i) Geobags 207 

are light. (ii) Their transportation and relocation are very easy. (iii) Compatibility with the 208 

environment because there is no use of any chemicals and there is no noise during construction. 209 

(iv) No special or heavy construction equipment is needed. (v) The materials inside Geobags 210 

may be any granular remains and construction wastes such as recycled concrete, asphalt, tire 211 

and tile. 212 

Xu et al. (2008) utilized plate load testing to estimate the deformation of soil bag. The 213 

loading was controlled at a constant rate, about 0.033 kN/s in the unconfined compressive tests. 214 

The typical size of soil bags was 10 mm x 40 mm x 40 mm. The soil bags used for unconfined 215 

compressive strength tests were made of woven bags in which medium graded sands and 216 

gravels were contained. They observed that at failure, soil bags were torn at the points such as 217 

contact points with the loading plate, the tailoring points and the maximum distortion points, 218 

where the external stress concentrated. Xu et al. (2008) observed that the unconfined 219 

compressive strength of soil bags increased linearly with the increase in the tensile strength. 220 
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The soil bags containing gravels have larger unconfined compressive strength than the soil 221 

bags containing graded sands.  222 

A previous pilot study of GeoBarrier System (Rahardjo et al., 2018) indicated that the 223 

ASM Geobags have displayed a noticeable bulging on the front side of the bag, containing the 224 

low density ASM. The low density of ASM is required for plant root growth. Therefore, there 225 

is a need to improve the deformation issue and study the ASM Geobag with strengthening 226 

materials. The loading tests was performed to measure the extent of deformation on ASM and 227 

SSM Geobags under different load conditions. The Load Container was lowered onto the 228 

Geobag and the Load in the form of a Steel Block was placed inside the Load Container to 229 

improve the consistency of the load test results. The Geobag should be restrained from 230 

horizontal movement on its three sides (back and two sides) during the load test. The load test 231 

was carried out for a minimum duration of 1 hour under the required loading of 75kPa. The 232 

deformations of the Geobags were measured in horizontal and vertical directions with an 233 

accuracy of at least 1mm. 234 

The loading tests were carried out based on eight (8) sequences. The first step is  the 235 

setting up of Geobag into a restriction box. The second step involves the filling and compaction 236 

of ASM or SSM within the Geobag. The third step is the closing of Geobag by the prefabricated 237 

zip. The fourth step is the opening of the front plate of the restriction box. The fifth step includes 238 

the lifting and placement of Geobag. The sixth step includes the setting up of the reading 239 

station. The seventh step includes the setting up of the steel loading frame and loading 240 

container. The eight step consists of the loading test in the field as shown in the schematic 241 

diagram of  Figure 6. 242 

 243 

Figure 6. Schematic diagram of loading test  244 
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 245 

The reading station has been improved to a 3D Scanning Station. A low-cost 3D 246 

Scanner was developed to capture the front face deformation of the Geobag, before and after 247 

load test was carried out. The developed 3D Scanner with software can replace the reading 248 

station process, resulting in time and labour cost savings. The deformation of the Geobag can 249 

be measured in horizontal and vertical directions with an accuracy of 1mm. The 3D scanning 250 

station is set up 1m away from the front face of the Geobag. The second loading tests were 251 

carried out following the same sequences for steps one to five. However, there were different 252 

sequences after the fifth steps. The sixth step in the second loading test included the setting up 253 

of 3D scanning station. The seventh step includes the setting up of the steel block load. The 254 

eight step includes the loading test in the field and its schematic diagram. (Figure 7) 255 

 256 

Figure 7. Side Elevation Setup Schematic for the Improved Load Test with 3D scanner 257 

 258 

4. RESULTS FROM LABORATORY TESTING, NUMERICAL ANALISIS AND 259 

LOAD TESTING  260 

4.1 LABORATORY TESTING 261 

Specific gravity, grain-size distribution and Atterberg limits tests were carried out to 262 

determine the index properties of the Approved Soil Mixture (ASM), Structured Soil Mixture 263 

(SSM), Fine Recycled Concrete Aggregate (FRCA) and Coarse Recycled Concrete Aggregate 264 

(CRCA). Relative density tests were carried out to determine the minimum and maximum void 265 

ratio and dry density of FRCA and CRCA. The soil classifications based on the Unified Soil 266 

Classification System and results of the index properties tests are presented in Table 1. ASM 267 

and 80SSM are classified as clayey sand (SC), CRCA is classified as poorly graded gravel 268 

(GP) and 50SSM is classified as Gravel with some percentages of clay material (GC). The 269 
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grain-size distributions of the investigated materials in this study are presented in Figure 8. The 270 

initial conditions associated with dry density and water content of the soil mixtures for all 271 

testing are presented in Table 1. 272 

Figure 9 displays the soil-water characteristic curves (SWCC) of the four soil mixtures. 273 

The SWCCs of the ASM, 80SSM and 50SSM are all very similar in shape and curvature 274 

whereas the SWCC of CRCA has a very steep and sudden drop. The air-entry value (AEV)s of 275 

ASM and 80SSM are similar with only a difference of 2kPa. 50SSM has an AEV of 3kPa 276 

which is in-between the AEVs of ASM and CRCA. The summary of the AEV and the best 277 

fitting parameters are presented in Table 2. 278 

Table 1. Summary of index properties of GBS materials 279 

Soils ASM CRCA FRCA 80SSM 50SSM 

Specific gravity, Gs 2.61 NA 2.57 2.6 2.58 

Dry density, ρ (Mg/m3) 1.71 1.92 1.95 1.76 1.82 

Water content, w (%) 40 21 25 34 27 

Maximum dry density, ρmax (Mg/m3) NA 1.76 1.84 NA NA 

Minimum dry density, ρmin (Mg/m3) NA 1.17 1.34 NA NA 

Maximum void ratio, emax NA 1.28 0.91 NA NA 

Minimum void ratio, emin NA 0.51 0.40 NA NA 

Liquid Limit, LL (%) 36 NA NA 33 28 

Plastic Limit, PL (%) 22 NA NA 21 17 

Plasticity Index, PI (%) 14 NA NA 12 11 

Saturated permeability, k s (m/s) 1 x 10-6 2 x 10-2 1 x 10-5 3 x 10-5 6 x 10-4 

Grain Size Distribution - Gravel (%) 5 98.9 0 23 52 

Grain Size Distribution - Sand (%) 60 1.1 98 48 29 

Grain Size Distribution - Fines (%) 35 0 2 29 19 

Unified Soil Classification System SC GP SP SC GC 

 Note: NA = Not applicable  

 280 
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 281 

Figure 8. Grain-size distribution of the investigated materials in this study 282 

 283 

 284 

Figure 9. SWCCs of the investigated materials in this study 285 

 286 
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 289 

Table 2. Summary of SWCC parameters 290 

 Symbol ASM 80SSM 50SSM CRCA FRCA 

Air-Entry 

Value (kPa) 
Ψa 20 18 3 0.1 

6 

Saturated 

Volumetric 

Water 

Content 

θs 0.68 0.6 0.5 0.4 

 

0.49 

Fredlund & 

Xing 

Parameters 

a 343 343 17 17 8.7 

n 0.87 0.87 0.98 0.98 4.38 

m 6 6 9.57 9.57 1.22 

 291 

The permeability functions of the investigated materials are presented in Figure 10. The 292 

permeability function of the soil samples increases with an increase in the percentage content 293 

of CRCA. Thus, the 80SSM and 50SSM have a greater permeability than ASM, which 294 

improves water flow through the soil mixture. Thus, in terms of permeability, the usage of SSM 295 

is not detrimental to the GBS. Results from the triaxial test are shown in Table 3. 296 

 297 

 298 

Figure 10. Permeability functions of the investigated materials 299 
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 304 

Table 3. Summary of shear strength parameters 305 

 Symbol ASM 80SSM 50SSM CRCA FRCA 

Effective Cohesion c’ (kPa) 2 5 25 0 
0 

Effective friction angle  ’ (o) 30 44 48 37 
34 

Unsaturated shear 

strength 
b (o) 15 15 13 17 

16 

Total Unit Weight   (kN/m3) 18 18.5 20 21 
20 

Modulus Elasticity E (kPa) 5000 10000 11000 20000 
15000 

 306 

 307 

4.2 NUMERICAL ANALYSIS 308 

The pore-water pressure profiles from seepage analyses of Cases 1, 2 and 3 are 309 

presented in Figure 11, Figure 12 and Figure 13. The results from Figure 11a, Figure 12a and 310 

Figure 13a indicated that high suction values still exist within ASM layers with higher 311 

percentages of coarse RCA after 24 hours of rainfall. It shows the 50SSM has a higher 312 

performance in maintaining suction during rainfall as compared to 80SSM and 100ASM. The 313 

suction will contribute to the additional stiffness of geobag and it will decrease the deformation 314 

of geobag. The results from Figure 11b, Figure 12b and Figure 13b indicated the pore-water 315 

pressures within Fine RCA and Coarse RCA are similar in trend and magnitude. It shows the 316 

different percentages of mixture do not affect the performance of GBS during 24 hours of 317 

rainfall.  318 
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  319 

Figure 11. Pore-water pressure profiles from (a) Section 1 (within ASM layer) and (b) Section 320 

2 (at the middle of GBS layer – 2 m depth from the crest of the slope) 321 

  322 

Figure 12. Pore-water pressure profiles from (a) Section 1 (within 80SSM layer) and (b) 323 

Section 2 (at the middle of GBS layer – 2 m depth from the crest of the slope) 324 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

-60 -50 -40 -30 -20 -10 0

D
is

ta
n

c
e

 f
ro

m
 c

re
s

t 
o

f 
s

lo
p

e
 (

m
)

Pore-water Pressure, uw (kPa)

t = 0 h

t = 4 h

t = 12 h

t = 24 h
(a)

0

0.5

1

1.5

2

2.5

3

-50 -40 -30 -20 -10 0

D
is

ta
n

c
e

 f
ro

m
 c

re
s

t 
o

f 
s

lo
p

e
 (

m
)

Pore-water Pressure, uw (kPa)

100% ASM

Fine RCA

Coarse RCA

(b)

H
o

ri
zo

n
ta

l d
is

ta
n

ce
 f

ro
m

 c
re

st
 o

f 
sl

o
p

e
 (

m
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

-60 -50 -40 -30 -20 -10 0

D
is

ta
n

c
e

 f
ro

m
 c

re
s

t 
o

f 
s

lo
p

e
 (

m
)

Pore-water Pressure, uw (kPa)

t = 0 h

t = 4 h

t = 12 h

t = 24 h
(a)

0

0.5

1

1.5

2

2.5

3

-50 -40 -30 -20 -10 0

D
is

ta
n

c
e

 f
ro

m
 c

re
s

t 
o

f 
s

lo
p

e
 (

m
)

Pore-water Pressure, uw (kPa)

80% ASM

Fine RCA

Coarse RCA

(b)

H
o

ri
zo

n
ta

l d
is

ta
n

ce
 f

ro
m

 c
re

st
 o

f 
sl

o
p

e
 (

m
)



 17 

   325 

Figure 13. Pore-water pressure profiles from (a) Section 1 (within 50SSM layer) and (b) 326 

Section 2 (at the middle of GBS layer – 2 m depth from the crest of the slope) 327 

 328 

The results of the numerical analyses of the three cases are presented in Figure 14, 329 

Figure 15 and Figure 16. The result from the deformation analysis of case 1 (Figure 14) showed 330 

that the maximum horizontal displacement of 58 mm was observed at the side of the ASM bag. 331 

The result from the deformation analysis of case 2 (Figure 15) displayed a maximum horizontal 332 

displacement of 34 mm. The result from the deformation analysis of case 3 (Figure 16) 333 

displayed a maximum horizontal displacement of 16 mm.  334 

 335 

Figure 14. Displacement from deformation analysis of Case 1 336 
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 337 

 338 

Figure 15. Displacement from deformation analysis of Case 2 339 

 340 

Figure 16. Displacement from deformation analysis of Case 3 341 

 342 

4.3 LOAD TESTING 343 

The results from the physical loading test are presented in Figure 17, Figure 18, Figure 344 

19 and Figure 20. The maximum deformations recorded from the loading tests are 55 mm for 345 

the ASM Geobag, 28 mm for the 80SSM Geobag and 14 mm for the 50SSM Geobag. The 346 

deformation of the geobags decreases with an increase in the coarse RCA content of the soil 347 

mixture. There is a strong correlation between the numerical results from the model simulation 348 

Displacement

Displacement
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and the actual physical loading test results, where the Geobags that contain a greater percentage 349 

of coarse RCA have smaller deformations. The 50SSM Geobag displays the least deformation.  350 

 351 

Figure 17. Visual deformation captured by 3D scanner from the physical loading test 352 

 353 

Figure 18. Maximum deformation from loading test on geobag filled with ASM 354 

 355 

Distance in mm
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 356 

Figure 19. Maximum deformation based on loading test on geobag filled with 80SSM 357 

 358 

Figure 20. Maximum deformation based on loading test on geobag filled with 50SSM 359 

 360 

 361 

5. DISCUSSIONS 362 

The results from the grain-size distribution tests indicated that coarse RCA can be 363 

classified as poorly-graded gravel (GP). The dry density of coarse RCA is 1.76 Mg/m3 which 364 

is similar to the range of dry density of granite chips studied by Rahardjo et al. (2008). Hence, 365 

the coarse RCA can be used to replace granite chips in the Structured Soil Mixture (SSM). 366 

Further investigation is carried out to investigate the unsaturated characteristics of coarse RCA 367 

as compared to granite chips to be used within SSM. The hydraulic properties and shear 368 

strength of coarse-grained soil mixture were investigated by Rahardjo et al. (2008). The soil–369 

water characteristic curve parameters such as air-entry value and residual volumetric water 370 

content of the soil mixture were found to have decreased with an increase in the granite chip 371 
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contents. From tests conducted, it was found that coarse RCA soil mixtures also showcased 372 

similar properties with regards to their soil-water characteristic curve parameters.  373 

From Table 2, it can be seen that the air-entry value and saturated volumetric water 374 

content decreases with an increase in the percentage content of coarse RCA in the soil mixture. 375 

From Rahardjo et al. (2008), the saturated permeability of the granite chip soil mixture was 376 

found to have increased greatly when the percentage of granite chips in the soil mixture 377 

exceeded 50%. From the results of the triaxial test conducted as shown in Table 3, coarse RCA 378 

soil mixtures also displayed an increase in saturated permeability with an increase in coarse 379 

RCA percentage. Thus, since both granite chips and coarse RCA present similar hydraulic 380 

characteristics, coarse RCA can be used to replace granite chips for use in SSM. 381 

The results from the Geobag stress-strain analysis of case 1, 2 and 3 (Figure 14, Figure 382 

15, Figure 16) show that with an increase in the percentage of coarse RCA in the SSM, the 383 

lower the deformation experienced by the Geobag. This is corroborated by the results from the 384 

physical loading test (Figure 18, Figure 19, Figure 20) which follow the same relationship 385 

between coarse RCA percentage and level of deformation. The maximum displacement from 386 

the stress-strain analysis Case 3 is 16 mm which is close to the maximum displacement from 387 

the physical loading test (14 mm). The maximum displacement from stress-strain analysis Case 388 

2 is 36 mm which is close to the maximum displacement from the physical loading test (28 389 

mm). The maximum displacement from the stress-strain analysis Case 1 is 60 mm which is 390 

close to the maximum displacement from the physical loading test (55 mm). The results are 391 

further supported by Rahardjo et al. (2009)who observed that a mixture of 50% topsoil and 392 

50% granite chip provided the highest resistance against the wind force needed to uproot a tree 393 

as indicated by their static analysis and numerical modelling. They found that an increase in 394 

percentage of granite content brings about an increase in the resistance to uprooting till a 395 

maximum optimum point. The same ratio of 50% ASM and 50% coarse RCA was proposed to 396 

be used in the SSM geobag to provide improved resistance to deformation. 397 

 From the study of unsaturated soil properties, the permeability of the SSM was found 398 

to be greater than ASM. This characteristic, kw, has no impact on the deformation of the 399 

Geobag. Figures 11 to 13 indicated that the suctions within coarse RCA were maintained during 400 

24 hours of rainfall. It shows that the soil mixtures do not hinder the water flow and the suctions 401 

behind the GBS can be maintained during heavy rainfall.  402 
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In summary, from the analysis and actual loading tests, it can be concluded that the 403 

50SSM has the best performance with respect to deformation while still maintaining sufficient 404 

permeability as well as AEV. The deformation from the stress-strain analysis Case 1 (50SSM) 405 

is less than or equal to the allowable deformation of GBS wall (16 mm) (Rahardjo et al., 2019b). 406 

Therefore, the use of Structured Soil Mixture (SSM) in GBS is recommended over ASM.  407 

 408 

 409 

6. CONCLUSIONS 410 

Based on the study presented in this paper, the following conclusions can be drawn 411 

from this study: 412 

➢ Coarse RCA can be used to replace granite chips in the structural soil. 413 

➢ The air-entry value and saturated volumetric water content decrease with an increase in 414 

the percentage content of coarse RCA in the soil mixture.  415 

➢ The results from the loading test and stress-strain analyses indicated that the soil 416 

mixture with a ratio of 50% ASM and 50% coarse RCA can be used in the SSM geobag 417 

to provide improved resistance to deformation of GBS. 418 

➢ The results from the seepage analyses indicated that the soil mixtures do not hinder the 419 

water flow and the suctions behind the GBS can be maintained during heavy rainfall. 420 

➢ The permeability of the SSM was found to be greater than ASM which can be used in 421 

supporting plant life within GBS. 422 

 423 
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