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Abstract: 

 Soil erosion and slope instability caused by seepage and rainfall are major problems, especially 

in mountainous areas. Many researchers focus on a new technologies or materials to stabilise soil 

slopes. In this study, the novel geosynthetic cementitious composite mat (GCCM) was studied for 

its ability to reinforce soil slopes. A series of centrifuge tests were performed on the soil slope 

model under calibrated seepage and rainfall conditions. Medical gypsum plaster sheet, which has 

an equivalent strength and stiffness to GCCM, was used to reinforce a model soil slope. The results 

showed that GCCM-reinforcement could reduce slope displacement by contributing its high 

stiffness and creating an interface frictional force with the slope. In addition, the GCCM could 

delay the increase in pore-water pressure in the soil slope during rainfall, thus diminishing the 

hydraulic force acting on the slope, even if the slope surface was not fully covered by GCCMs. 

Overall, the results indicate that GCCM has good slope reinforcement potential. 

 

Keywords: Centrifuge modelling; Geotextiles and Geomembranes; Cement; Composite 

Material; Slopes  
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1. Introduction 1 

Climate change invokes many great impacts on weather conditions, one of which is the 2 

increased frequency of heavy rainfalls (Lehmann et al. 2015; Donat et al. 2016). Recent 3 

investigations have shown that heavy rainfalls can exacerbate geo-disasters (Yasuhara et al. 2012; 4 

Peng et al. 2015). During the rainy season, slopes that are in the form of residual/colluvial soils 5 

covering a bedrock base are prone to landslides; these slopes are typical of hills, highlands, and 6 

mountainous areas. In general, residual/colluvial soils are highly permeable, possess low 7 

compressibility, low shear strengths, and their strengths are easily reduced when wetted, especially 8 

by rainwater. These properties are disadvantageous for slope stability and erosion resistance. Many 9 

examples of shallow slope failures (at depths of less than 1–2 m) caused by rainfall have been 10 

reported, and recent research has focused on the mechanism of these slope failures under rainfall 11 

to understand the deformation characteristics of these slopes (Sasahara and Sakai 2017; 12 

Chueasamat et al. 2018).   13 

Various techniques can be used to reinforce soil slopes from shallow failures and to protect 14 

soil surfaces from erosion; example methods include the planting of surface vegetation (Eab et al. 15 

2014; Wu et al. 2014; Eab et al. 2015), the application of shotcrete (USACE 1995), or the use of 16 

geosynthetic clay liners (GCLs) (Gilbert and Wright 2010). However, each of these techniques has 17 

its own specific limitations. Vegetation needs time to grow and requires ongoing regular 18 

maintenance; shotcrete suffers from issues of non-uniform quality and thickness of the concrete 19 

cover; GCL sheets are prone to clay leak-out which reduces the friction between the GCL and the 20 

soil slope (Bouazza 2002). Therefore, there is still a strong need for new slope-reinforcing material 21 

or technique that does not suffer from these limitations. 22 
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In recent years, geosynthetics have seen rapidly increasing usage in geotechnical engineering 23 

applications (Koerner 2012). Many geosynthetic products have been studied and developed for 24 

specific use in stabilising earth slopes and soft soil embankments (Bergado et al. 2002; Chen et al. 25 

2012; Akay et al. 2013; Thuo et al. 2015; Zhang et al. 2015; Tavakoli Mehrjardi et al. 2016; Da 26 

Silva et al. 2017; Sukkarak et al. 2021; Mase et al. 2022). In addition to conventional geotextiles, 27 

the use of geomembranes, geogrids, geocells, three-dimensional polyethene geocells (Wu and 28 

Austin 1992), heavy-duty polyester woven geotextiles (Raymond and Giroud 1993), geosynthetic 29 

mulching mats (Ahn et al. 2002), GCLs (Bouazza 2002), slurry filled geotextile mats (Yan and 30 

Chu 2010), and expanded polystyrene geofoams (Akay et al. 2013) have all been developed and 31 

applied to geotechnical problems. In particular, a hybrid material made of geosynthetics and 32 

cement was invented by Brewin and Crawford in 2005 (Alva et al. 2017). Later on, an improved 33 

geosynthetic cementitious composite mat (GCCM) was introduced (Paulson and Kohlman 2013; 34 

Jongvivatsakul et al. 2018; Jirawattanasomkul et al. 2018 and 2019), that by early 2018, received 35 

its own ASTM International released standard guide for GCCM site preparation, layout, 36 

installation, and hydration (ASTM-D8173-18 2018).  37 

The GCCM product, as shown in Fig. 1, is a hybrid material comprised of a dry cement layer 38 

bounded between two geotextile layers by needle punching. The GCCM was designed for civil 39 

engineering applications and in particular geotechnical engineering applications such as slope 40 

stabilisation, erosion control, ditch lining, and contamination containment. During installation, the 41 

GCCM must be hydrated by water spraying for several days, during which time the mat hardens 42 

and develops its high tensile and bending strengths. Details of the GCCM’s properties have been 43 

reported in Jongvivatsakul et al. (2018), as have been numerical models of GCCM’s mechanical 44 

properties (Jirawattanasomkul et al. 2018 and 2019). Also, GCCM’s ability to stabilise soil slopes 45 
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has been studied through both physical model tests (Ngo et al. 2019) and field tests (Likitlersuang 46 

et al. 2020).  47 

In this report, we examine the use of GCCM in slope reinforcement applications through 48 

geotechnical centrifuge modelling. Centrifuge modelling is a technique that can determine the 49 

bearing capacity and other properties of a physical model representation of geotechnical 50 

construction, such as a foundation, retaining wall, embankment, slope, tunnel, etc. (Madabhushi 51 

2014). In laboratory settings, prototypes are often used to represent full-scale slopes for 52 

experimental purposes. However, centrifuge modelling allows us to further scale down the 53 

prototype to an even smaller model representation. In this study, we subjected a small-scale model 54 

to centrifuge tests as a stand-in for a typical sandy slope prototype. Many centrifuge model tests 55 

of slopes reinforced with geotextiles, geogrids, anchored geosynthetic systems, and hybrid 56 

geosynthetics have been performed under conditions of seepage, differential settlement, 57 

earthquake, drawdown, and rainfall (Viswanadham and König 2009; Hu et al. 2010; Raisinghani 58 

and Viswanadham 2011; Wang et al. 2011; Rajabian et al. 2012; Luo et al. 2018; Yu and Rowe 59 

2018; Bhattacherjee and Viswanadham 2019). However, this is the first study to apply centrifuge 60 

modelling to a GCCM-reinforce slope. We evaluated the performance of GCCM slope-surface 61 

reinforcements under conditions of either rainfall or seepage using centrifuge modelling of a sandy 62 

slope at 25-g. The pore water pressure (PWP) and displacement of soil were measured during the 63 

tests by sensors embedded within the soil slope. Prior to these experiments, GCCM was expected 64 

to reinforce the slope surface with its high stiffness, and increase the slope’s stability by having its 65 

interfacial friction delay rainwater infiltration into the slope so as to diminish the water level rise 66 

within the slope.  67 

 68 
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2. Centrifuge Modelling 69 

2.1 Construction of Model Slopes 70 

2.1.1 Soil Slope  71 

For this study, we considered a typical sandy slope prototype that is at a 25-incline with a 72 

thickness of 1.5 m and length of 7.5 m. Our model slope was scaled down according to a factor of 73 

N = 25, resulting in model dimensions of 60 mm thickness and 300 mm length.  74 

A schematic view of the model slope used in centrifuge tests is presented in Fig. 2. The 75 

model was a sandy slope of 300 mm in length, 60 mm in depth, and 150 mm in width, built onto 76 

a 25-inclined impermeable base and a flat base near the toe. The flat base near the toe zone 77 

provided the slope with a degree of self-stabilisation, simulating a realistic colluvial deposit or 78 

man-made hillside fill (Lumb 1975; Jiao et al. 2005; Huang and Yuin 2010). To prevent the entire 79 

soil model from moving atop its base, sandpaper (Fujistar CC80) was glued onto the surface of the 80 

impermeable base to make the base rougher (Orense et al. 2004; Sawada and Takemura 2014; Eab 81 

et al. 2015). The sandpaper’s average particle diameter (0.20 mm) was roughly similar to the D50 82 

of the silica sand (0.15 mm). Additionally, ten 2-mm-thick acrylic strips were fixed onto the 83 

impermeable base to further enhance the roughness. 84 

The model slope was prepared with a targeted dry density of 1.30 g/cm3 (90% degree of 85 

compaction). The under-compaction method (Ladd 1978; Jiang et al. 2003) was employed to make 86 

the soil density uniform along the depth with compaction of multiple layers. Based on the under-87 

compaction method, the slope was divided into three 20-mm thick layers. The two lower layers 88 

were respectively compacted to 80% and 75% compaction, corresponding to dry densities of 1.04 89 

and 0.98 g/cm3 (lower than the slope’s target density) (Jiang et al. 2003). The top (final) layer was 90 

compacted to obtain the target compaction degree of 90%. A 25 the wooden block was used to 91 
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support the specimen during compaction. By controlling the sand density, the repeatability of 92 

model compaction could be controlled between tests. 93 

2.1.2 Silica Sand 94 

The model slope was built out of air-dried silica sand mixed with water to a water content 95 

of 15% by weight and cured for 24 h before compaction. The properties of the silica sand are listed 96 

in Table 1. The particle size distribution of the sand, as determined by sieving according to ASTM-97 

D422-63 (1998), is shown in Fig. 3. The silica sand was classified as poorly graded (SP) sand 98 

based on the Unified Soil Classification System (USCS). 99 

2.1.3 GCCM and Medical Gypsum Plaster Covers 100 

GCCM is a novel composite material that was developed for geotechnical applications 101 

(Jongvivatsakul et al. 2018). The essential characteristic of GCCM is that after hydration, it 102 

becomes a rigid mat with high stiffness and sealing. The tensile strength and modulus of the 103 

GCCM after 28 days of curing were 3.3 MPa and 457.3 MPa, respectively; other post-curing 104 

physical and mechanical properties of GCCM are summarised in Table 2. 105 

To simulate the behaviour of the GCCM in the model slope, a medical gypsum plaster 106 

(MGP) sheet was used (Fig. 4). Scaling considerations included dimensions, stiffness, and 107 

interface friction. The basic physical and mechanical properties of the MGP sheet, such as its 108 

thickness, mass per unit, tensile strength, modulus, axial stiffness (EA), bending stiffness (EI), and 109 

interface friction were determined and are summarised in Table 2. MGP and GCCM have 110 

relatively similar interface frictions at 35.1 and 36.0, respectively. Tensile tests were performed 111 

on a test specimen of MGP measuring 100 (length) × 15 (width) × 0.58 (thickness) mm; the loading 112 

rate was fixed at 0.015 mm/s during the test. The tensile strength and modulus of the MGP were 113 

3.8 MPa and 470.1 MPa, respectively, which are comparable to those of the GCCM. Since no 114 
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rupture of the MGP was expected during centrifuge tests, only the stiffness at relatively low strain 115 

levels is important; at low strain levels, the MGP’s stiffness (EA & EI) were comparable to those 116 

of the GCCM. These properties made the MGP a satisfactory stand-in to model a GCCM. Note 117 

that although the permeability of the MGP was not measured, preliminary tests revealed that the 118 

MGP was nearly impermeable during the very short time periods of the centrifuge tests. Thus, the 119 

hydraulic properties of the MGP may not affect the reduction of rainwater infiltration very much. 120 

In consideration of efficiency and economy, GCCMs are seldomly placed to fully cover full-121 

sized slope surfaces. Gaps are typically left between GCCMs placed on slopes, with vegetation 122 

planted within the gaps to increase the green area of the natural slope. In this study, a 75% coverage 123 

ratio was selected. Six MGP sheets with dimensions of 40 mm × 140 mm were placed on the model 124 

slope’s surface with 10 mm spacings. The MGP sheets were not fixed; therefore, the friction 125 

between the MGP sheets and the slope surface acted as the only force to prevent the MGP sheets 126 

from sliding. Also, while GCCMs must be water sprayed in the field for 3–5 days to cure and 127 

harden, the smaller dimensions of the MGP sheets provided us with the convenience of using 128 

prefabricated sheets that can be placed easily in their hardened form. Using prefabricated sheets 129 

also helped us avoid subjecting the model slope to excess water. Therefore, the MGP sheets were 130 

not water-sprayed on the model slope. 131 

2.2 Centrifuge Set-up 132 

2.2.1 Centrifuge Facility 133 

The geotechnical centrifuge machine used in this study was the Tokyo Tech Mark III housed 134 

at the Tokyo Institute of Technology in Japan (Takemura et al. 1999; Eab et al. 2014). Centrifuge 135 

tests were performed at a centrifuge acceleration of N-g, or 25-g. Table 3 summarises the 136 

centrifuge’s various scaling factors for the model at N-g versus the prototype. In centrifuge 137 
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modelling, the stress state of the small-scale physical model is comparable to that of the real 138 

construction it represents. 139 

Centrifuge modelling takes advantage of soil’s self-weight-induced stress. Since centrifuge 140 

testing is performed on a rotating platform, and the centrifuge itself greatly accelerates the reaction 141 

time of the soil, detailed observations of slope movement during the test are rather difficult to 142 

obtain. However, the alternative of collecting in-field observations of slope movement during 143 

rainfall is also impractical; this is likely the reason that evaluations of GCCM performance through 144 

visual observation are limited. Therefore, we believe that using centrifuge modelling is the most 145 

practical method to analyse realistic soil behaviour with a small-scale model. 146 

2.2.2 Rainfall Simulator 147 

The rainfall simulator (BIMV45075 by H. Ikeuchi & Co., LTD) was used to generate 148 

artificial rain during tests (Eab et al. 2014; Eab et al. 2015) measured 450 mm in length, 60 mm in 149 

height, and 30 mm in depth. It was equipped with eight pneumatic spray nozzles, each with a spray 150 

angle of 45 and a droplet diameter of 100 m or less (corresponding to a droplet diameter of 2.5 151 

mm or less in the prototype scale). The spacing between nozzles was 50 mm. Rainfall intensity 152 

was controlled by adjustments to water pressure (Pw) and air pressure (Pa) as required.  153 

To calibrate the rainfall simulator, 5 rows  10 columns array of 50 cups, each of 30 mm 154 

inner diameter and 50 mm height, were placed inside a container on a 25-inclined base to collect 155 

rainwater from the simulator. The cups were aligned such that their tops corresponded to the 156 

surface of the model slope (constructed later). Note that these cups were placed vertically and 157 

adjacent to each other. Then, the rainfall simulator’s water pressure (150 kPa) and air pressure 158 

(300 kPa) were calibrated to reach a target rainfall condition of 0.17 mm/s (25 mm/h in the 159 
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prototype scale) at 25-g. During calibration, the coefficient of uniformity (Uc) proposed by 160 

Christiansen (1942) was determined using Eq. (1); 161 

𝑈𝑐 = 1 − 
∑|𝐼𝑖−𝐼𝑎𝑣𝑒|

∑ 𝐼𝑖
     (1), 162 

where Iave is the average rainfall intensity for all cups and Ii is the rainfall intensity of each cup. 163 

The resultant Uc was 62.3%. Rainfall depth (R) was also calculated as the rainfall intensity (I) 164 

multiplied by elapsed time (t). Although this study desired to generate a uniform rainfall 165 

distribution, the Coriolis effect and the gradient of the slope surface introduced non-uniformity 166 

into the distribution of the simulated rainfall.  167 

2.2.3 Model Preparation 168 

The model slopes (as prepared in section 2.1) were loaded into a 450 mm long, 270 mm high, 169 

and 150 mm wide aluminium container before the entire container was loaded into the centrifuge. 170 

Grease was used on the inner surfaces of the front and back sides of the container to reduce the 171 

friction between the soil and the container. Minimising the friction between the model slope and 172 

the container was also important for the model to be considered a two-dimensional plane strain 173 

model. The front side of the container was made of a 30 mm thick transparent acrylic plate, which 174 

was useful for monitoring and taking photos of soil displacement during the tests. The container 175 

was divided into three sections: the middle section (340 mm long) accommodated the model slope, 176 

while the left and right sections (80 mm and 30 mm long, respectively) served as a water storage 177 

chamber (or supply chamber under seepage) and a water drainage chamber, respectively. The 178 

water supply and drainage chambers were connected to supply and drainage tanks, respectively. 179 

The left and middle sections were separated by an aluminium wall. To evaluate seepage conditions, 180 

the separating wall was perforated and covered with a geomembrane to allow water to flow through, 181 

while soil particles were prevented from dropping into the supply chamber. During the evaluation 182 
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of the rainfall case, to minimise excessive seepage of water around the wall, rainwater gutters were 183 

placed 60 mm above the slope surface on the walls. 184 

Seepage at the edge of the slope toe could cause wash-out of sand particles and cause local 185 

initial failures that will make it difficult to assess the effects of the GCCM on slope stability. Since 186 

the purpose of this study was to evaluate the GCCM’s ability to prevent slope failures caused by 187 

ongoing seepage or rainfall, initial failure at the slope toe should be prevented. To prevent local 188 

failures at the slope toe, 10 small gravel bags were placed at the slope toe; each bag weighed 3.2 189 

g and measured 15 mm × 10 mm × 15 mm (50 kg and 37.5 cm × 25 cm × 37.5 cm in the prototype 190 

scale).  191 

Three PWP sensors (P303AV-2 by SSK Co., Ltd.) were placed at the base of the model 192 

within the model slope, as depicted in Fig. 2. Each PWP sensor was saturated with silicone oil 193 

before being embedded within the soil slope. Each sensor measured 6 mm in diameter and 8.5 mm 194 

in length. The sensors’ capacity and resolution were 200 kPa and 0.1 kPa, respectively.  In addition, 195 

five accelerometers (ACCs) (A5-50 by SSK Co., Ltd.) were installed at depths of 20 mm and 40 196 

mm, also depicted in Fig. 2. The ACCs were used to estimate the horizontal displacement of the 197 

soil slope. The dimensions, capacity, and resolution of the ACCs were 5  5  10 mm, 50-g, and 198 

0.1-g, respectively. Each ACC was attached to a 15 mm wide by 20 mm high plastic panel so that 199 

the ACCs moved together with its adjacent soil. The array of ACCs acted as an inclinometer. Slope 200 

deformation was assumed to be dominated by shear deformation of the soil, as described by Orense 201 

et al. (2004). When the ACCs moved together with adjacent soil, the ACC’s tilt corresponded to 202 

the shear strain of the soil. By integrating the estimated shear strain along the height from the base 203 

(bottom), the horizontal displacement distribution could be estimated (Orense et al. 2004; Eab et 204 
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al. 2015). All sensors (PWP and ACC) were connected to a data acquisition system that recorded 205 

signals every 0.1 s. 206 

The rainfall simulator was placed 100 mm above and centred over the container. Two 207 

cameras were installed at the front and top of the model slope to monitor the slope (front camera) 208 

and rainfall condition (top camera) during tests. 209 

 210 

3. Testing Program  211 

Four centrifuge model tests were performed to evaluate the different deformation and 212 

infiltration characteristics of the slope under seepage and rainfall conditions. The test cases were 213 

an unreinforced slope under seepage (Case 1), a GCCM-reinforced slope under seepage (Case 2), 214 

an unreinforced slope under rainfall (Case 3), and a GCCM-reinforced slope under rainfall (Case 215 

4); the conditions of all four cases are summarised in Table 4.  216 

To simulate seepage, the water supply tank was opened after initial spinning. A water head 217 

of 45 mm (1.13 m in the prototype scale) was targeted in this study. For the rainfall cases, a rainfall 218 

intensity of 0.17 mm/s (25 mm/h in the prototype scale) was used. Rainfall intensity was selected 219 

to correspond with the seepage flow; the seepage scaling factor is 1/N = 1/25 while the seepage 220 

time scaling factor is 1/N2 = 1/252. 221 

Before each test, the centrifuge machine required about 7 min to attain the targeted 222 

acceleration of 25-g. Constant 25-g was maintained for another 10 min before tests were started. 223 

At this time, either rainfall or seepage was applied to the slope. A test was terminated when one 224 

of the following criteria was met: the slope failed; the water level in the supply chamber reached 225 

45 mm (three-quarters of the soil layer) during a seepage test; the duration of rainfall was 3 min 226 

(31 hrs in the prototype scale) during a rainfall test. 227 
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4. Results and Discussion 228 

The PWP changes and horizontal displacements of the soil slopes as detected by sensors are 229 

reported and interpreted in this section. 230 

4.1 Change of Pore Water Pressure 231 

In the seepage study, water was supplied into the supply chamber through a 5 mm diameter 232 

plastic tube. The flow rate was adjusted using a valve outside the centrifuge chamber. Due to 233 

resistance from the soil slope, the water level in the supply chamber rose gradually, as presented 234 

in Fig. 5. The difference in the rate of static water head increase between the slopes with and 235 

without GCCM reinforcement was not very large. However, this difference will be considered in 236 

the interpretation from here onwards. 237 

Figure 6 shows the changing water level profiles along the length of the model slope at 238 

different moments during the tests. At the beginning of each test, the water level was near the base 239 

of the slope, indicating that the slope was not yet saturated. During the seepage tests, the water 240 

level profiles in the slope rose nearly parallel to the base, irrespective of the presence of the GCCM 241 

reinforcement (see Fig. 6a, 6b). On the contrary, during the rainfall tests, the water level profiles 242 

rose most significantly near the toe (Fig. 6c, 6d). The difference between the water-level profiles 243 

during seepage and rainfall was due to the different directions from which water was being 244 

introduced into or onto the slope. Under seepage, the water was introduced from the left boundary 245 

of the slope; but under rainfall, the water was distributed along the slope surface.  246 

Figure 7a shows the different changes in PWP of the unreinforced and GCCM-reinforced 247 

slopes under rainfall, while Fig. 7b shows the corresponding measured discharges from the outlet 248 

tank. Fig. 7(a) shows that the GCCM significantly reduced the PWP at PWP1 under rainfall, 249 

suggesting that the GCCM played a significant role in increasing slope stability by reducing water 250 
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infiltration. Meanwhile, discharge from the outlet tank represents both rainwater that infiltration 251 

through the slope and surface runoff. Although infiltration is hard to measure directly, it is 252 

indirectly represented by a rise in PWP. In fact, one of the mechanisms by which rainwater inside 253 

the soil matrix causes slope instability is by increasing the PWP, which counteracts existing 254 

interparticle interactions. Thanks to the sealing function provided by the GCCM to the slope 255 

surface, we can observe a slowdown in the rate of PWP increase near PWP1 (slope of Fig. 7a), 256 

and an ultimately smaller PWP than that in the unreinforced slope, thus showing that the GCCM 257 

is actively contributing to the soil slope’s stability.  258 

4.2 Displacement of Soil Slope 259 

Horizontal movements within the model slope were estimated based on the acceleration data 260 

measured by embedded ACC sensors. The horizontal displacement profiles at cross-sections A 261 

(upslope), B (slope toe), and C (slope toe) are plotted in Fig. 8. In all cases, the horizontal 262 

displacements predominately occurred at the slopes’ toes and near the surface. Ultimate horizontal 263 

displacements observed at a depth of 20 mm by the end of the tests were (prototype-scale values 264 

in brackets) 5.7 mm (142.5 mm), 5.1 mm (127.5 mm), 1.6 mm (40.0 mm), and 0.15 mm (3.8 mm) 265 

for Cases 1, 2, 3, and 4, respectively. It should be noted that large displacements near the surface 266 

could not be captured because the ACCs were not placed near the surface, which is one of the 267 

limitations to the estimation of displacement in this study. However, through comparisons of the 268 

estimated displacements at a depth of 20 mm, it is possible to confirm the positive effect of the 269 

GCCM to minimise the occurrence of the local deformation. For instance, under rainfall, a marked 270 

difference in the horizontal displacements in Sections B and C can be seen in Case 3 (unreinforced 271 

case, Fig. 8c), while there is almost no difference in Case 4 (GCCM-reinforced case, Fig. 8d). 272 

These indicate that the existence of the GCCM restrains the occurrence of the local deformation 273 
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and contributes to equalisation of the soil deformation near the surface because of the GCCM’s 274 

large stiffness and the friction resistance along the GCCM-soil interface. 275 

Representative images of the slopes after the termination of the seepage and rainfall trials 276 

are shown in Fig. 9, where the dashed lines are the positions of the original slope surface, and the 277 

solid lines are the slope surfaces at the end of the tests. Under seepage conditions, the GCCM-278 

reinforced slope suffered much less surface deformation than the unreinforced slope (Figs. 9a and 279 

9b). As for the rainfall condition, only a very small surface deformation was observed near the toe 280 

of the unreinforced slope, while no deformations were observed in the GCCM-reinforced slope at 281 

all (Figs. 9c and 9d). Note that soil erosion was not observed during the rainfall trials. 282 

Comparing the deformation profiles of Fig. 8a and Fig. 8c, slope deformation was more 283 

evenly distributed throughout the slope under seepage, and much more concentrated near the slope 284 

toe under rainfall. This was attributed to the difference in the water level profiles in the slope. 285 

Under seepage, the water level profile was nearly parallel to the base and developed along the 286 

entire slope; whereas under rainfall, the water level profile was observed only rose near the slope 287 

toe. 288 

4.3 Further Discussions 289 

To evaluate the benefit of the GCCM, the change in PWP over time measured by PWP2, 290 

the horizontal displacement at ACC2 under seepage (Cases 1 and 2), and the horizontal 291 

displacement at ACC3 under rainfall (Cases 3 and 4), are plotted in Fig. 10. Under seepage, the 292 

unreinforced slope began to move only 6.1 min into the test, when the PWP at PWP2 was 8.5 kPa. 293 

In contrast, the GCCM-reinforced slope did not move until 15.5 min into the test, or when the 294 

PWP at PWP2 reached 9.9 kPa (Fig. 10a). Under rainfall, the unreinforced slope started moving 295 

1.4 min into the test, corresponding to a cumulative rainfall of 14.3 mm, while the GCCM-296 
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reinforced slope showed no apparent displacement for the full 3.0 min duration or cumulative 297 

rainfall of 30.6 mm of the test (Fig. 10b). Thus, the presence of the GCCM prevented any 298 

displacement of the slope surface under rainfall. 299 

Also, data in Fig. 7 shows that the GCCM-reinforced slope had a clearly delayed increase in 300 

PWP. At a reinforcement coverage ratio of 75%, the PWP at PWP1 was reduced by 44.7% 301 

compared with the unreinforced case (Fig. 7a). This clearly shows the ability of the GCCM to seal 302 

off the slope against rainwater infiltration, preventing the increase of PWP and thus improving 303 

slope stability. Scaling up for real slopes that are subjected to long and heavy rainfalls, the 304 

effectiveness of the GCCM in delaying rainwater infiltration will be especially important. 305 

Horizontal slope displacements under either seepage or rainfall were markedly reduced by 306 

GCCM reinforcement. The GCCM’s stiffness was a key factor in the GCCM’s ability to reinforce 307 

the slope. Observations showed that soil displacement mainly occurred near the slope surface (less 308 

than 40 mm in the model or 1.0 m in the prototype) and the slope deformation tended to progress 309 

from the toe to the upper slope. Considering the facts that: (1) the interface friction between the 310 

GCCM and sand was nearly equal to the friction angle of the sand, and (2) the stiffness of the 311 

GCCM was very high compared to the sand; it can be concluded that the GCCM can restrain the 312 

soil near the surface from being locally deformed thanks to the GCCM’s stiffness and the friction 313 

resistance along the GCCM-soil interface. This can be also confirmed by the almost no difference 314 

in the horizontal displacements near the surface at different sections in the cases with the GCCM-315 

reinforcement, especially under rainfall, as explained above. 316 

Combining the two functions of delaying rainwater infiltration and enhancing soil stability, 317 

the GCCM proves to be a promising material for slope reinforcement, especially under the 318 
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circumstances of climate change that will amplify the environmental factors that seriously affect 319 

slope stability. 320 

 321 

5. Conclusions and Recommendations 322 

A series of centrifuge tests were performed on a soil slope model to examine the 323 

effectiveness of using geosynthetic cementitious composite mats (GCCM) to stabilise soil slopes. 324 

Centrifuge tests were performed at 25-g under seepage and rainfall conditions, with the model 325 

slope either unreinforced or reinforced by MGP to represent GCCM. Based on four centrifuge 326 

tests, the following key conclusions can be drawn: 327 

1) Slope deformation patterns under seepage are different from those under rainfall. Under 328 

seepage, soil slope deformation occurs throughout the slope, whereas under rainfall, slope 329 

deformation occurs near the toe of the slope. This is attributed to the difference in the water 330 

level rise within the slope. Under seepage, the water level profile is nearly parallel to the base 331 

and develops along the entire slope, whereas under rainfall, most of the water accumulation in 332 

the soil is near the toe of the slope.  333 

2) The GCCM has the ability to seal soil slopes from rainwater infiltration, which delays the 334 

increase in the in-soil water pressure near the slope toe, thus improving slope stability. 335 

Reacting to seepage, although the GCCM does not affect the rate at which the in-soil water 336 

level rises due to the water supply being below the GCCM, smaller surface displacements were 337 

seen with the presence of GCCM-reinforcement in the slope. Thus, the GCCM also improves 338 

slope stability during seepage by restraining surface soils from displacement by contributing 339 

to its stiffness and friction resistance along the GCCM-soil interface. Furthermore, full 340 
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coverage of the slope surface by GCCM is not necessary for any of these effects (under seepage 341 

or rainfall) to take place. 342 

3) Although only 75% of the slope surface was coved by GCCM, a delay of rainwater infiltration 343 

and the stabilisation of the slope surface during underground seepage were clearly observable. 344 

Both of these effects showcase GCCM’s ability to stabilise soil slopes to some extent under 345 

seepage and rainfall conditions. 346 

Although we investigated the GCCM’s ability to reinforce a slope against rainfall or seepage 347 

individually, in reality, a slope is likely subjected to both rainfall and seepage at the same time. 348 

Therefore, we suggest numerical and field studies of slopes reinforced with GCCM under seepage 349 

or/and rainfall conditions as future work. Some numerical analysis methods may not be 350 

straightforward when applied to GCCM-reinforced slopes, such as the limit equilibrium method 351 

that determines the factor of safety in the stability of a slope. Therefore, it may also be worthwhile 352 

to analyse GCCM performance under more than one numerical technique in a future study.  353 

Apart from the engineering application of GCCM, the environmental impact and the 354 

economy of scale should be concerned. Non-woven geotextile and woven geotextile components 355 

in GCCM after a period of operation can decompose and release macroplastics/microplastics into 356 

the soil and water environment. Therefore, the water collection and filtration system with natural 357 

materials at the toe of the slope should be considered to ensure the requirements of sustainable 358 

environmental development. In addition, GCCM can be combined with grass planting solution 359 

(Likitlersuang et al., 2020). From the economic point of view, because the GCCM is installed 360 

directly on the slope surface; then, the GCCM is hydrated by water spraying. The process of 361 

spreading GCCM sheets is made easy and fast. This can save a lot of time and labour, leading to 362 
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economic benefits. However, the economy of scale for GCCM has not been studied. Both 363 

environmental and economic issues are highly recommended to study in the future.  364 

 365 

List of notations 366 

c cohesion 

Cc coefficient of curvature 

Cu coefficient of uniformity 

D10 10% of the particles are finer than this size 

D30 30% of the particles are finer than this size 

D60 60% of the particles are finer than this size 

E Young's modulus 

 friction angle 

g gravity acceleration 

Gs specific gravity 

I rainfall intensity 

Iave  average rainfall intensity for all cups 

Ii rainfall intensity at each cup 

k hydraulic conductivity 

L length 

Pa supplied air pressure 

Pw supplied water pressure 

R rainfall depth 
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d dry density 

 stress 

SP poorly graded sand 

t elapsed time 

ts seepage time 

u pore water pressure 

Uc coefficient of uniformity for rainfall distribution 

vs seepage velocity 

W water content 

 367 
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Table 1: Properties of silica sand used in study 

Description Value Unit 

Grain size distribution: 

Sand: Silt: Clay 

100:0:0 % 

D10, D30, D60 0.085, 0.12, 0.165 mm 

Coefficient of uniformity, Cu 1.94 - 

Coefficient of curvature, Cc 1.03 - 

Classification SP - 

Water content, W 15 % 

Dry density, d 1.30 g/cm3 

Specific gravity, Gs 2.65 - 

Cohesion, c - kPa 

Friction angle,  37.8  

Hydraulic conductivity, k 1.95 x 10-4 m/s 
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Table 2: Properties of the GCCM and MGP  

Properties 

MGP 

GCCM** 

Model Prototype* Scaling Factor 

Nominal thickness (mm) 0.58 14.50 25 8.10 

Mass per unit area (g/cm2) 0.05 1.25 25 1.35 

Tensile strength (MPa) 3.8 3.8 1 3.3 

Modulus (MPa) 470.1 470.1 1 457.3 

Axial stiffness, EA, (kN/m) 272.7 6816.5 25 3704.1 

Bending stiffness, EI, (kNm2/m) 7.6 10-6 0.119 253 0.020 

Interface friction angle () 35.1 35.1 1 36.0 

Water permeability (cm/s) NA NA - 7.03  10-7 

Remarks: NA = Not Available; *Prototype values determined by applying scaling law; ** Data 

from (Jongvivatsakul et al. 2018) 
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Table 3: Scaling factors for centrifuge modelling at N-g 

Parameter Unit Prototype Model 

Stress,  kN/m2 1 1 

Acceleration m/s2 1 N 

Length, L m 1 1/N 

Bulk density Ton/m3 1 1 

Cohesion, c kN/m2 1 1 

Friction angle,   1 1 

Interface friction angle  1 1 

Young's modulus, E kN/m2 1 1 

Hydraulic conductivity, k m/s 1 N 

Pore water pressure, u kN/m2 1 1 

Seepage time, ts s 1 1/N2 

Seepage velocity, vs m/s 1 1/N 

Rainfall intensity mm/h 1 N 
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Table 4: Summary of centrifuge experiments 

Case Description Condition 

Water head 

(mm) 

Rainfall 

intensity, I 

(mm/s) 

Test 

duration, t 

(min) 

Deformation 

1 Unreinforced Seepage 45.3 - 10.7 Collapsed 

2 With GCCM Seepage 44.0 - 23.3 Collapsed 

3 Unreinforced Rainfall - 0.17 3.0 

Moderate; 

Not collapsed 

4 With GCCM Rainfall - 0.17 3.0 

Very small; 

Not collapsed 

Remarks: All values are measured in model. 
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Figure 1: Geosynthetic cementitious composite mat (GCCM): (a) a roll of GCCM product; (b) 

GCCM’s components  
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Figure 2: Schematic view of the centrifuge test model (units in mm)  
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Figure 3: Grain size distribution of silica sand  
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(a)  (b)  

Figure 4: (a) Image of medical gypsum plaster (MGP) sheet; (b) tensile stress-strain curves of 

the MGP and the GCCM 
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Figure 5: Rise in supply chamber water level during seepage tests 
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(a) (b) 

  

(c)  (d)  

Figure 6: In-soil water level profiles over time in the (a, c) unreinforced or (b, d) GCCM-

reinforced slopes under (a, b) seepage or (c, d) rainfall  
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(a) (b) 

Figure 7: Changes over time in (a) PWP and (b) discharge from the slope into the drainage tank 

under rainfall  
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(a) (b) 

  

(c)  (d)  

Figure 8: Horizontal displacements of the slope at different cross-sections: (a, b) seepage cases; 

(c, d) rainfall cases; (a, c) unreinforced slopes; (b, d) GCCM-reinforced slopes  

  



43 

 

 

(a)  

 

(b)  



44 

 

 

(c)  

 

(d)  

Figure 9: Ultimate side-profile of soil slopes at tests’ end: (a, b) seepage cases; (c, d) rainfall 

cases; (a, c) unreinforced slopes; (b, d) GCCM-reinforced slopes 
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(a)  (b)  

Figure 10: PWP and horizontal displacements over time: (a) seepage cases; (b) rainfall cases  

 


