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Abstract. Capillary barrier system (CBS) was developed as a slope protection method to prevent rainwater 

infiltration into the underlying soil based on the principle of unsaturated soil mechanics by harnessing the 

distinct difference in hydraulic properties of a fine-grained layer with those of a coarse-grained layer of soils. 

The CBS is commonly designed and constructed using gravel as coarse-grained material and fine sand as 

fine-grained material. However, due to scarcity of natural aggregates and in consideration of environmental 

sustainability, there is a need to utilize recycled materials in capillary barrier system. In this project, coarse 

and fine recycled concrete were used as the coarse- and fine-grained materials, respectively. The appearance 

of CBS was enhanced with an additional layer of approved soil mixture (ASM) to incorporate vegetation as 

green cover. CBS as a sustainable slope cover has been constructed for slope protection surrounding basement 

carpark in the new public housing development at Matilda, Singapore. The design, construction and 

monitoring system for the CBS are presented and discussed in this paper. The field measurement data provide 

verification of the performance of the CBS. Both field measurement and numerical analyses demonstrated 

that CBS performed well as designed.   

1 Introduction 
Capillary barrier system (CBS) is a cover system 

commonly consisting of a relatively fine soil layer placed 

over a relative coarse soil layer ([1], [2]).  The schematic 

diagram of the capillary barrier system is illustrated in 

Figure 1.  

CBS has been studied as a soil cover for landfill and 

mines wastes to reduce water infiltration ([3], [4]). 

Physical models have been constructed by different 

researchers ([5], [6]) to investigate the effectiveness of 

CBS in preventing water infiltration. Rahardjo et al. 
(2012) [7] carried out parametric studies on three capillary 

barrier models and suggested to use a material 

combination with a �w-ratio, which is the ratio of the 

water-entry values of the fine- and coarse- grained layer, 

greater than 10. Rahardjo et al. (2012 [8], 2013 [9]) also 

presented that additional two other controlling parameters 

that have to be considered in the material selection of 

CBSs, are (1) the water-entry value, �w of coarse-grained 

layer (preferably <1 kPa) and (2) the coefficient of 

saturated permeability, ks of the fine-grained layer 

(preferably >10-5 m/s).  

Tension crack in soil can cause leakage that had 

adverse effects to the barrier system, thus non-cohesive 

soil such as sand is commonly used for the construction 

of CBS. In sandy materials, water can drain very fast due 

to its low air entry value and low residual suction ([10], 

[11]).  

Fig. 1. Schematic diagram of capillary barrier system. 
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Fig. 2. Selection of rainfall condition from IDF curve [14].

 

As natural sand needs to be imported in Singapore, 

alternative material is needed to replace the natural sand 

in CBS due to its cost and limitation of resources. 

Recycled concrete aggregate (RCA) from construction 

and demolition waste, but mainly from crushed concrete 

of demolition waste is encouraged to be used in new 

construction work in Singapore.  Rahardjo et al. (2020) 

[12] indicated that recycled construction material such as 

RCA could have similar performance as the natural sand 

in the capillary barrier. 

In this study, the surface material of CBS was 

vegetated to provide greenery into the surrounding 

environment and for aesthetic purposes. An approved soil 

mixture (ASM) which is a mixture of organic soil and 

sandy material was used as the additional layer placed on 

top of the CBS for plant growth. In general, the CBS was 

constructed using three layers of soil with ASM as 

material as the top most layer, followed by fine RCA as 

fine-grained material and coarse RCA as coarse-grained 

material. 

The objective of this paper is to describe the 

construction and performance of the CBS as a sustainable 

slope cover which was constructed surrounding basement 

carpark of HDB flats in Matilda, Singapore. The scope of 

works includes the installation of comprehensive 

instruments to provide real-time monitoring of rainwater 

infiltration into the slope and numerical analyses to assess 

the performance of CBS as a sustainable slope protection 

against rainfall-induced slope failure.   

2 Design of capillary barrier system
The slope consists of residual soil from Old Alluvium in 

Matilda. It was located surrounding basement carpark of 

residential buildings in Singapore. In order to minimize 

the usage of electricity, the slope was designed with a 

gentle angle to provide sufficient sunlight into the 

carpark. The slope had a height of 3.5 m and a slope angle 

of 25°. Prior to the construction of CBS, numerical 

analyses were conducted to determine the optimum 

thickness of the CBS.  

The CBS was designed with a thickness of 20 cm for 

the ASM, 30 cm for the fine-grained layer and 20 cm for 

the coarse-grained layer. Two-dimensional seepage 

analyses were carried out using the finite element 

software SEEP/W ([13]). During construction of the 

basement carpark, there is always one-meter over-

excavation. In this case, there will be one-meter thick 

layer of backfill soil underlying CBS. The intensity-

duration-frequency (IDF) curve was used for the 

determination of flux boundary condition. A rainfall 

intensity of 18 mm/hour was determined from the curve 

corresponding to ten hours duration and return period of 

50 years, as illustrated in Figure 2.  

The numerical model and the boundary conditions 

were presented in Figure 3. Samples were taken from the 

site for SWCC measurements and the measured SWCCs 

of these soil samples were illustrated in Figure 4a. The 

statistical method as illustrated in Zhai et al. (2017 [15], 

2018 [16]) equation was used for the estimation of the 

permeability functions shown in Figure 4b. Groundwater 

table was located at 1.5 m below the ground surface near 

the toe. Eight measurement points (as illustrated in Figure 

3) were selected to assess the performance of CBS in 

minimizing the rainwater into the soil below the CBS. 

Zhai et al. (2017) [17] and Tami et al. (2004) [18] 

suggested that the hysteretic behavior of hydraulic 

properties of soil needs to be accounted for in the 

numerical modeling of unsaturated flow system to 

provide realistic results. Therefore, both wetting SWCC 

and wetting permeability functions (as illustrated in 

Figure 4) were used for the seepage analysis. The results 

from the numerical analyses are illustrated in Figure 5.  
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Fig. 3. Numerical model of capillary barrier system.

 

  As illustrated in Figure 5, during the rainfall period 

(first 10 hours), a significant decrease in suction, which 

represents the occurrence of infiltration, is only observed 

in the ASM and fine RCA layers while an insignificant 

decrease is observed in the coarse RCA layers and no 

change in suction is observed in the backfill soil layer. The 

results from seepage analysis indicate that the CBS 

system has good performance in storing rainwater for 

plant growth and acting as a barrier to rainwater 

infiltration into the underlying soil layer.

Fig. 4. Soil properties: (a) Soil-water characteristic curve 

(SWCC)s and (b) permeability functions of materials used in the 

numerical analyses of CBS slope.

3 Construction of capillary barrier 
system
The grain-size distribution (GSD) of materials used in 

CBS must be checked against the requirement (i.e., upper 

bound and lower bound of GSD) in the specification 

(HDB, 2016) [19] as presented in Figure 6 before they 

were placed on site. The selection of ASM must follow 

the specification as specified in Table 1 to ensure the 

livability of the plant.  

 

 

Fig. 5. Computed pore-water pressures at four points near crest 

of slope with respect to time.

 

Table 1. Specifications for ASM. 

S/No. Parameters Required Range/Value 

1 pH  5.5 to 7.8 

2 Electrical 

Conductivity 

Not exceeding 1500 micron/cm 

(1500 mS/cm) 

3 Components  

i) Sand Particle size: between 0.05 to 

2mm. Proportion: from 20% to 

75%. 

ii) Silt Particle size: between 0.002 to 

0.05mm. Proportion: from 5% 

to 60%. 

iii) Clay  Particle size: less than 

0.002mm. Proportion: from 5% 

to 30%. 
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Fig. 6. Grain-size distribution of Fine and Coarse RCAs.

The construction of the CBS was started by trimming 

the slope into the designated slope angle of 25o. Then, it 

was followed by the installation of the surface drainage. 

The subsoils drainage pipe consisted of a PVC pipe 

perforated in the upper-half diameter, wrapped by the 

geotextile, placed at the toe of CBS for each layer of soil 

behind the surface drainage. Pipe guides were installed 

afterward to indicate the location and prepare the hole for 

tensiometers that would be installed after the entire CBS 

was built. The ASM soil, fine RCA and coarse RCA were 

placed within the geocell with a thickness of 20 cm, 30 

cm and 20 cm, respectively, parallel to the slope surface. 

The geocell was similar to the one used by Rahardjo et al. 
(2016) and it was secured to the residual soil by steel J-

pins of 40 cm long, penetrating to 20 cm depth into the 

ground. Manual compaction was carried out on the fine 

and coarse RCA to achieve the desired density.  

During installation of the CBS (including three layers 

such as coarse RCA, fine RCA, and ASM soil), a layer of 

geotextile was laid on top of the coarse RCA as a separator 

between the coarse and fine RCA. A second layer of 

geocells was then laid above the geotextile and secured by 

steel J-pins of 80 cm long, penetrating to a depth of 20 cm 

into the ground. Fine RCA was then used to fill up the 

geocells to form the fine-grained layer. Another layer of 

geotextile was laid on top of the fine RCA as a separator 

between the fine RCA and ASM.  The ASM was placed 

on top of the geotextile. Finally, vegetations were planted 

in the ASM layer. The comparisons between the measured 

grain size distribution (GSD) data and the specified range 

(i.e., upper bound and lower bound) in the specification 

from HDB (2016) are illustrated in Figure 6.  The 

construction of CBS is presented in Figure 7a while the 

completed CBS slope is illustrated in Figure 7b. 

4 Field monitoring and numerical 
simulation
In order to assess the performance of CBS in minimizing 

rainwater infiltration into the slope, a total of 12 jet-filled 

tensiometers [20] were installed in the different layers of 

soil (as illustrated in Figure 8). In order to check the 

reading from the pressure transducer, an additional 

bourdon gauge was attached to each tensiometer as 

illustrated in Figure 9. The readings of instruments on site 

were automatically collected by datalogger and stored in 

a server.  

On the other hand, the numerical models for the 

seepage analyses were created using two commercial 

software Seep/W and SVFlux (version GE) in order to 

assess the response of field instruments to the rainfall. The 

collected rainfall data (from 1-Jan 2017 to 30-Jun 2017) 

from the weather station were used as the flux boundary 

condition for the seepage analyses. To avoid cumulative 

numerical error from the long-term iteration, a short 

simulation period such as one week was adopted for the 

seepage analysis. The half-year monitoring period was 

divided into twenty-six weeks and a total of 26 models 

were created. The readings from the tensiometers 

collected at the beginning of each week were assigned to 

the model and set as the initial condition for the seepage 

analysis.  The final numerical results from the seepage 

analyses using both Seep/W and SVFlux (version GE) for 

26 weeks are illustrated in Figures 10 to 15. As the 

reference, the rainfall data from 1-Jan 2017 to 30-Jun 

2017 are also plotted in Figures 10 to 15.   

Fig. 7. (a) During and (b) after construction of CBS slope at 

Matilda.
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Fig. 8. Schematic diagram of capillary barrier system at Matilda.

Fig. 9. Tensiometer installed on site.

It is observed that the suction in the ASM decreased 

much faster than that in the fine RCA during rainfall. The 

suction in the coarse RCA remained constant during the 

rainfall.  It is also observed that ASM could remain in a 

relative low suction state during the dry period (such as 

Feb 2017) which can provide sufficient water for the plant 

growth.  During the dry period, such as Feb-2017, there 

was limited rainfall recorded, the suction in ASM did not 

increase drastically, which means that the ASM can store 

the rainwater as the water supply for plant growth. The 

stored water could not infiltrate into the underlying soil 

due to the barrier effect provided by fine and coarse RCA 

layers. 

As illustrated in Figures 10-15, the numerical results 

from the commercial software such as Seep/W and 

SVFlux (version GE) agree with each other. In addition, 

Figures 10 to 15 also indicate that the results from the 

seepage analyses (either using Seep/W or SVFlux 

(version GE)) agree with the field measurement data. 

Good agreements between the numerical results and the 

field measurements demonstrate that the performance of 

CBS can be assessed using the numerical method. Both 

field measurement data and numerical results show that 

the suction in the coarse RCA layer remained constant 

(with low fluctuation), indicating that there was no 

rainwater infiltrating into the underlying soil. Both 

measurement data and simulation results showed that the 

low suction value was observed in the ASM layer during 

dry season (no rainfall period), indicating the presence of 

water was within the ASM layer. On the other word, the 

rainwater infiltrated into ASM layer during wet season 

could be stored in the ASM layer during dry season. The 

stored rainwater can be used by vegetation planted on the 

surface of CBS.  
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Fig. 10. Comparison results for Tensiometer 1 in ASM at: (a) crest and (b) toe.

Fig. 11. Comparison results for Tensiometer 2 in fine RCA at: (a) crest and (b) toe.

Fig. 12. Comparison results for Tensiometer 3 in fine RCA at: (a) crest and (b) toe.
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Fig. 13. Comparison results for Tensiometer 4 in coarse RCA at: (a) crest and (b) toe.

Fig. 14. Comparison results for Tensiometer 5 in backfilled soil at: (a) crest and (b) toe.

Fig. 15. Comparison results for Tensiometer 6 in backfilled soil at: (a) crest and (b) toe.
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5 Conclusions and recommendations
Capillary Barrier System (CBS) is a sustainable slope 

protection which consists of ASM, Fine RCA and Coarse 

RCA. A CBS was designed and constructed on the slopes 

surrounding a basement carpark in a public housing 

development at Matilda, Singapore. Both results from 

field instrumentation and numerical analyses indicate that 

the constructed CBS performed well under the studied 

rainfall conditions.  
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