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Abstract: Previous studies have demonstrated the effectiveness of a novel three-layer landfill cover system constructed with recycled concrete 

aggregates (RCAs) without geomembrane in both laboratory and field. However, no systematic investigation has been carried out to optimize 

the combination of the particle sizes for fine-grained RCAs (FRC) and coarse-grained RCAs (CRC) that can be used for the three-layer landfill 

cover system. The aim of this paper is to assist engineers in designing the three-layer landfill cover system under a rainfall of 100-year return 

period in humid climate conditions using an easily controlled soil parameter D10 of RCAs. The numerical study reveals that when D10 of FRC 

increases from 0.05 mm to 0.16 mm, its saturated permeability increases by 10 times. As a result, a larger amount of rainwater infiltrates into 

the cover system, causing a higher lateral diversion in both the top FRC and middle CRC layers. No further changes in the lateral diversion are 

observed when the D10 value of FRC is larger than 0.16 mm. Both the particle sizes of FRC and CRC layers are shown to have a minor influence 

on the percolation under the extreme rainfall event. This implies that the selection of particle sizes for the FRC and CRC layers can be based on 

the availability of materials. Although it is well known that the bottom layer of the cover system should be constructed with very fine-grained 

soils if possible, this study provides an upper limit to the particle size that can be used in the bottom layer (D10 not larger than 0.02 mm). With 

this limit, the three-layer system can still minimize the water percolation to meet the design criterion (30 mm/yr) even under a 100-year 

return period of rainfall in humid climates. 

Keywords: capillary barrier; landfill cover; particle size; recycled concrete 

 

1. Introduction 
  

The rapid development of urban cities causes an increasing 

generation of municipal solid waste. Due to its simplicity and cost-

efficiency, landfilling is one of the most common ways to manage 

municipal waste (Wong et al., 2013). A final cover system is a 

necessary component for a landfill to minimize the generation of 

leachate and hence to prevent the contamination of ground water. In 

conventional designs, low permeability materials, including 

compacted clay and geomembranes, are usually selected for 

constructing the final landfill cover. However, their performance is 

often compromised due to desiccation cracking, instability failures 

and puncture failures (Albright et al., 2006; Amaya et al., 2006; Fox et 

al., 2014). Therefore, the use of alternative covers has become a hot 

research topic in recent decades (Zhang and Sun, 2014).  

A cover with capillary barrier effects (CCBE) has served as one of 

the alternatives (Ross, 1990). In general, a typical CCBE consists of 

two soil layers: a fine-grained soil layer overlying a coarse-grained 

soil layer. Such layout can inhibit the downward migration of water 

by utilizing the contrasting permeability of the two soil layers at high 

suction conditions. Nevertheless, the application of CCBE under 

humid climates is not recommended (Khire et al., 2000; Albright et al., 

2004). This is because under heavy rainfall, water can break through 

the cover system, and the capillary barrier will not be effective at all. 

To ensure the effectiveness of a CCBE under humid climates, Ng et al. 

(2016) proposed a new alternative three-layer landfill cover system, 

which is applicable under all-weather conditions. The design 

introduced an additional compacted layer with low permeability 

beneath a conventional two-layer CCBE. In this design, the upper 

CCBE in the three-layer landfill cover system can store and divert 

rainwater in the overlying fine-grained layer under small rainfall 
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events in arid and semi-arid regions. This is because the unsaturated 

water permeability of the underlying coarse-grained layer is much 

smaller than that of the overlying fine-grained layer under such 

condition. However, when the water permeability of the coarse-

grained layer becomes larger than that of the fine-grained layer due 

to heavy rainfalls in humid regions, water breakthrough occurs at the 

interface and the additional layer at the bottom can effectively 

minimize water percolation due to its low permeability. The 

infiltrated water is thus diverted through the middle coarse-grained 

layer (Ng et al., 2019a). Since relatively coarse materials (e.g. sand 

and gravel) are used in the top and middle layers of the cover system, 

desiccation cracking would not occur in these layers. Also, the low 

water permeability of the top two layers under high suction 

conditions can minimize the upward flow of water during 

evaporation. This protects the bottom fine-grained layer from 

desaturation and hence the formation of desiccation cracks (Ng et al., 

2016).  

The working principle of this new landfill cover design is 

fundamentally different from those of the conventional hydraulic 

barrier cover system (USEPA, 1993; Qian et al., 2001). This is because 

the upper two soil layers in the new cover system work as a CCBE 

and no geomembrane is needed in the new cover system even under 

the extreme rainfall of humid climates, which is verified by 

theoretical, experimental studies (Ng et al., 2015b, 2016) and field 

trial (Ng et al., 2019a; Ng et al., 2022a). In comparison, the top and 

middle layers of the conventional hydraulic barrier cover system only 

function as a vegetation supporting layer and a drainage layer, 

respectively. Geomembrane is therefore required to install above the 

compacted clay layer in the conventional cover system to minimize 

percolation under extreme rainfall events (Qian et al., 2001). The 

alternative all-weather three-layer landfill cover system proposed by 

Ng et al. (2016) can be used not only in arid and semi-arid regions 

with low rainfalls, but also in humid regions with extreme rainfalls 

(Ng et al., 2015a, b, 2016; Chen et al., 2019). Although the alternative 
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cover system proposed by Ng et al. (2016) has been validated under 

both laboratory and field conditions (Ng et al., 2015a, b, 2016; Chen 

et al., 2019), no systematic investigation has been carried out for 

engineers to optimize the combination of particle sizes for fine- and 

coarse-grained materials that can be used for their design of a three-

layer landfill cover system. 

Furthermore, sustainable development has attracted increasing 

attention over the past years. To promote environmental 

sustainability, the use of recycled concrete aggregates (RCAs) in 

building and geotechnical applications is common around the world. 

For example, RCAs can be used for casting new concrete (Oikonomou, 

2005; Tabsh and Abdelfatah, 2009; Evangelista and Brito, 2010) or as 

a pavement material (Gabr and Cameron, 2012; Nwakaire et al., 

2020). Since RCAs possess similar hydraulic properties as natural 

aggregates (Rahardjo et al., 2013a), the use of RCAs as a substitution 

material for landfill covers is also a possible option. For example, 

Rahardjo et al. (2013b) replaced the underlying coarse-grained layer 

of a capillary barrier system using RCAs while maintaining the overall 

effectiveness of the cover. Similarly, investigations have also been 

carried out to evaluate the performance of the three-layer landfill 

cover using RCAs (Ng et al., 2019a, b). In the experiments, Ng et al. 

(2019a) replaced the middle layer with coarse recycled concrete 

aggregate (CRC), whereas Ng et al. (2019b) replaced the top and 

middle layers with fine recycled concrete aggregate (FRC) and CRC. 

The results showed that the percolation was below the recommended 

criterion of 30 mm/yr suggested by USEPA (1993). In addition, the 

typical price for crushing recycled concrete in China is about 20 

RMB/t, irrespective of the final size of crushed particles. The unit 

material price for constructing a three-layer landfill cover system 

with a given thickness of 0.9 m using RCA is less than 30 RMB/m2, 

which is far less than that of the cover system using geomembrane 

(more than 300 RMB/m2). These demonstrate the feasibility and 

practicality of the cover system constructed with RCA under humid 

climates. It is noted that plants cannot grow properly in alkaline 

concrete materials. This is because the most suitable soil for plant 

growth should be slightly acidic. For this reason, biochar, fly ash and 

slag can be used as potential amendments to improve plant growth 

under alkaline condition (GarciaCalvo and Hidalgo, 2010; Artiola et 

al., 2012; Lee and Yang, 2016; Zhao et al., 2015). According to the 

study by Ng et al. (2019a) and Li et al. (2021), the root depth of grass 

species (i.e. Cynodon dactylon or Vetiver grass) in the capillary 

barrier system was about 0.3-0.4 m, which is far less than the 

thickness of the three-layer cover system in this study (0.9 m). 

Moreover, a geotextile is normally placed between the top fine- and 

coarse-layers to minimize the fines migration into the coarse layer. 

The geotextile may also reduce the penetration of roots into the 

deeper layers (Dobson and Moffat, 1995). Further study is required 

to study the effectiveness of the three-layer system if plant roots 

grow through the cover.  

Currently, existing studies suggested that the minimum ratio 

between the water-entry value of FRC layer and CRC layer should be 

10, and the water-entry value of CRC should be smaller than 1 kPa 

(Rahardjo et al., 2007). However, these criteria cannot provide an 

optimum combination regarding the particle size of RCAs. 

Theoretically, the capillary diversion can be maximized when the 

underlying material is infinitely coarser than the overlying fine 

material (Smesrud and Selker, 2001) and the water-entry value of the 

coarse material should be close to zero. Due to practical limitations, 

the selection of appropriate particle size is often based on the 

availability of materials. Even though the theoretical capillary 

diversion under a given particle size combination can be calculated 

by the analytical equation proposed by Smesrud and Selker (2001), 

the optimum particle sizes corresponding to the maximum lateral 

diversion are unknown. In order to provide a scientific design 

guideline for practical applications, the effects of particle size 

selection of RCAs on the performance of the cover system should be 

investigated.  

This paper aims to assist engineers in designing the three-layer 

landfill cover system for humid climate conditions using an easily 

controlled soil parameter D10 of RCA. The influence of particle size of 

RCAs in all layers on the hydrological performance of the three-layer 

landfill cover system is investigated. First, a two-dimensional (2D) 

numerical model is validated against the flume test results reported 

by Lu (2019). Then, a series of parametric study is carried out to 

investigate the influence of particle sizes of RCAs in all three layers 

on the pore-water pressure distribution and water balance of the 

cover system. Finally, practical optimized particle sizes for the three-

layer landfill cover system under humid climate conditions are 

suggested for engineers. 

 

2. 2D finite element analysis 

 

A numerical study is conducted using the 2D finite element 

software, SEEP/W (2018), to simulate water infiltration into the 

three-layer landfill cover system. The governing equation for 

transient seepage analysis in unsaturated soil (Ng and Menzies, 2007; 

Yao et al., 2021; Ng et al., 2022b) can be expressed by the following 

equation: 
𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
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𝜕𝑦
) + 𝑄 = 𝑚w𝛾w

𝜕𝐻

𝜕𝑡
        (1) 

where H is the total head, kx is the water permeability function in the 

x-direction, ky is the water permeability function in the y-direction, Q 

is the applied boundary flux, mw is the specific moisture capacity, and 

γw is the unit weight of water.  

Overall, there are two stages in the numerical simulation. The first 

stage is to validate the numerical model against the experimental 

results reported by Lu (2019). The purpose of model validation is to 

check the reliability of the adopted numerical model (e.g. mesh 

configuration, boundary conditions and hydraulic properties of 

materials) by comparing the numerical simulation and experimental 

results. At the second stage, the validated numerical model is used to 

investigate the influence of particle size on the performance of a 

three-layer landfill cover system constructed with RCAs under a 100-

year return period of rainfall.  

2.1. Analysis plan and input parameters 

2.1.1. Model validation 

In this study, the numerical model is validated against the 2D 

flume results from Lu (2019). According to the laboratory test 

reported by Lu (2019), a three-layer landfill cover was constructed in 

a 2D flume model, which was 3 m (length) × 1 m (width) × 1.5 m 

(height) in dimension (Fig. 1). The cover consists of a 0.4 m thick FRC 

layer on the top, a 0.2 m thick CRC layer in the middle and a 0.3 m 

thick clayey silt (CS) layer at the bottom. No geomembrane was 

employed in the cover system. The concrete aggregates used in the 

study were obtained from a demolition site in Longgang district, 

Shenzhen, whereas the CS was obtained from an excavation site near 

the Xiaping landfill cover in Shenzhen. The obtained concrete 

aggregates were then crushed and sieved to obtain the FRC and CRC 

used in the experiment. Based on the unified soil classification system 
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(USCS) (ASTM, 2011), the FRC and CRC are classified as well-graded 

sand (SW) and poorly graded gravel (GP), respectively. The particle 

size distributions of materials are shown in Fig. 2. To construct the 

cover system, a 0.05 m thick gravel layer was first placed at the 

bottom of the flume model to simulate the gas collection layer. The 

cover materials were then compacted with each spanning a height of 

0.02 m, using a 0.2 m × 0.2 m vibrator plate. Geotextiles were 

inserted between the layer interfaces and the cover surface to 

prevent particle migrations and surface erosion, respectively. After 

compaction, the flume model box was inclined. As recommended by 

the design guideline (GB 51220–2017, 2017), the typical range for 

the inclination angle of landfill cover systems in China is from 5° to 

18°. Therefore, the inclination angle of the flume model was set at 3°, 

which is close to the lowest value recommended by GB 51220–2017 

(2017). By adopting this small inclination angle, there will be no 

ponding on the top but producing sufficient conservative results.   

 

 
Fig. 1. Layout of instrumentation in the laboratory test. 

 

 
Fig. 2. Particle size distributions of materials used in the three-layer 

cover system (Lu, 2019). 

 

For the instrumentation, tensiometers and frequency domain 

reflectometry sensors were installed in the upper (0.75 m), middle 

(1.5 m) and lower (2.25 m) cross-sections of the flume model to 

measure pore-water pressure and volumetric water content at 

depths of 0.1 m, 0.3 m, 0.5 m, 0.7 m and 0.8 m, respectively. In total, 

nine drain gauges were also installed to measure the infiltration rate 

in each layer. A number of holes were drilled on the downstream 

sidewall of the flume model for collecting the surface runoff, lateral 

diversion at each soil layer and percolation from the cover system for 

analysis. As Ng and Pang (2000) demonstrated that the changes in 

the hysteresis loop of soil become minor after three wetting and 

drying cycles, the cover system had undergone three wetting and 

drying cycles to simulate the field condition. Afterwards, the cover 

system was subjected to a rainfall with an intensity of 36.5 mm/h 

until saturation, followed by a 120-h drying. During the water 

infiltration test, a heavy rainfall event with the same intensity of 36.5 

mm/h was first applied to the cover system for 12 h. Subsequently, 

the cover system was allowed to dry under natural condition. 

Fig. 3 shows the model geometry and finite element mesh used in 

SEEP/W (2018). Previous studies revealed that mesh size plays a key 

role in convergence (Ju and Kung, 1997) and affects the accuracy of 

transient seepage analysis in unsaturated soil (Vogel and Ippisch, 

2008; Vereecken et al., 2016). To ensure the accuracy of rainfall 

infiltration analysis, the critical mesh size depends on the minimum 

water diffusion coefficient, D0, and saturated permeability, ks (Li et al., 

2022). In this study, the minimum water diffusion coefficient is 

estimated to be 3.07 × 10-7 m2/s, given that the initial pore water 

pressure near the soil surface is 18 kPa. The maximum infiltration 

rate is taken as rainfall intensity, which is 1.7 × 10-6 m/s. Thus, the 

critical mesh size is estimated as 0.079 m. Considering both 

numerical accuracy and efficiency, the finite-element discretization in 

this study is set ranging from 0.025 m to 0.05 m. In total, 3100 

rectangular elements are generated in the mesh configuration to 

simulate the three-layer cover system.  

 

Legend:

Tensiometer

Frequency domain reflectometry sensor

Drain gauge

Electronic weight balance

Notes:

All dimensions are in meters

0

20

40

60

80

100

0.001 0.01 0.1 1 10 100

P
er

ce
n

ta
g

e 
p

a
ss

in
g
 (

%
)

Particle size (mm)

FRC

CRC

CS

Jo
urn

al 
Pre-

pro
of



 
Fig. 3. Finite element mesh used in the seepage analysis. 

 

In order to conduct the seepage analysis, the hydraulic properties, 

including the water retention curves (WRCs) and unsaturated 

permeability functions, of the used materials are required. All 

samples were prepared at the degree of compaction of 95% for 

testing. For simplicity, only the drying WRCs of the materials are 

considered in this study. Measurements of the WRCs of FRC and CS 

were performed using a modified pressure plate apparatus (Ng and 

Pang, 2000). A hanging column apparatus was used to measure the 

WRC of CRC in accordance with the ASTM D6836-16 (2016) standard. 

In general, both the van Genuchten (1980) equation and Fredlund 

and Xing (1994) equation can fit the measured WRC data reasonably 

well (Leong and Rahardjo, 1997). However, the correction factor in 

Fredlund and Xing (1994), which forces the volumetric water content 

to be zero at high suction, does not have a theoretical basis. Hence, 

the van Genuchten (1980) equation was adopted for fitting the 

measured data in this study. The equation is expressed as 

𝜃w =  𝜃r +
𝜃s−𝜃r

[1+(𝛼𝜓)𝑛]𝑚
     (2) 

where θw is the volumetric water content at any matric suction 𝜓 

(𝜓 =  −ℎ𝛾w, where h is the water pressure head and 𝛾w is the unit 

weight of water); θs is the saturated water content; θr is the residual 

water content; and α, n and m are the fitting parameters. Fig. 4 

presents the measured and fitted WRCs of FRC, CRC and CS. The 

corresponding fitting parameters are summarized in Table 1. Fig. 5 

shows the unsaturated permeability functions of FRC, CRC and CS. 

They are calculated based on the WRCs shown in Fig. 4 using the van 

Genuchten-Mualem equation (Mualem, 1976; van Genuchten, 1980). 

The equation is expressed as 

 

 
Fig. 4. Measured and fitted WRCs of FRC, CRC and CS. 

 

Table 1. Van Genuchten (1980) fitting parameters for the recycled 

concrete aggregates and soil. 

Parameter Symbol Value 

FRC CRC CS 

Saturated volumetric water content  θS 0.39 0.37 0.52 

Residual volumetric water content  θR 0.02 0.05 0.01 

Van Genuchten (1980) fitting parameters α (kPa-1) 0.12 1.35 0.03 

m 0.25 0.67 0.12 

n 1.33 3.01 1.14 

 

 
Fig. 5. Permeability functions of FRC, CRC and CS. 

 

𝑘 = 𝑘s
{1−(𝛼𝜓)𝑛−1[1+(𝛼𝜓)𝑛]−𝑚}

2

[1+(𝛼𝜓)𝑛]𝑚/2
    (3) 

where k is the unsaturated coefficient of permeability at any matric 

suction ψ. The ks values of FRC and CS were tested using the flexible 

wall permeameter according to the ASTM D5084-10 (2010) standard, 

while constant head method was used for the measurement of CRC as 

described in ASTM D2434-68 (2006) standard. In summary, the input 

ks values for FRC, CRC and CS for the validation run are measured to 

be 1.7 × 10-6 m/s, 2.5 × 10-1 m/s and 1.7 × 10-8 m/s, respectively. 

Since ks is mainly controlled by micropores in soil (Marshall, 1958; 

Chapuis and Aubertin, 2003), the finer portion of the particle size 

distribution (such as D10 or D30) contributes more to the magnitude of 

ks. For simplicity, the widely adopted Hazen (1911) equation (Agus et 

al., 2005; Bardet et al., 2014) is used to estimate the ks of cover 

materials using D10 in the parametric study. Given that this study 

focuses on the variation of ks of the materials, D10 is therefore chosen 

as the main parameter for numerical analyses. Another advantage of 

using D10 to characterize the cover materials is that engineers can 

readily and easily conduct their preliminary design analyses in a 

relatively simple but reasonable manner. It should be noted that D10 

cannot capture the variations of micropore structure in soils. If the 

change of soil water retention characteristics (i.e. air entry value and 

desorption rate) needs to be considered, a full description of the 

particle size distribution (Fredlund et al., 2000) should be included. 

The Hazen (1911) equation can be written as 

𝑘s = 𝐶𝐷10
2       (4) 

where C is an empirical coefficient, and D10 is the effective particle 

size (cm). In this study, the empirical coefficients were calculated 

based on the ks and D10 values of the materials in the validation run 

using the Hazen (1911) equation. The D10 values for FRC, CRC and CS 

in the validation run are 0.05 mm, 10.7 mm and 0.002 mm, 

respectively. The results are summarized in Table 2. The empirical 

coefficient C values for FRC, CRC and CS are determined to be 7, 22 

and 42, respectively. It should be noted that the Hazen (1911) 

equation using D10 is only applicable for predicting the ks of coarse-

grained soil at a loose state (Chapuis, 2012). Thus, the predicted ks of 

the compacted cover materials in this study may be overestimated, 

resulting in a more conservative evaluation of cover performance and 
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design recommendations. Further analyses using more accurate 

predicting models, i.e. Kozeny-Carman equation (Taylor, 1948; 

Chapuis, 2004; Sezer et al., 2009), may be necessary to form an 

improved design guideline in future. Moreover, when studying the 

mechanical behavior of FRC & CRC and its application in slope 

stability, some numerical tools, such as Discrete Element Method 

(DEM), can be adopted. The details of DEM can be found in Cui et al. 

(2022), Fang et al. (2022) and Yao et al. (2022). 

2.1.2. Parametric study 

After validating the numerical model, three series of parametric 

analyses are carried out to investigate the influence of particle size of 

RCAs on the performance of the cover system. D10 is selected to 

characterize the particle size of the cover materials due to its close 

correlation with ks. All the ks values in the parametric study are 

calculated based on Hazen’s equation in Eq. (4). The first series 

focuses on the effects of particle size of the FRC layer. Four different 

D10 values of FRC (i.e. 0.05 mm (F0.05), 0.16 mm (F0.16), 0.5 mm 

(F0.5) and 1.6 mm (F1.6)) are selected. They correspond to the ks 

values of 1.7 × 10-6 m/s, 1.7 × 10-5 m/s, 1.7 × 10-4 m/s and 1.7 × 10-3 

m/s, respectively. The second series aims to study the influence of D10 

of CRC layer on the water balance components in the three-layer 

landfill cover system. Two D10 values (10.7 mm (C10.7) and 3.4 mm 

(C3.4)) are used and they correspond to the ks values of CRC of 2.5 × 

10-1 m/s and 2.5 × 10-2 m/s, respectively. Furthermore, the third 

series focuses on the particle size of the bottom CS layer. By varying 

the particle size of CS, the maximum allowable particle size can be 

determined if the percolation meets the design criterion. Three D10 

values of CS (i.e. 0.002 mm (CS0.002), 0.006 mm (CS0.006) and 0.02 

mm (CS0.02)) are considered. The selected particle sizes correspond 

to ks of three different orders of magnitude, ranging from 10-8 m/s to 

10-6 m/s. The D10 and the corresponding ks values of FRC, CRC and CS 

in the parametric study are summarized in Table 2. Since the water 

retention capacity of the materials increases with a decreasing D10 

value, a series of numerical runs was carried out to investigate the 

influence of WRC on water infiltration in three-layer cover system 

under a 100-year return period of rainfall with an intensity of 36.8 

mm/h (1.02 × 10-5 m/s) for 12 h. By comparing the cases with and 

without considering the particle size effects on WRC, the differences 

in surface runoff, lateral diversion and percolation at the end of the 

24-h simulation were all less than 2%. Hence, the influence of particle 

size induced changes in WRC on the water balance results was 

ignored under the 100-year return period rainfall in this study. This 

implies that the variation in D10 only affects the permeability 

functions by changing ks. 

 

Table 2. Summary of numerical analyses in SEEP/W (2018). 

Note: Va denotes validation, F denotes FRC in the top layer, C denotes CRC in the middle layer, and CS denotes CS in the bottom layer. 

 

2.2. Numerical procedures 

Steady-state seepage analysis is first conducted, to establish the 

initial pore-water pressure distribution for the following transient 

seepage analysis in both validation and parametric study. A very 

small rainfall with an intensity of 0.01 mm/d (1.16 × 10-10 m/s) is 

applied to the top boundary AB in Fig. 2. The hydraulic head of the 

bottom boundary CD is set to be -0.2 m, so that the computed PWP at 

the bottom of the cover is reasonably close to the measured value in 

the flume test. The left boundary AC and the right boundary BD are 

set as a zero-flux boundary and a potential seepage face, respectively.  

After the steady-state seepage analysis, a transient state analysis 

was conducted to simulate the drying stage experienced by the flume 

model prior to the rainfall event as in the flume test (Lu, 2019). An 

evaporative flux of 3.3 × 10-8 m/s is specified at the top boundary AB 

for 3.5 d to simulate the drying process (Ng et al., 2015b). Since a gas 

collection layer is located underneath the three-layer cover system in 

the physical flume model (Lu, 2019), a potential seepage face is 

therefore specified at the bottom boundary CD in the drying stage 

before rainfall. No changes were made to the boundary conditions at 

AC and BD. Following the end of the drying stage, a rainfall event with 

an intensity of 36.8 mm/h (1.02 × 10-5 m/s) is applied to the top 

boundary AB for 12 h. This corresponds to an extreme rainfall event 

with a 100-year return period in Hong Kong (DSD, 2018). Afterwards, 

an additional transient drying stage was conducted for 12 h using the 

same evaporative flux of 3.3 × 10-8 m/s to allow further development 

of water balance components. 

In the parametric study, the transient seepage analysis is 

conducted by applying a rainfall event immediately after the initial 

steady-state seepage analysis. The same rainfall event as that in the 

validation run is applied to the top boundary AB. Similarly, an 

evaporative flux of 3.3 × 10-8 m/s is replaced at the top boundary to 

simulate the drying process after the 12-h rainfall event for further 

Series ID ks of FRC (m/s) D10 of FRC (mm) ks of CRC (m/s) D10 of CRC (mm) ks of CS (m/s) D10 of CS (mm) Remark 

0 Va 1.7 × 10-6 0.05 2.5 × 10-1 10.7 1.7 × 10-8 0.002 Validation 

1 F0.05 1.7 × 10-6 0.05 2.5 × 10-1 10.7 1.7 × 10-8 0.002 Effects of particle size of FRC 

F0.16 1.7 × 10-5 0.16 

F0.5 1.7 × 10-4 0.5 

F1.6 1.7 × 10-3 1.6 

2 F0.05C10.7 1.7 × 10-6 0.05 2.5 × 10-1 10.7 1.7 × 10-8 0.002 Effects of particle size of CRC 

F0.05C3.4 2.5 × 10-2 3.4 

F0.16C10.7 1.7 × 10-5 0.16 2.5 × 10-1 10.7 

F0.16C3.4 2.5 × 10-2 3.4 

F0.5C10.7 1.7 × 10-4 0.5 2.5 × 10-1 10.7 

F0.5C3.4 2.5 × 10-2 3.4 

F1.6C10.7 1.7 × 10-3 1.6 2.5 × 10-1 10.7 

F1.6C3.4 2.5 × 10-2 3.4 

3 CS0.002 1.7 × 10-3 1.6 2.5 × 10-1 10.7 1.7 × 10-8 0.002 Effects of particle size of CS 

CS0.006 1.7 × 10-7 0.006 

CS0.02 1.7 × 10-6 0.02 
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analysis of the water balance results. All other boundary conditions 

are the same as those in the transient drying stage in the validation 

run. Note that all results in the following sections are presented in 

terms of pore-water pressure instead of matric suction. 

 

3. Results and discussion 

 

3.1. Validation of the numerical model 

Fig. 6a shows the comparison between the measured and 

computed pore-water pressure profiles at Section I-I during the 

rainfall infiltration test. Based on the numerical simulation, the 

computed results can match the experimental results well, except at 

the depth of 0.7 m. Such discrepancy at the depth of 0.7 m may be due 

to possible measurement error during the experiment. The fair 

consistency between the measured and computed pore-water 

pressure profiles demonstrates that the established numerical model 

is capable of simulating the pore water pressure changes in three-

layer landfill cover system constructed with RCAs. Fig. 6b shows the 

comparison between the measured and computed water balance 

components. When compared with the measured water balance 

components, the computed surface runoff and change in soil water 

storage were overpredicted, while both the lateral diversions in FRC 

and CRC layers were underestimated. Regarding the surface runoff, 

the maximum difference between the measurements and simulations 

was about 53 mm at 24 h, which was approximately 12% of the total 

precipitation. The change in soil water storage was overpredicted 

since the middle of the rainfall event (6 h), with a difference of about 

24 mm at 24 h. Consequently, less amount of lateral diversion in FRC 

and CRC layers was resulted when compared with the measured 

values. The computed onset of the lateral diversion in CRC layer 

lagged behind as well. The total underestimated amount of lateral 

diversion in both layers at 24 h was about 65 mm, which was close to 

the sum of overestimation in surface runoff (53 mm) and change in 

soil water storage (24 mm). 

 

 

(a) 

 

(b) 

Fig. 6. Comparison between measured (M) and computed (a) pore-

water pressure profiles at Section I-I and (b) water balance 

components (cumulative precipitation, surface runoff, change in soil 

water storage, lateral diversion and percolation). 

 

The differences between the measurements and simulations may 

be because the effects of hydraulic hysteresis and the anisotropy of 

materials are ignored in the numerical simulations. Using the drying 

paths of WRCs, the amount of retained water at any given suction 

during rainfall is overestimated. Hence, the lateral diversion is 

underestimated. Despite the above discrepancies discussed, both the 

measured and computed results recorded no percolation throughout 

the 24 h rainfall duration. Furthermore, by comparing the computed 

pore-water pressure profiles at the upper (0.75 m), middle (1.50 m) 

and lower (2.25 m) sections along the flume model (Fig. 7), it is 

evident that they are very similar, implying that an infinite slope 

condition can be approximated. Therefore, the 3-m finite element 

model used in this study can approximately represent field-scale 

landfill cover.  

 

 
Fig. 7. Computed pore-water pressure distributions along the upper, 

middle and lower sections. 

 

3.2. Effects of particle size of the FRC and CRC layers  

Fig. 8 shows the comparison of computed pore-water pressure 

profiles at Section I-I among the four runs in Series 1. Initially, the 

pore-water pressure profiles for each run (F0.05, F0.16, F0.5 and 

F1.6) were close to the hydrostatic line. After the 12-h rainfall event, 

the pore-water pressures in all runs increased especially in the top 

two layers. The wetting fronts reached a depth of about 0.8 m. In 

general, variations in particle size of the FRC layer had great 
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influence on the pore-water pressure distributions in the FRC layer, 

but not in the CRC and CS layers. For F0.05 and F0.16, the FRC layer 

was close to saturation at the end of the rainfall. On the contrary, the 

pore-water pressures in the FRC layer remained negative for F0.5 

and F1.6. This is attributed to the differences in the ratio between the 

ks of FRC and rainfall intensity in each case (Ng and Shi, 1998). In 

F0.05 and F0.16, the ks of FRC was smaller than or close to the rainfall 

intensity, hence the infiltrated water could not be drained away 

effectively from the layer. The pore-water pressures, therefore, built 

up gradually and approached zero. In contrast, the ks values of FRC in 

F0.5 and F1.6 were higher than the rainfall intensity by at least one 

order of magnitude. This facilitated the drainage of water from the 

layer. Thus, the pore-water pressures in the FRC layer remained 

negative, or even approached a hydrostatic condition in F1.6. This is 

consistent with Yang et al. (2006) that the ratio between rainfall 

intensity and ks plays an important role in affecting the pore-water 

pressure distribution in the top fine soil layer. Nevertheless, the pore 

water pressures in the CRC layer followed the hydrostatic line in all 

runs because of its high ks. The pore-water pressures in the CS layer 

increased slowly due to the progressive seepage of water. Based on 

the computed results, it can be concluded that the CRC layer is 

sufficient to divert all the infiltrated water, regardless of the changes 

in particle size of the FRC layer. The pore-water pressure profiles also 

confirm that the 0.3 m thick CS layer has successfully impeded the 

seepage of water and prevented percolation. 

 

 
Fig. 8. Comparison of computed pore-water pressure profiles at 

Section I-I for runs with different D10 values of FRC. 

 

In order to further understand the influence of particle size of the 

FRC layer, water balance calculations from F0.05 and F1.6 are 

compared. These two cases are selected, as each of them represents 

the scenario where the ks of FRC layer is smaller and larger than the 

rainfall intensity, respectively. Fig. 9a and b show the computed 

water balance components with respect to the total precipitation for 

F0.05 and F1.6, respectively. In F0.05 (Fig. 9a), the surface runoff 

developed rapidly since the beginning of the rainfall event, while the 

increase in soil water storage was at a slower rate. This is because the 

ks of the FRC layer was smaller than the rainfall intensity by one 

order of magnitude. Thus, a majority of the rainwater became surface 

runoff instead of infiltrating into the cover system. As the rainwater 

continued to infiltrate, the breakthrough of the capillary barrier 

occurred at around 7 h. Therefore, the soil water storage no longer 

increased and the lateral diversion in CRC layer began to take place at 

around 7 h. After 12 h, the rainfall stopped, but the lateral diversion 

in CRC layer continued to develop as the stored water continued to 

discharge until the end of the simulation. No lateral diversion in FRC 

layer and percolation were observed during the 24 h period.  

Interestingly, a different phenomenon can be observed in F1.6 

(Fig. 9b). At the beginning of the rainfall, the increase in soil water 

storage was the same as the amount of precipitation, indicating that 

all the rainwater had infiltrated into the cover system. This is because 

the ks of the FRC layer is significantly larger than the rainfall intensity. 

As a result, the capillary barrier effects disappeared quickly, and the 

infiltrated water reached the interface between the CRC and CS layers 

within the first hour. However, further downward migration of water 

was inhibited by the CS layer with low permeability by diverting the 

water along the CRC-CS interface. In this case, a majority of the 

rainwater was removed through the lateral diversion in CRC layer 

instead of surface runoff as in F0.05. After the rainfall stopped at 12 h, 

the soil water storage slightly decreased and no significant change in 

the water balance components was observed. No lateral diversion in 

FRC layer and bottom percolation were generated during the 

simulation. This is consistent with the results in F0.05. These results 

have illustrated that increasing the particle size of the FRC layer leads 

to a larger amount of infiltrated water and an earlier breakthrough of 

the capillary barrier. Therefore, to promote the performance of the 

three-layer cover system under extreme rainfall events, it is 

important that the CRC layer is sufficient to drain away the additional 

rainwater when large particle size is used in the FRC layer. 

 

 
(a) 

 

(b) 

Fig. 9. Development of computed water balance components 

(cumulative precipitation, surface runoff, change in soil water storage, 

lateral diversion and percolation) with respect to the total 

precipitation for runs (a) F0.05 and (b) F1.6. 
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The water migration in the cover systems can be further 

interpreted by the water flow vectors. Fig. 10a and b show the 

computed water flow vectors at the end of rainfall (12 h) for F0.05 

and F1.6, respectively. When the D10 of FRC layer is 0.05 mm, water 

infiltration in the FRC layer was limited, which resulted in very small 

amount of lateral diversion in the CRC layer. However, for F1.6, a 

larger amount of rainwater infiltrated into the cover system due to 

the increased particle size of the FRC layer. Thus, it can be observed 

that the water flow vectors in the FRC layer in F1.6 (Fig. 10b) is more 

significant than that in F0.05 (Fig. 10a). Although breakthrough of the 

capillary barrier has already occurred at 12 h, the downward seepage 

of water in the CS layer was insignificant due to its low permeability. 

The infiltrated water was therefore removed through lateral 

diversion in the CRC layer as illustrated by the water flow vectors. 

Due to the increase in particle size, the infiltration rate in FRC layer 

increased from about 1 × 10-6 m/s to 1 × 10-5 m/s. Besides, the lateral 

flow velocity at the toe of CRC layer increased from about 1 × 10-4 

m/s to 8 × 10-4 m/s. In contrast, the water flow in CS layer was much 

slower. The downward flow velocity of water in both runs was 

maintained in the order of 10-9 m/s. This demonstrates the 

effectiveness of the CS layer in impeding the downward seepage of 

water, ensuring the performance of the three-layer cover system 

when subjected to an extreme rainfall event. However, if ponding 

occurs in the CRC layer, the hydraulic gradient in the CS layer 

increases. As a result, the downward seepage of water in the layer 

speeds up, which can negatively affect the performance of the cover 

system. 

 

 
(a) 

 

(b) 

Fig. 10. Computed water flow vectors at the end of rainfall (12 h) for 

runs (a) F0.05 and (b) F1.6. 

 

Fig. 11 summarizes the influence of D10 value of FRC on the 

cumulative surface runoff, lateral diversion and percolation with 

respect to the total precipitation at 24 h. Lateral diversion in Fig. 11 

refers to the total lateral diversion in both FRC and CRC layers. When 

the D10 value of FRC increased from 0.05 mm to 0.16 mm, the 

cumulative surface runoff decreased quickly from 85% to 1%, while 

the cumulative lateral diversion from the FRC and CRC layers 

increased from 7% to 91%. Such sharp changes were because of the 

increasing amount of rainwater infiltrated into the cover system and 

diverted through the CRC layer when a larger particle size of FRC was 

used. However, no further changes in these two components can be 

observed when the D10 value of FRC continued to increase. In all the 

runs, no percolation was generated regardless of the changes in 

particle size of the FRC layer. This implies that the particle size of the 

FRC layer does not have major influence on the performance of the 

three-layer landfill cover system under the extreme rainfall event.  

Fig. 11 also shows the influence of D10 of CRC layer on cumulative 

surface runoff, lateral diversion and percolation with respect to the 

total precipitation at 24 h. It clearly shows that when D10 of CRC 

decreases from 10.7 mm to 3.4 mm (ks from 2.5 × 10-1 m/s to 2.5 × 10-

2 m/s), there are no changes in cumulative surface runoff, lateral 

diversion and percolation. It indicates that under the 100-year return 

period rainfall, the hydrological performance of the three-layer 

landfill cover is not sensitive to the particle size of the middle layer 

when D10 of CRC is larger than 3.4 mm. Therefore, based on the 

results shown in Fig. 11, it is recommended that the selection of 

particle size of FRC and CRC should be based on the availability of 

materials for constructing the cover system. Also, the presented 

results have indicated a possibility of simplifying the top two layers 

into one single layer. However, removing the top fine-grained layer 

would potentially reduce the water storage capacity of the cover 

system. Therefore, further study is required to evaluate the feasibility 

of this approach. 

 

 
Fig. 11. Influence of D10 values of FRC and CRC on cumulative surface 

runoff, lateral diversion and percolation. 

 

3.3. Effects of particle size of the CS layer 

Fig. 12 shows the comparison of computed pore-water pressure 

profiles at Section I-I among the three runs (i.e. CS0.002, CS0.006 and 

CS0.02). At the initial condition, the pore-water pressure profiles for 

CS0.006 and CS0.02 were approximately hydrostatic in contrast to 

CS0.002. This is because the permeabilities of the materials in these 

two runs are relatively large as compared to the applied rainfall 

intensity. After the 12-h rainfall event, the pore-water pressures for 

all three runs increased due to water infiltration. The pore-water 

pressure distributions at 12 h in the FRC and CRC layers for CS0.006 

and CS0.02 were identical to CS0.002, which was close to the 

hydrostatic line. However, the wetting front in CS0.002 only reached 

a depth of about 0.8 m, while the wetting front in CS0.006 and CS0.02 

reached the bottom of the cover system. The pore-water pressures at 

the bottom of the cover in these two runs increased to 0 kPa, 

resulting in water percolation. The results in Fig. 12 imply that the 

variation in particle size of the bottom layer does not affect the pore-

water pressure distribution in the cover system if percolation has 

already occurred. 

Jo
urn

al 
Pre-

pro
of



Fig. 13 summarizes the influence of D10 value of CS on cumulative 

lateral diversion and percolation with respect to the total 

precipitation at 24 h. According to the computed results in Fig. 13, the 

particle size of the bottom layer is important in controlling the 

amount of percolation from the cover system. When the D10 value of 

CS increased from 0.002 mm to 0.02 mm, the cumulative lateral 

diversion from the FRC and CRC layers slightly decreased from 91% 

to 87%, while the cumulative percolation increased from 0% to 5%. 

This is because the increased particle size of CS facilitates a faster 

downward seepage of water. Thus, a larger amount of water can 

percolate through the cover system after the breakthrough of the 

upper capillary barrier. Although water percolation occurred for 

CS0.006, the cumulative percolation at the end of the simulation (24 

h) was less than 0.5% of the total precipitation. On the contrary, 5% 

of the total precipitation percolated through the cover system for 

CS0.02. However, this amount is still less than the 30 mm 

recommended design criterion suggested by USEPA (1993). As 

reported in previous studies, small rainfall events can be effectively 

prevented by CCBE (Khire et al., 2000; Albright et al., 2004; Rahardjo 

et al., 2016; Zhan et al. 2016). That means only heavy rainfall would 

break through the capillary barrier and infiltrate into the bottom 

layer of three-layer landfill cover system, causing percolation. The 

percolation caused by the individual rainfall event is compared with 

the annual percolation limit of 30 mm suggested by USEPA (1993) if 

there is no other occurrence of rainfalls with a return period greater 

than 100 years within the same year. 

 

 
Fig. 12. Comparison of computed pore-water pressure profiles at 

Section I-I for runs with different D10 values of CS. 

 

 

Fig. 13. Influence of D10 value of CS on cumulative lateral diversion 

and percolation. 

 

The simulation durations of CS0.002, CS0.006 and CS0.02 were 

further extended until the completion of water percolation from the 

cover system. Fig. 14 shows the comparison of cumulative 

percolation between the three runs and other CCBEs. For CS0.02, the 

final amount of percolation is 29 mm, which is larger than those in 

other two-layer CCBE designs by Tami et al. (2004) and Zhan et al. 

(2017), but close to that in the three-layer CCBE design by Zhan et al. 

(2014). The percolation, however, is still smaller than the 30 mm 

design criterion suggested by USEPA (1993). This indicates the CS 

layer may not be effective in minimizing percolation when D10 is 

larger than 0.02 mm. On the contrary, if a smaller particle size (i.e. D10 

value below 0.006 mm) is selected for the CS layer, the amount of 

percolation is considerably lower than the others. This implies that 

the particle size of the bottom CS layer plays an important role in 

affecting the performance of the three-layer landfill cover system 

under extreme rainfall event. In order to minimize water percolation 

effectively, a fine particle size with D10 smaller than 0.02 mm has to 

be selected for the CS layer. Although CS is used in the bottom layer in 

this study, it can be replaced by RCA and the obtained conclusions 

provide general guidance regarding the selection of particle size for 

RCAs. In both Figs. 13 and 14, the feasibility of implementing the 

proposed three-layer design with recycled concrete under humid 

climate has been demonstrated. It should be noted that according to 

the results reported by Ng et al. (2015a), the amount of percolation 

from the three-layer cover system increases with the duration of 

rainfall under the same return period. Therefore, rainfall with smaller 

intensity but longer duration would provide more conservative 

results in terms of percolation. Hence, the recommendations for 

practical design in this study are only applicable for the 100-year 

return period of rainfall condition with rainfall intensity larger than 

36.8 mm/h. 

 

 
Fig. 14. Comparison of cumulative percolation for runs with different 

D10 values of CS and other CCBEs (2-layer CCBE (Tami et al., 2004; 

Zhan et al., 2017), 3-layer CCBE (Zhan et al., 2014), and 3-layer 

landfill cover system (Zhang and Ke, 2017)). 

 

4. Conclusions 
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A numerical study is conducted in this study to investigate the 

influence of particle size of RCAs on the performance of the three-

layer landfill cover system without geomembrane. Different particle 

sizes, as characterized by the D10 value, are considered for the FRC 

(top), CRC (middle) and CS (bottom) layers. Pore-water pressure 

distributions and water balance components are analysed to evaluate 

the performance of the final cover. Before the numerical parametric 

study is carried out, the 2D numerical model is validated against a 

flume test.  

Based on the parametric study, lateral diversion increases sharply 

when D10 of FRC increases from 0.05 mm to 0.16 mm, beyond which, 

there is no change in the lateral diversion. In general, the larger D10 of 

CRC (i.e. larger than 3.4 mm) does not have any influence on the 

cumulative surface runoff and lateral diversion. Regardless of the 

particle sizes of the FRC and CRC layers, water percolation can be 

successfully prevented by the bottom layer with low permeability 

and ponding does not occur in the CRC layer in all the runs. In 

addition, particle size induced changes in water retention capacity 

have negligible influence on the results. Thus, the selection of particle 

sizes of the FRC and CRC layers should be based on the availability of 

materials.  

On the contrary, the particle size of the bottom layer has a 

determining influence on the performance of the three-layer landfill 

cover system. Increasing the particle size of the layer causes an 

earlier occurrence of water percolation in the cover system. When 

the D10 value of CS layer is larger than 0.02 mm, a significant amount 

of water percolation will occur. This study demonstrates that the 

alternative cover systems using RCAs for all the three layers can still 

perform well under the 100-year return period of rainfall in humid 

climates, provided that the bottom layer should have a D10 value not 

larger than 0.02 mm. Therefore, it is recommended that the bottom 

layer should have a D10 value smaller than 0.02 mm.  
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