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Abstract. The recycling and reuse of construction waste in landfill covers help 

reduce environmental pollution and promote sustainability. Further enhance-

ment of the performance of the environmentally friendly landfill covers can be 

made by using vegetation as it is a low-cost, ecologically pleasant solution. 

Most related studies of vegetation were carried out in single-layer uniform soil 

while plant effects on water infiltration in layered soil such as a three-layer 

landfill cover system remain unclear. This keynote presents an integrated re-

search approach combining laboratory one-dimensional tests as well as a 4-year 

full-scale field trial located in humid climates to explore the hydrological ef-

fects of plants on the performance of a novel three-layer landfill cover system 

using recycled concrete but without the installation of a geomembrane. Matric 

suction induced by plants was preserved to a greater extent under a novel vege-

tated three-layer landfill cover than under a bare cover even after an extreme 

rainfall event with a return period of greater than 1,000 years in humid regions 

like Hong Kong. During the 4-year field trial, the measured maximum annual 

percolation was 26 mm in the three-layer bare cover system, which was less 

than the US EPA-recommended 30 mm. Due to the presence of grass roots, the 

measured amount of annual percolation in the vegetated landfill cover was fur-

ther reduced by up to 22%. Both the laboratory tests and field trial demonstrat-

ed that the vegetated three-layer landfill cover system using recycled concrete 

even without a geomembrane can effectively reduce percolation in humid cli-

mates. 

Keywords: Three-layer landfill cover, Recycled concrete, Vegetation, Without 

geomembrane, Field monitoring, Water infiltration. 

1 Introduction 

Considering an increasing population and urbanization of modern societies, the con-

tinuous production and disposal of municipal solid waste (MSW) including construc-

tion wastes have become a worldwide problem. Due to its simplicity, practicality and 

mailto:charles.ng@ust.hk


C.W.W. Ng, H.W. Guo and Q. Xue 

Key Note Lecture 1  2 

cost-effectiveness, landfilling remains one of the major methods of MSW disposal 

([1-2]). To reduce water percolation, most modern landfills are covered with geotex-

tile composites and geomembranes. However, geomembranes are highly susceptible 

to interface instability and defects/holes, which can influence their reliability ([3-4]).  

Since the 1990s, a cover with capillary barrier effects (CCBE) has been proposed 

as an alternative to conventional covers ([5-7]). The CCBE is a two-layer cover sys-

tem consisting of a fine-grained soil layer (e.g. sand) overlying a coarse-grained soil 

layer (e.g. gravel). It works by exploiting the contrasting permeability of the two soil 

layers (Fig. 1). The main advantages of the CCBE include its stability, relatively sim-

ple design, low construction costs and long-term durability compared with compacted 

clays ([8]). Although the use of CCBE has been proven to be effective in minimizing 

water infiltration into underlying MSW in arid and semi-arid regions, its performance 

is unsatisfactory in humid climates ([9-12]). In order to improve the performance of 

CCBE for humid climates, a novel all-weather three-layer landfill cover system has 

been proposed ([13]). This three-layer landfill cover essentially adds a low permeabil-

ity soil layer such as clay to the bottom of the original two-layer CCBE (Fig. 1). The 

innovation of this three-layer cover system lies in its ability to effectively minimize 

water infiltration in humid climates and gas emission ([14-18]) from the underlying 

landfill without relying on a geomembrane. The infiltrated water is minimized by 

exploiting the capillary barrier effects of the two upper soil layers (i.e., fine-grained 

soil and coarse-grained soil) and the low permeability of the bottom layer even at or 

close to full saturation ([14-15]). Moreover, the bottom soil layer is expected to re-

duce landfill gas (the main component is methane) emission because of its inherently 

low water permeability and thus low gas permeability ([16-17]). Even if a very tiny 

amount of landfill gas migrates into the landfill cover, it can be oxidated effectively in 

the soil ([18-20]). 

Construction wastes have been popularly recycled and reused in infrastructure ap-

plications in recent years ([21-23]). Since recycled concrete aggregates (RCAs) pos-

sess similar hydraulic properties to those of natural soils under saturated and unsatu-

rated conditions ([24]), they could potentially serve as materials for landfill cover 

systems. For aesthetic and ecological reasons, plants are commonly grown on landfill 

covers ([25]). Plants can remove moisture from soils via evapotranspiration (ET), 

resulting in a decrease in soil water content and water permeability ([26-28]). To 

promote sustainability, the combined use of recycled construction wastes and vegeta-

tion is highly recommended. 

In this keynote, a comprehensive research approach is reported to investigate the 

hydrological effects of plants on the performance of a three-layer landfill cover using 

recycled concrete. First, a series of laboratory column tests is reported to investigate 

plant transpiration-induced soil matric suction in a vegetated three-layer landfill cover 

system. Two plant species commonly found in Hong Kong were selected for study. 

Second, a full-scale field trial is described to investigate the influence of vegetation 

on the performance of the three-layer landfill cover over the span of four years.  
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Fig. 1. Schematic diagram showing the water permeability functions of fine-grained soil, 

coarse-grained soil and low-permeability soil. 

2 Effects of Vegetation Type on Water Infiltration Into A 

Three-Layer Cover System using Recycled Concrete 

To promote environmental sustainability, recycled concrete is suggested for civil 

infrastructure works. In order to quantify the effects of ET, which is the sum of soil 

evaporation and plant transpiration, on matric suction in the novel three-layer landfill 

cover using recycled concrete, one-dimensional soil column tests were carried out in a 

plant room at HKUST ([29]). Three columns were used, each with an inner diameter 

of 300 mm and a height of 1,500 mm, as shown in Fig. 2. Each column was compact-

ed with completely decomposed granite (CDG), fine recycled concrete (FRC) and 

coarse recycled concrete (CRC) overlying completely decomposed volcanic rocks 

(CDV). The selected grass species (Cynodon dactylon, G) and shrub species 

(Schefflera arboricola, S) are native to southern China including Hong Kong ([30]). 

The test in bare soil (B) was used as reference. All the three columns were subjected 

to daily irrigation at 200 ml/d of water for 4 months. Then they were subjected to one 

day of drying before 48-hour ponding with a constant water head of 100 mm was 

applied (equivalent to rainfall with a return period of more than 1,000 years in Hong 
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Kong [31]). Soil matric suction was measured continuously during the drying and 

wetting periods. 

 

Fig. 2. Overview of the three soil columns ([29]). 

Fig. 3 shows the laboratory test results comparing the matric suction response in 

the bare and vegetated three-layer landfill covers. Due to ET before ponding, suction 

under vegetated covers was up to 95% higher than that under the bare cover. Com-

pared with grass, shrubs induced an additional 25%–30% suction in the FRC and 

CRC layers. After 48 hours of ponding, suction in the top CDG and FRC layers was 

almost reduced to zero. For the bare cover, suction in the bottom CDV layer de-

creased from 52 kPa to 3 kPa during ponding. Percolation was observed under the 

bare cover, amounting to 35 g of water, equivalent to a water depth of 0.5 mm in the 

column. However, for the vegetated covers, a relatively high suction (52 kPa for the 

grass cover and 57 kPa for the shrub cover) was maintained in the bottom layer of 

CDV. Comparing the two vegetated cover systems, the levels of suction maintained 

under the cover with shrubs in the FRC, CRC, and bottom CDV layers were 2–6 kPa, 

6 kPa, and 5 kPa higher than those maintained under the cover with grass, respective-

ly. No percolation was observed under either of the vegetated covers. It is evident that 

the vegetated three-layer cover system using RCAs can effectively minimize water 

infiltration under extreme rainfall (i.e. rainfall with a return period exceeding 1,000 

years). 
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Fig. 3. Matric suction distributions along the depth of the soil column in the water ponding test 

([29]). 

3 Field Investigation of A Vegetated Three-Layer Landfill 

Cover System using Recycled Concrete 

3.1 Description of the field test site  

The use of plants and recycled wastes as landfill cover materials was investigated at a 

landfill site located in Xiaping, Shenzhen, China (Fig. 4 [32]) in which field monitor-

ing results from June 2016 to July 2020 were reported. The landfill began operation in 

October 1997. Xiaping landfill currently spans a total area of 149 ha and is Shen-

zhen’s biggest landfill, handling about 30% of the city’s total waste (approximately 

5000 t/day). The maximum thickness of the waste body is about 40 m.  

The three-layer landfill cover test plot was constructed on a 20-m long x 12-m 

wide embankment in the western part of the Xiaping landfill (Fig. 4). The slope incli-

nation was 1.7H/1V (H and V refer to horizontal and vertical, respectively). The fill 

age of the waste layer under the test plot was between 3 and 4 years at the time of 

construction ([32]). The field test plot was located in a humid subtropical climate 

region, with approximately 80% of annual rainfall occurring between May and Sep-

tember. The annual potential evaporation (PET) was estimated using the Penman-

Monteith equation ([33]). The site is considered humid since the ratio of annual cu-

mulative rainfall to PET is higher than 0.75. The lowest monthly mean relative hu-
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midity during the driest months (i.e. October to February) is 64%. This implies that 

care must be taken when selecting the top layer soil. Soils that are resistant to desicca-

tion cracking should be selected. Silty sands, sandy silts and clayey sand are likely 

suitable for the top layer ([34]). 

The main objective of the field test was to validate the proposed novel vegetated 

three-layer landfill cover system using recycled concrete without installing a ge-

omembrane. The landfill cover consisted of three layers, namely a 0.8-m thick sieved 

CDG (with a dry density of 1.73 Mg/m3), a 0.2-m thick coarsely crushed recycled 

concrete (CRC) (with a dry density of 1.89 Mg/m3) and a 0.6-m thick unsieved CDG 

(with a dry density of 1.77 Mg/m3), from the bottom to the top. A geotextile was 

placed between the fine- and the coarse-grained layer to minimize fines migration into 

the CRC layer. The measured saturated permeability values of the sieved and un-

sieved CDG were 2.1×10-8 m/s and 1.9×10-5 m/s, respectively, whereas that of CRC 

was measured to be 7.5×10-2 m/s ([32]). Half of the test site (a width of 6 m) was 

transplanted with Bermuda grass (also known as Cynodon dactylon) while the other 

half was left bare (Fig. 4). Bermuda grass is a warm-seasoned grass species widely 

cultivated in many parts of Asia. This grass species has high drought tolerance and is 

commonly used for slope greening and ecological restoration ([35-36]). 

Field test site

1st phase

2nd phase

 

Fig. 4. Aerial view of the field test site within the Xiaping landfill, Shenzhen, China. 
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3.2 Field instrumentation and monitoring 

To assess the landfill cover performance, the test site was heavily instrumented and 

closely monitored for a period of 4 years (from June 2016 to June 2020) under natural 

climatic conditions (see Fig. 5). During monitoring, matric suction, volumetric water 

content, percolation and atmospheric parameters (e.g. relative humidity and rainfall 

depth/intensity) were measured. Matric suction and volumetric water content distribu-

tions under natural climatic conditions (e.g. drying and wetting) in the vegetated and 

bare three-layer landfill cover systems were compared and interpreted based on the 

amount of percolation. 

Six lysimeters (1 m in diameter) were installed at a depth of 1.8 m, spaced 5 m 

apart at the bottom of the bare and vegetated landfill covers to monitor water percola-

tion. Each lysimeter was connected to an independent drainage pipe to allow the per-

colated water to flow towards an independent reservoir under gravity. The lysimeters 

were operated manually to measure the amount of infiltrated water throughout the 

monitoring period. To assess the variations in matric suction and volumetric water 

content in both the bare and vegetated three-layer landfill covers, jet fill tensiometers 

(JFTs) and moisture probes were installed at different depths (i.e., 0.2 m, 0.4 m, 0.8 

m, 1.2 m and 1.6 m) within the mid cross-section of the slope (Fig. 5). The JFTs fitted 

with pressure transducers were used to measure soil matric suction.  

Changes in volumetric water content were measured using SM300 moisture probes 

. The moisture probes estimate the volumetric water content of soil by measuring its 

dielectric permittivity. Prior to installation, the JFTs and moisture probes were cali-

brated in the laboratory and in situ for all three layers. In addition, an automated 

weather station was installed at the top of the slope to measure the atmospheric pa-

rameters, including rainfall, relative humidity, air temperature, wind speed and wind 

direction. The gas monitoring and settlement of the landfill cover are beyond the 

scope of this paper and hence not described. 
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Coarse recycled concrete

 

Fig. 5. Cross-section and layout of instrumentation in the field trial site (not drawn to scale). 

3.3 Measured cumulative percolation 

Fig. 6 shows the field measured cumulative percolation in both the bare and grassed 

three-layer landfill covers at three different locations (i.e., crest, middle, and toe) from 

June 2016 to June 2020. The daily rainfall during the 4-year monitoring is also in-

cluded in the figure for comparison. During the first year of monitoring (i.e., from 

June 2016 to June 2017), measured percolation increased steadily, corresponding to 

the cumulative rainfall as expected. Similar results were also observed during the 

second, third and fourth year of monitoring. At the end of the first, second, third and 

fourth year of monitoring, the measured annual percolations of the bare landfill cover 

were 21 mm, 25 mm, 26 mm and 22 mm, respectively. Due to the presence of vegeta-

tion, the measured annual percolations of the grassed cover were consistently lower at 

same corresponding locations, i.e., the crest, middle and toe of the slope, each year. 

This was because higher soil suction induced by grass roots resulted in a reduction of 

water permeability and hence less percolation [28-29, 32]. The measured annual per-

colation was less than 30 mm for both the grassed and bare covers and both met the 

design criterion recommended by the United States Environmental Protection Agency 

(USEPA) [37]. 

At the end of the 4-year monitoring, the measured cumulative percolation for the 

grassed cover was 88 mm, which was 14 % less than that of the bare cover (i.e., 94 

mm).  The measured results from the 4-year monitoring period clearly demonstrate 

the effectiveness of the novel three-layer landfill cover system using recycled con-

crete even without the use of a geomembrane in humid climates, especially with the 

enhancement of grass in minimizing water percolation. 
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Fig. 6. Cumulative percolation in the bare and grassed three-layer landfill cover systems during 

the 4-year monitoring. 

4 Conclusions 

A novel environmentally friendly three-layer unsaturated landfill cover system using 

plants and recycled concrete was studied through a multidimensional research pro-

gram. Two different plant species—a shrub (Schefflera arboricola) and a grass spe-

cies (Cynodon dactylon)—native to southern China were tested. After 48 hours of 

ponding (equivalent to rainfall with a return period greater than 1,000 years in Hong 

Kong) in soil column tests, suction was maintained to a greater extent under the novel 

vegetated three-layer landfill cover than under the bare cover. Shrubs were found to 

be more effective than grass at preserving soil matric suction after ponding. During 

the 4-year field trial in humid climates, the maximum measured annual percolation 

was 26 mm in the bare cover system, which was less than the USEPA-recommended 

30 mm. Due to the presence of grass roots, annual percolation in vegetated landfill 

covers could be further decreased by up to 22%. It is evident that the vegetated three-

layer landfill cover system using recycled concrete even without the installation of a 

geomembrane can effectively reduce percolation in humid climates. 

Acknowledgment 

The authors would like to acknowledge the financial supports provided by the Na-

tional Natural Science Foundation of China (grant no. 51778166, 51625903 and 

51827814), the financial support from the Hong Kong Research Grants Council (grant 



C.W.W. Ng, H.W. Guo and Q. Xue 

Key Note Lecture 1  10 

no. AoE/E-603/18) and the Environment and Conservation Fund (grant no. 

ECWW19EG01). 

References 

1. European Environment Agency (EEA).: Managing municipal solid waste – a review of 

achievements in 32 European countries, Environmental Assessment Report No. 2, Copen-

hagen (2013). 

2. U.S. Environmental Protection Agency (EPA).: Advancing sustainable materials manage-

ment: facts and figures 2013, Report EPA530-R-15-002, Washington DC (2015). 

3. Fox, P.J., Thielman, S.S., Stern, A.N., Athanassopoulos, C.: Interface shear damage to a 

HDPE geomembrane. I: Gravelly compacted clay liner. Journal of Geotechnical and Ge-

oenvironmental Engineering, ASCE 140(8), doi:10.1061/(ASCE)GT.1943-5606.0001132 

(2014). 

4. Bhowmik, R., Shahu, J.T., Datta, M.: Failure analysis of a geomembrane lined reservoir 

embankment. Geotextiles and Geomembranes 46(1), 52-65 (2018). 

5. Ross, B.: The diversion capacity of capillary barriers. Water Resources Research 26(10), 

2625-2629 (1990). 

6. Rahardjo, H., Santoso, V.A., Leong, E.C., Ng, Y.S., Hua, C. J.: Performance of an instru-

mented slope covered by a capillary barrier system. Journal of Geotechnical and Geoenvi-

ronmental Engineering, ASCE 138(4), 481-490 (2012). 

7. Zhang, W.J., Sun, C., Qiu, Q.W.: Characterizing of a capillary barrier evapotranspirative 

cover under high precipitation conditions. Environmental Earth Sciences 75, 

https://doi.org/10.1007/s12665-015-5214-9 (2016). 

8. Morris, C.E., Stormont, J.C.: Parametric study of unsaturated drainage layers in a capillary 

barrier. Journal of Geotechnical and Geoenvironmental Engineering, ASCE 125(12), 

1057-1065 (1999). 

9. Rahardjo, H., Tami, D., Leong, E.C.: Effectiveness of sloping capillary barriers under high 

precipitation rates. Proceedings of the 2nd International Conference on problematic soils, 

Petaling Jaya, Selangor, Malaysia, 39-54 (2006). 

10. Bossé, B., Bussière, B., Hakkou, R., Maqsoud, A., Benzaazoua, M.: Field experimental 

cells to assess hydrogeological behaviour of store-and-release covers made with phosphate 

mine waste. Canadian Geotechnical Journal 52(9), 1255-1269 (2015). 

11. Zhan, L. T., Li, G. Y., Jiao, W. G., Wu, T., Lan, J. W., Chen, Y. M.: Field measurements 

of water storage capacity in a loess–gravel capillary barrier cover using rainfall simulation 

tests. Canadian Geotechnical Journal 54(11), 1523-1536 (2017). 

12. 12. Lessard, F., Bussière, B., Côté, J., Benzaazoua, M., Boulanger-Martel, V., Marcoux, 

L.: Integrated environmental management of pyrrhotite tailings at Raglan Mine: Part 2 de-

sulphurized tailings as cover material. Journal of cleaner production 186, 883-893 (2018). 

13. Ng, C.W.W., Xu, J., Chen, R.: All-weather landfill soil cover system for preventing water 

infiltration and landfill gas emission. US Patent No. US 9,101,968 B2; Granted on 11 Au-

gust 2015 (2015). 

14. Ng, C.W.W., Liu, J., Chen, R., Xu, J.: Physical and numerical modeling of an inclined 

three-layer (silt/gravelly sand/clay) capillary barrier cover system under extreme rainfall. 

waste Management 38, 210-221 (2015). 

15. Ng, C.W.W., Coo, J. L., Chen, Z. K., Chen, R. Water infiltration into a new three-layer 

landfill cover system. Journal of Environmental Engineering ASCE 142(5), 04016007 

(2016).  



 

Key Note Lecture 1   11 

Proceedings of Indian Geotechnical Conference 2020 

December 17-19, 2020, Andhra University, Visakhapatnam 

16. Ng, C.W.W., Liu, J., Chen, R.: Numerical investigation on gas emission from three landfill 

soil covers under dry weather conditions. Vadose Zone Journal 14(8), (2015). 

17. Ng, C.W.W., Chen, Z.K., Coo, J.L., Chen, R., Zhou, C.: Gas breakthrough and emission 

through unsaturated compacted clay in landfill final cover. Waste Management 44, 155-

163 (2015). 

18. Ng, C.W.W., Feng, S., Liu, H.W.: A fully coupled model for water-gas-heat reactive 

transport with methane oxidation in landfill covers. Science of The Total Environment 

508, 307-319 (2015). 

19. Feng, S., Leung, A.K., Ng, C.W.W., Liu, H.W.: Theoretical analysis of coupled effects of 

microbe and root architecture on methane oxidation in vegetated landfill covers. Science of 

The Total Environment 599-600, 1954-1964 (2017). 

20. Feng, S., Liu, H.W., Chiu, A.C.F., Ng, C.W.W.: A steady-state analytical profile method 

for determining methane oxidation in landfill cover. Science of The Total Environment 

646, 1528-1535 (2019). 

21. Harnas, F.R., Rahardjo, H., Leong, E.C., Wang, J.Y.: Physical model for the investigation 

of capillary-barrier performance made using recycled asphalt. Geotechnical Testing Jour-

nal 39(6), 977-990 (2016). 

22. Hossain, M. U., Wu, Z., Poon, C. S.: Comparative environmental evaluation of construc-

tion waste management through different waste sorting systems in Hong Kong. Waste 

Management 69, 325-335 (2017). 

23. Kianimehr, M., Shourijeh, P. T., Binesh, S. M., Mohammadinia, A., Arulrajah, A.: Utiliza-

tion of recycled concrete aggregates for light-stabilization of clay soils. Construction and 

Building Materials 227, 116792. (2019). 

24. Rahardjo, H., Santoso, V. A., Leong, E. C., Ng, Y. S., Tam, C. P. H., Satyanaga, A.: Use 

of recycled crushed concrete and Secudrain in capillary barriers for slope stabilization. Ca-

nadian Geotechnical Journal 50(6), 662-673 (2013). 

25. Wan, Y., Xue, Q., Liu, L., Zhao, L. Y.: The role of roots in the stability of landfill clay co-

vers under the effect of dry–wet cycles. Environmental Earth Sciences 75(1), 71 (2016). 

26. Ng, C.W.W., Menzies, B.: Advanced unsaturated soil mechanics and engineering. Taylor 

& Francis, London and NY (2007). 

27. Ng, C. W. W., Ni, J. J., Leung, A. K., Zhou, C., Wang, Z. J.: Effects of planting density on 

tree growth and induced soil suction. Géotechnique 66(9), 711-724 (2016). 

28. Ng, C. W. W., Leung, A., Ni, J.: Plant-soil slope interaction. Taylor & Francis, USA, 

ISBN 978-1-13-819755-8 (2019). 

29. Ng, C.W.W., Lu, B.W., Ni, J.J., Chen, Y.M., Chen, R., Guo, H.W.: Effects of vegetation 

type on water infiltration in a three-layer cover system using recycled concrete. Journal of 

Zhejiang University-SCIENCE A 20(1), 1-9 (2019). 

30. Ng, C. W. W. Atmosphere-plant-soil interactions: theories and mechanisms. Chinese Jour-

nal of Geotechnical Engineering 39(1), 1-47 (2017). In Chinese. 

31. Lam, C. C., Leung, Y. K.: Extreme rainfall statistics and design rainstorm profiles at se-

lected locations in Hong Kong. Royal Observatory, Hong Kong (1995). 

32. Ng, C.W.W., Chen, R., Coo, J.L., Liu, J., Ni, J.J., Chen, Y.M., Zhan, L.T., Guo, H.W., Lu, 

B.W.: A novel vegetated three-layer landfill cover system using recycled construction 

wastes without geomembrane. Canadian Geotechnical Journal 56(12), 1863-1875 (2019). 

33. Allen, R. G., Pereira, L. S., Raes, D. and Smith, M.: Crop evapotranspiration- Guidelines 

for computing crop water requirements-FAO Irrigation and drainage paper 56. FAO, 

Rome, 300,6541 (1998). 



C.W.W. Ng, H.W. Guo and Q. Xue 

Key Note Lecture 1  12 

34. Khire, M. V., Benson, C. H., Bosscher, P. J.: Capillary barriers: design variables and water 

balance. Journal of Geotechnical and Geoenvironmental Engineering ASCE 126(8), 695-

708 (2000). 

35. Hau, B.C., Corlett, R.T.: Factors affecting the early survival and growth of native tree 

seedlings planted on a degraded hillside grassland in Hong Kong, China. Restoration 

Ecology 11(4), 483-488 (2003). 

36. Hu, L., Wang, Z., Du, H., Huang, B.: Differential accumulation of dehydrins in response to 

water stress for hybrid and common bermudagrass genotypes differing in drought toler-

ance. Journal of plant physiology 167(2), 103-109 (2010). 

37. U.S. Environmental Protection Agency (USEPA): Solid waste disposal facility criteria, 

Technical manual EPA530-R-93-017, Washington DC (1993). 


