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1 INTRODUCTION 

Airport infrastructure has rapidly developed with the 

implementation of the China Western Development. 

The airport construction requires large amounts of fill 

materials which are normally retrieved from nearby 

mountains and compacted afterwards. The fill mate-

rials undergo seasonal moisture content change dur-

ing and after the construction. The understanding of 

the unsaturated soil behaviour plays an important role 

in the design of airport high fill subgrade. The im-

proper design may cause serious settlement and sta-

bility problems in a high fill subgrade (Cao 2011).  

Water content and soil density are strictly related to 

the soil properties such as permeability, stiffness, 

strength and they are often linked to the compaction 

state (Proctor 1933; Leonards 1955; Lambe 1958; 

Seed and Chan 1959; Marinho et al. 2016).  

The matric suction has played a key role in unsatu-

rated soil behaviour. It was firstly defined as a state 

variable by Matyas and Radhakrishna (1968). The net 

stress and matric suction were widely used after the 

work of Alonso et al. (1990). Later, the constitutive 

laws have been developed capturing the mechanical 

deformation, gas flow, liquid flow and thermal behav-

iour. (Gawin et al. 1995; Khalili and Lloret 2001; 

Olivella, et al. 1994).  

In this study, soil samples obtained from the em-

bankment material of the new Chongqing Airport in 

China were utilized. A custom-built pedestal and an 

upgraded double-cell triaxial system (DCTS) were 

used in the unsaturated triaxial tests. Additionally, a 

series of soil water characteristic curve (SWCC) tests, 

saturated and unsaturated consolidated drained triax-

ial tests were performed. This study presents the ap-

plicability of the new pedestal and DCTS. The results 

highlight the density effect on SWCC and suction in-

fluence on the shear strength and volume change.  

2 MATERIALS, APPARATUS AND TESTING 

PROGRAMMES 

2.1 Soil type and sample preparation 

The material is a poorly-graded gravel with sand 

(Unified Soil Classification System, USCS, ASTM 

2487-11). It is characterized by specific gravity of 

2.73, Proctor maximum dry density (MDD) of 2.12 

Mg/m3 and optimum moisture content (OMC) of 

5.7%, respectively. Figure 1 presents the particle size 

distribution (PSD) curves of the soil. The scaled-

down curve was obtained by removing particles 
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ABSTRACT: Unsaturated conditions are common in nature. The water content in soils in mountainous areas 

are usually subjected to seasonal changes and the soil normally remains in unsaturated conditions. The misun-

derstanding of the soil behaviour corresponding to water content change can lead to improper design of high 

fill subgrade in airport construction, which may cause large settlement and slope instability. Thus, it is necessary 

to understand the unsaturated soil behaviour in this area. This work presents the soil-water characteristic curves 

(SWCC) of soil specimens with different densities. Additionally, a series of triaxial tests using double-cell 

triaxial system (DCTS) were conducted under saturated and unsaturated conditions. In most parts of the suction 

range, the degree of saturation decreases with the reduction of soil density at a constant suction. With regard to 

unsaturated triaxial tests, the soil specimens under higher matric suctions reached larger deviatoric stresses. The 

specimens under lower suction compressed more while those under larger suction expelled more water during 

shearing. The suction influence on the water volume change seems to be contradictory to that on the volumetric 

strain. The trend of the suction effect on the water volume change and volumetric strain are different.   
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larger than 20mm (BS 1377-1) and is defined by co-

efficient of curvature of 0.138 and coefficient of uni-

formity of 35.47 (Chen et al., 2017).  

The oven-dried soil samples were mixed with wa-

ter to reach the OMC, following which they were ma-

tured for at least 24 hours. All the test specimens used 

in the triaxial tests were compacted in five layers, and 

each layer reached the same compacted dry density of 

1.87 Mg/m3 (88% of MDD). Additionally, the soil 

specimens for SWCC were compacted to achieve dif-

ferent dry densities. 

 

 
Figure 1. Particle size distribution curves of the soil (Chen et al. 
2017). 

 

2.2 Test apparatus 

2.2.1 A custom-built pedestal 

Matric suction is defined as the difference between 

the pore-air pressure (ua) and pore-water pressure (uw). 

Typically, the uw in unsaturated soils is negative when 

ua is atmospheric. The negative uw in the pipe systems 

in laboratory tests may cause cavitation which influ-

ences the measurement and application of matric suc-

tion. The axis translation technique was developed by 

Hilf (1956). This technique is conventionally used to 

determine and apply matric suction on soil specimens 

in the unsaturated soil testing. As shown in Figure 2, 

a new pedestal was designed to apply the matric suc-

tion in the unsaturated triaxial tests. 

2.2.2 An upgraded double-cell triaxial system 

An upgraded DCTS shown in Figure 3 was used in 

the unsaturated triaxial tests to measure the volume 

changes of soil specimens (Yin, 2003; Chen et al., 

2017). The upgraded DCTS could overcome two crit-

ical disadvantages of conventional triaxial systems, 

 
Figure 2. A custom-built pedestal used in the unsaturated triaxial 
tests.  

 

 
Figure 3. A double-cell triaxial system used in the unsaturated 
triaxial tests (Chen et al. 2017). 

 

i.e. deformation and leakage. The deformation of the 

wall and top cap of the inner cell can be neglected for 

the sake of same water pressure in the inner and outer 

cells. The long period of an unsaturated triaxial test 

can generate large errors of system deformation. The 

errors of inner cell deformation can be avoided by the 

upgraded DCTS, in which the hydraulic gradient 

along the piston on the inner cell cap is zero. The er-

rors of volume change measurement of soil speci-

mens which are caused by the leakage of the inner cell 

can be avoided.  

Water was used as the pressurizing medium in the 

double cells and Bladder air/water cylinders were 

used to deliver the pressurized water to the double 

cells. The space between inner cell and specimen was 

enough for the installation of on-sample strain trans-

ducers.  

 

2.3 Test programmes 

2.3.1 SWCC 

In this study, the filter paper method was used to 

measure the matric and total suction of the soil. This 

method involves the placement of filter papers against 

soil specimen from which the pore water flows to the 

dry filter papers until the hydraulic equilibrium is 
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reached in an airtight container (ASTM D5298-10). 

Figure 4 depicts the filter papers used to measure the 

total suction and a soil specimen. The filter papers 

measuring the matric suction were located under the 

specimen. The Whatman No. 42 filter paper sheets 

used were air-dried and were taken directly from the 

boxes. The calibration curve of this type of filter pa-

per described in ASTM D5298-10 was used. 

 

 
Figure 4. Container with filter papers and a soil specimen.  

2.3.2 Saturated consolidated drained triaxial tests 

The saturated consolidated drained triaxial tests were 

carried out in accordance with BS 1377-8:1990.  

2.3.3 Unsaturated consolidated drained triaxial 

tests 

The procedures similar to Zhan (2003) were adopted 

in this study. The unsaturated consolidated drained 

triaxial test consisted of three stages, i.e. equalization 

of suction, consolidation at constant suction and con-

stant-suction drained compression, and were con-

ducted as follows:   

1. The equalization of the suction stage is required to 

move the matric suction and net mean stress to-

wards their initial values. A change of 0.02% in 

water content per day was selected as the termi-

nated criteria.  

2. The soil specimens were isotropically compressed 

at constant suctions. It was achieved by increasing 

the cell pressure when the air and water back pres-

sures were maintained at given values.  

3. The last phase is the drained compression stage in 

which the soil specimens were sheared at constant 

suctions. A strain rate of 0.004 mm/min was 

adopted. 

3 EXPERIMENTAL RESULTS 

3.1 SWCC 

The plots of gravimetric water content versus suction 

and degree of saturation versus suction are shown in 

Figures 5 and 6, respectively. It is worth noting that 

values for saturated soils were added in the figures. 

The effect of density on the SWCC is not evident if 

the SWCC is expressed in terms of gravimetric water 

content and suction. The behaviour described above 

was also observed by Sun (2011). If the SWCC is ex-

pressed by the relation between the degree of satura-

tion and suction, the influence of density on SWCC 

becomes clearer. Gao and Sun (2017) described the 

similar behaviour when the suction is higher than a 

specific value and explained the behaviour in accord-

ance with the PSD measured by the Mercury Intru-

sion Porosimetry (MIP) test. As shown in Figures 5 

and 6, the total suction values are generally greater 

than corresponding matric suction values (Fredlund 

and Rahardjo 1993).  

As demonstrated in Figures 7 and 8, van Genuchten 

(1980) equation and Brooks and Corey (1964) equa-

tion were used to fit the SWCC of soil specimens with 

different densities. All the estimated parameters were 

summarized in Tables 1 and 2, respectively. A trial 

and error method was adopted to obtain these param-

eters.  

 
Table 1. Summary of estimated parameters of van Genuchten 
equation. 

Dry density 

(g/cm3) 
α(kPa-1) n m Sr(-) 

1.78-1.84 1.7 1.5 0.17 0.1 

1.84-1.90 0.55 1.9 0.157 0.11 

1.90-1.96 0.4 1.6 0.15 0.01 

  
Table 2. Summary of estimated parameters of Brooks and Corey 
equation. 

Dry density 

(g/cm3) 
λ Sr(-) φb(kPa) 

1.78-1.84 0.19 0.05 0.3 

1.84-1.90 0.19 0.01 1.1 

1.90-1.96 0.21 0.01 1.9 

 

Figures 7 and 8 shows the influence of soil density 

on SWCC. The air-entry values for different density 

intervals are within a small range of matric suction. 

The air-entry values decrease with the decrease of soil 

density. As larger pores located in the soil specimen 

with lower density, it is easier to expel water from the 

pores in the specimen (Chen and Gong 2014). Ng and 

Pang (2000) also reported that a volcanic soil speci-

men in Hong Kong with a high initial compacted den-

sity had a higher air-entry value than that of a speci-

men with a low initial compacted density. As shown 

in Figures 7 and 8, in most parts of the suction range, 

the degree of saturation decreases with the reduction 

of soil density at a constant suction. The same phe-

nomenon was also observed by Sun et al. (2011) in 

two types of bentonites. 
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Figure 5. Gravimetric water content versus suction.  

 

 
Figure 6. Degree of saturation versus suction.  

 

 
Figure 7. SWCC for specimens with different densities esti-
mated by van Genuchten (1980) equation. 

 

 
Figure 8. SWCC for specimens with different densities esti-
mated by Brooks and Corey (1964) equation. 

3.2 Saturated consolidated drained triaxial tests 

Typical results of saturated consolidated drained tri-

axial tests in terms of deviatoric stress versus axial 

strain and volumetric strain versus axial strain are 

demonstrated in Figures 9 and 10. The influence of 

confining pressure can be illustrated. The deviatoric 

stress increases with the confining pressure and strain 

hardening behaviour can be observed in all the speci-

mens. The deviatoric stress generally achieves con-

stant value at axial strains of 16%. The soil specimens 

achieve yielding when shear strains are lower than 

1%. Mohr circles at failure are presented in Figure 11. 

The best fitting line is shown as the failure envelop, 

and the effective cohesion intercept and effective in-

ternal friction angle of the soil are 0 kPa and 34.8º, 

respectively. 

 

 
Figure 9. Deviatoric stress versus axial strain for saturated con-
solidated drained triaxial tests. 
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Figure 10. Volumetric strain versus axial strain for saturated 
consolidated drained triaxial tests. 

 

 
Figure 11. Shear stress versus net normal stress.  

3.3 Unsaturated consolidated drained triaxial tests 

Figures 12, 13 and 14 show the results of three un-

saturated consolidated drained triaxial tests of the 

same net mean stress (p-ua) value of 150 kPa and dif-

ferent values of matric suction at 40 kPa, 80 kPa and 

160 kPa. Figure 12 shows the stress-strain curve. The 

deviatoric stress increases with the increasing matric 

suction. The soil specimens also show slightly strain 

softening behaviour. The soil specimens achieve the 

maximum deviator stresses at the axial strains of ap-

proximately 9%. A trend of dilatancy can be found in 

Figure 13 especially for the samples with matric suc-

tion of 80 and 160 kPa. It can be observed that the 

specimens with lower suction values compressed 

more and a greater dilatancy occurred in the higher-

suction tests. None of the specimens showed a clear 

constant volume condition. The same phenomenon 

was also observed by Cui and Delage (1996), Zhan 

(2003) and Jotisankasa et al. (2009). Figure 14 

demonstrates that the soil specimens under larger suc-

tion expel more water during shearing. The specimen 

under matric suction value of 40 kPa expelled water 

and then absorbed water during shearing. The suction 

influence on the water volume change seems to be 

contradictory to that on the volumetric strain. The 

same behaviour was also observed by Zhan (2003) in 

an expansive soil. 

 
Figure 12. Deviatoric stress versus axial strain for unsaturated 
consolidated drained triaxial tests.   
 

 
Figure 13. Volumetric strain versus axial strain for unsaturated 
consolidated drained triaxial tests.   
 

 
Figure 14. Water volume change versus axial strain for unsatu-
rated consolidated drained triaxial tests. 

4 CONCLUSIONS 

A custom-built pedestal and an upgraded DCTS were 

developed to test the embankment material from the 

new Chongqing Airport, China.  

The density influence on the SWCC of the Chong-

qing soil was studied based on filter paper method. 

The influence of density on SWCC is more evident in 

the degree of saturation-suction plot than that of grav-

imetric water content-suction plot. The air-entry val-

ues for different density groups are within a small 

range of matric suction and they increase with in-

creasing soil density. In most parts of the suction 

range, the degree of saturation decreases with the re-

duction of soil density at a constant suction. 

The deviatoric stress increases as the confining 

pressure increases. The deviatoric stresses generally 

reach the peak values when the axial strains reach 
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16%. The soil specimens achieve yielding when shear 

strains are lower than 1%. The effective cohesion in-

tercept and effective internal friction angle of the soil 

are 0 kPa and 34.8º, respectively. 

As the values of matric suction increase, the devia-

toric stresses increase. The soil specimens achieve the 

peak stresses at the axial strain of approximately 9%. 

The specimens with lower suction values compressed 

more and a greater dilatancy occurred in the higher-

suction tests. The soil specimens under larger suction 

expel more water during shearing. The suction influ-

ence on the water volume change shows a counter-

intuitive trend if compared to the volumetric strain. 

To build a framework for this material under un-

saturated conditions and address the design issues, 

more unsaturated triaxial tests under different net 

mean stresses will be performed and new constitutive 

models will be formulated in the future. 
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