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ABSTRACT 

      Throughout a year, climatic changes highly influence the degree of saturation of subbase 

course layer inside pavement structures in cold snowy regions, such as Hokkaido, Japan. 

Besides, pavements have to transfer traffic loads from the asphalt-mixture layer to the 

subbase course layer. Accordingly, it is necessary to understand the mechanical behaviors of 

the subbase course layer effected by seasonal variations of degree of saturation and traffic 

loads. In this study, a series of monotonic and cyclic triaxial compression tests was performed 

to measure the deformation-strength characteristics of the unsaturated granular subbase 

course material (called C-40) using the newly developed medium-size triaxial apparatus. The 

suction-controlled laboratory element test method for unsaturated soils in this study is based 

on the axis translation technique using the triaxial apparatus with special deign on cap and 

pedestal, which can control pore water pressure and pore air pressure separately, thereby 

reducing the total testing time. To begin with, the soil-water characteristic test was carried 

out on C-40 specimen to obtain the relationship between the matric suction and the degree of 

saturation. The water-air-particle system in unsaturated soils are introduced to describe the 

transition of pore water and pore air inside soils. Second, the influences of degree of 

saturation and strain rate on strength characteristics of unsaturated specimens were evaluated 

through monotonic triaxial compression tests. The experimental results implied that the 

degradation in shear strength of C-40 specimen, with the increment in degree of saturation 

and decrement in strain rate, was found under monotonic loads. The effects of degree of 

saturation and strain rate on the total internal friction angle appear to be negligible, while the 

total cohesion can be affected by the degree of saturation and the strain rate. More specifically, 

the failure surface drawn through the failure envelope with respect to the matric suction is 

curved surface. Finally, to examine the effect of degree of saturation on resilient modulus 

(Mr) for C-40, the cyclic triaxial compression tests, i.e., the modulus resilient tests (MR tests), 

were performed on C-40 specimens with different degrees of saturation pursuant to 

AASHTO T307-99 (2003). The test results indicated that the degree of saturation of the 

specimen and the applied stress level have a considerable influence on the resilient 
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deformation characteristics of C-40 in MR test. The testing results obtained from monotonic 

and cyclic triaxial compression tests indicate that the degree of saturation and the strain rate 

influence the deformation-strength characteristics of the unsaturated granular subbase course 

material C-40 strongly. Therefore, to rationalize a design method for pavement structures 

better suited to the climatic conditions in cold snowy regions, the laboratory element tests 

under monotonic and cyclic loading, which take the influences of above-mentioned two 

factors into account, should be employed.  
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 INTRODUTION 

1.1 BACKGROUND 

      Water can penetrate into pavement structures through many methods, such as rainfall and 

ground water (Dempsey and Elzeftawy, 1976), thereby causing change in degree of 

saturation inside pavement structures. In a cold snowy region, such as Hokkaido, Japan, 

enormous amounts of thaw water occurring due to the snow melt in springtime can infiltrate 

pavement structures besides the rainfall and the ground water, with the result that the degree 

of saturation in pavement structures was increasing. Therefore, it can be considered that 

climatic changes highly influence the degree of saturation of the subbase course layer at 

pavement structures in Hokkadio, Japan. Ishikawa et al. (2012a) pointed out that the increase 

in degree of saturation triggered by the water inflow led to temporal deterioration in bearing 

capacity of pavement structures. In addition, Oloo et al. (1997) revealed that the matric 

suction associated with water content has a significant effect on the bearing capacity of 

pavement structures. Thus, to provide rational designs for transportation infrastructures better 

suited to climatic conditions in cold snowy regions, it is of great importance to understand 

mechanical behaviors of subbase course materials constituting pavement structures under 

different unsaturated conditions.    

      On the other hand, to evaluate the mechanical stability of pavement structures towards 

traffic loads, the influence of the strain rate on shear behaviors of subbase course materials 

should be considered. According to Yamamuro and Lade (1993), it was revealed that 

monotonic shear behaviors of a granular soil was susceptible to the strain rate, and the shear 

strength under drained condition increased with the increase of the strain rate. Moreover, 

Aqil et al. (2005) performed drained triaxial compression tests at different constant strain 

rates on a crushed concrete aggregate as a backfill material, and detected that the mechanical 

behaviors were similar to the above-mentioned results with regard to the strain rate. However, 

Tatsuoka et al. (2008) performed drained traxial compression tests on Hime gravel material 

at largely different constant strain rates and found that the strength of the gravel material 
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decreased with an increase in strain rate. Accordingly, it seems to be no uniform tendency 

regarding the effect of strain rate on the characteristics of granular materials. Especially, there 

is limited available information in existing literatures about mechanical behaviors of 

unsaturated subbase course materials with maximum particle size of almost 40 mm subjected 

to different strain rates. 

      In addition, the resilient modulus (Mr) of the subbase course material is an important 

stiffness parameter for analysing fatigue cracking in the subbase course layer of pavement 

structures, which mathematically is defined as the ratio of the cyclic deviator stress and the 

resilient (recoverable) axial strain when the applied stress is removed from the specimen. The 

“Determining the Resilient Modulus of Soils and Aggregate Material (AASHTO T307-99 

2003)” has been introduced as the testing methods for subgrade soils used in design 

calculations of pavement structures. These testing methods were generally designed to 

examine the resilient modulus (Mr) parameter under optimum water content, but not to 

evaluate the effects of degree of saturation on the mechanical behaviors of subbase course 

materials. However, as discussed above, the subbase course layer of pavement structures is 

often under unsaturated conditions due to seasonal variations of degree of saturation.  

Changes in degree of saturation associated with the increases in the pore water pressure 

caused the reductions in the bearing capacity and the resilient modulus of soils. Accordingly, 

the results of resilient modulus tests (MR tests) for the unsaturated subbase course material 

have not yet been sufficiently clarified by laboratory element tests. Therefore, it is of great 

importance to evaluate the effect of degree of saturation on resilient properties for the subbase 

course material used at pavement structures in Japan. 

      Besides, it is well known that unsaturated soil tests are time-consuming, especially for 

the specimen with large particles. Therefore, experimental studies on the mechanical 

behaviors of a gravelly soil such as the subbase course material under unsaturated conditions 

are very limited. Nishimura et al. (2012) and Ishikawa et al. (2010) have performed some 

laboratory element tests for unsaturated soils by means of the pressure membrane method. In 

their studies, the validity of the pressure membrane method was confirmed by comparing the 

test results with those of the pressure plate method, which has been widely adopted for the 

unsaturated tests in the past. The methodology of the pressure membrane method was proved 
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to successfully shorten the testing time to a significant extent. Ishikawa et al. (2014), in 

addition, developed a medium-size triaxial apparatus applicable for unsaturated gravelly soils, 

and the usefulness of the apparatus was confirmed based on the test results of a subbase 

course material and the Toyoura sand. 

1.2 LITERATURE REVIEW 

1.2.1 Unsaturated soils 

      Fredlund et al. (2012) proposed that the zone between the ground surface and the water 

table is referred to as the unsaturated soil zone as shown in Figure 1-1, and the ground surface 

climate is an important factor that controls the depth to the groundwater table and therefore 

the thickness of the unsaturated zone. The zone subjected to negative pore water pressures 

has become widely referred as the unsaturated soil zone in geotechnical engineering. Any 

soil near the ground surface, present in an environment where the water table is below the 

ground surface, will be subjected to negative pore water pressures and possible reduction in 

degree of saturation. Therefore, it is necessary to investigate the difference of mechanical 

properties between the saturated soil and the unsaturated soil. 

 

 

Figure 1-1 Subdivisions of unsaturated soil zone on local and regional basis (Fredlund et al. 2012) 
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      The saturated soil and the air-dried soil have only two phases, i.e., soil structure and other 

fluid in the voids (e.g., water or air) pursuant to the principles and concepts of classical soil 

mechanics. However, the unsaturated soil has commonly been considered to have more than 

two phases, i.e., soil structure, water, and air. It is recently realized that the air-water interface 

(i.e., the contractile skin) plays an important role as an additional phase in unsaturated soils. 

Fredlund et al. (2012) suggested that when the air phase is continuous, the contractile skin 

interacts with the soil particles and provides an influence on the mechanical behavior of the 

soil. Figure 1-2 shows an element of unsaturated soil with a continuous air phase. 

 

 

 

Figure 1-2 An element of unsaturated soil with a continuous air phase (Fredlund et al., 2012) 

 

1.2.2 Triaxial compression tests on unsaturated soils 

      In the past decades, unsaturated soil mechanics has been developed considerably from 

theoretical analyses to experimental investigation. Unsaturated soil mechanics concerning 

Air Soil particle

Water
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shear strength, permeability and compaction etc. have been studied and established by many 

researchers (e.g., Bishop and Donald, 1961; Fredlund et al., 1978; Rahardjo et al., 2004; Zhan 

and Ng, 2006; Vanapalli and Lacasse, 2010; Oka et al., 2010). For example, Rahardjo et al. 

(2004) conducted consolidated drained and constant water content tests on the unsaturated 

sand to investigate the shear strength characteristics of sand associated with rainfall-induced 

slope failures. Zhan and Ng (2006) studied the shear strength characteristics of an expansive 

clay, and discussed the contribution of the matric suction to the shear strength. Oka et al. 

(2010) found that the initial matric suction strongly influenced the stress-strain behavior of 

the unsaturated silt. Thus, previous studies tended to focus on the unsaturated soil mechanics 

of sand, silt and clay, which have relatively small constituting particles. It is well known that 

unsaturated soil tests are time-consuming, especially for the specimen with large particles. 

Therefore, experimental studies on the mechanical behaviors of a gravelly soil such as a 

subbase course material under unsaturated conditions are very limited. 

      On the other hand, the stiffness of the granular subbase course material is an important 

factor for structural design and performance of pavement structures. The resilient modulus 

(Mr) obtained from cyclic triaxial compression tests can be used to evaluate the stiffness of 

pavement material under stress states produced by traffic loads. The pavement materials 

employed in in-situ construction are usually compacted at the optimum water content and 

maximum dry density. However, in-situ pavements are often under unsaturated conditions 

and the degree of saturation of pavement structures varies due to the seasonal variation and 

environmental changes. Therefore, it is important to consider the effects of matric suction on 

the resilient modulus for pavement materials. Ng et al. (2013) performed the cyclic triaxial 

compression tests on a subgrade soil to investigate the resilient modulus (Mr) values under 

various stress and matric suction conditions. The results showed that the matric suction 

played an important role on resilient modulus of the subgrade material, and the resilient 

modulus was highly dependent on the stress states. Ekblad and Isacsson (2008) present the 

experimental results from cyclic triaxial testing at various water contents using constant 

confining pressure on two different continuously graded granular materials, and proposed 

that increased water contents cause a reduction in resilient modulus and an increase in strain 

ratio. Therefore, it is necessary to evaluate effects of degree of saturation on resilient modulus 
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(Mr) for the granular subbase course material employed in the subbase course layer of 

pavement structures in Hokkaido, Japan. 

1.2.3 Suction-controlled test method 

      Progress in unsaturated soil testing technology enables the control and the measurement 

of the matric suction in a variety of laboratory element tests for unsaturated soils (Fredlund, 

2006). As a laboratory element test on unsaturated base course materials, which has a 

maximum particle size over 20 mm, various testing methods have been proposed in 

accordance with the research objectives and the experimental conditions to evaluate the 

deformation-strength characteristics and the water retention-permeability characteristics (e.g., 

Kolisoja et al., 2002; Coronado et al., 2005; Ekblad and Isacsson, 2008; Zhang et al., 2009; 

Yano et al., 2011; Craciun and Lo, 2010). For example, as a water retentivity tests for subbase 

course materials, which have a maximum particle size of almost 40 mm, Yano et al. (2011) 

employed the suction method (water-head type), while Ishigaki and Nemoto (2005) 

employed the soil column method. Moreover, Yano et al. (2011) conducted permeability tests 

on unsaturated subbase course material using a steady-state method (flux-control type). 

Those tests have revealed that the resilient modulus of unsaturated base course materials 

decreases with the increase in degree of saturation (Coronado et al., 2005; Ekblad and 

Isacsson, 2008). However, the mechanical behaviors of unsaturated subbase course materials 

have not yet been sufficiently cleared in Japan by laboratory element tests, although shear 

tests on unsaturated granular subbase course materials have been conducted overseas by 

measuring the matric suction. This is because laboratory element tests on unsaturated soils 

with large size particles are quite time-consuming due to the ceramic disk with very low 

permeability that is usually used in the test apparatus for unsaturated soils. For a detailed 

examination of the deformation-strength characteristics of unsaturated subbase course 

materials, therefore, it is indispensable that a new medium-size triaxial apparatus to be 

developed for these unsaturated soils, which can reduce the testing time as well as examine 

the deformation-strength characteristics of granular subbase course materials under various 

degrees of compaction and degree of saturation with high precision under sufficiently 

controlled experimental conditions. 
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1.3 THESIS OBJECTIVES 

      This thesis focused on evaluating the deformation-strength characteristics of the 

unsaturated subbase course material subject to monotonic and cyclic loadings. Keeping in 

mind the above discussion, the objectives in this study are shown as follows. 

(1) To examine the effect of degree of saturation on strength characteristics of the 

unsaturated subbase course material. 

(2) To evaluate the effect of strain rate on strength properties of the unsaturated subbase 

course material. 

(3) To discuss the total internal friction angle and the total cohesion attributed to the 

matric suction and the strain rate. 

(4) To examine the effect of degree of saturation on the resilient modulus (Mr) properties 

of the unsaturated subbase course material subject to cyclic loading. 

     In order to finish the objectives, a series of monotonic triaxial compression tests was 

carried out under desired unsaturated and strain rate conditions using the medium-size triaxial 

apparatus developed by Ishikawa et al. (2014). A new experimental method was designed 

and conducted to determine the resilient modulus (Mr) properties of the unsaturated subbase 

course material based on the standard method of test for “Determining the Resilient Modulus 

of Soils and Aggregate Material (AASHTO T307-99, 2003)”. 

1.4 RESEARCH APPROACH 

      This thesis introduces effects of degree of saturation and strain rate on the strength 

characteristics of the unsaturated subbase course material, along with resilient properties 

influenced by degree of saturation. The layout of the research approach is described in Figure 

1-3.  

      The thesis is divided into seven chapters. A brief summary of the chapters is as follows. 

Chapter 1 presents the research background, literature review related to the behavior of 

unsaturated soils and objectives of this thesis. Chapter 2 is devoted to describing the test 

material and the newly developed triaxial compression apparatus that was used to control the 

matric suction by special design on the cap and pedestal. Chapter 3 introduces test methods 
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and experimental conditions for monotonic triaxial compression tests and resilient modulus 

tests. The results of soil-water characteristic test is briefly presented in Chapter 4. Chapter 5 

presents the test results of monotonic triaxial compression tests, while Chapter 6 discusses 

the effect of degree of saturation on resilient modulus properties of the subbase course 

material obtained by cyclic triaxial compression tests. Finally, Chapter 7 summarizes all of 

the findings in this study and provides suggestions for the future work. 
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Figure 1-3 Layout of research approach. 
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 TEST MATERIAL AND APPARATUS 

2.1 TEST MATERIAL   

      The experimental pavement was constructed at the Tomakomai test road in Hokkaido (a 

cold and snowy island in northern Japan), which was used for long-term field measurement 

and in-situ tests. We conducted long-time field measurements of ground temperature, soil 

water content and settlement by layer inside the pavement structures. The pavement 

structures contain four layers, i.e., the asphalt-mixture layer, the subbase course layer, the 

anti-frost layer and the subgrade layer as shown in Figure 2-1 (Ishikawa, et al., 2012a). The 

base course layer of the pavement is composed of two layers (i.e., the subbase course layer 

and the anti-frost layer). The subbase course layer is constituted of natural andesite crusher-

run with a maximum particle size of 40 mm, therefore it is called C-40. The test material in 

this study is the subbase course material C-40, which is a natural crusher-run made from 

angular, crush, hard andesite stone commonly used in the subbase course layer of pavements 

in Japan. 

 

    

  

Figure 2-1 In-situ pavement for long-term field measurements (Ishikawa, et al., 2012a). 

Asphalt-mixture layer: 12cm

Subbase course layer (C-40): 30cm
rd=1.95g/cm3, e=0.405

Anti-frost layer (C-80): 40cm
rd=1.94g/cm3, e=0.418

Subgrade layer (Volcanic soil)
rd=1.46g/cm3, e=0.922
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: Ground temperature

: Soil water content
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      Figure 2-2 shows the photo of the subbase course material C-40. Though the maximum 

grain size of C-40 is 40 mm, test specimens were prepared by screening out particles larger 

than 38.1 mm from the original material pursuant to “Method of Test for Resilient Modulus 

of Unbound Granular Base Material and Subgrade Soils (E016)” (Japan Road Association 

2007). The finer particle with grain size less than 0.075 mm was about 2 %. Physical 

properties and grain size distribution curve for test specimens are shown in Table 2-1 and 

Figure 2-3, respectively. The compaction curve for C-40 material was determined by the E-

b method of Japanese industrial standard (2009). The water content-dry density curve for C-

40 material with the wopt of 8.2 % and the maximum dry density ρdmax of 2.070 g/cm3 is shown 

in Figure 2-4. 

 

 
 

Figure 2-2 Photo of the granular subbase course material C-40. 
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Table 2-1 Physical properties of C-40. 

ρdmax
*1 

(g/cm3) 

wopt
*1

 

(%) 

Fc 

(%) 
PI 

ρdmax
*2 

(g/cm3) 

ρdmin
*2 

(g/cm3) 

2.070 8.2 2.00 NP 2.270 1.680 

Note: *1 ρdmax is wopt obtained from compaction E-b method (JIS A 1210, 2009).  

          *2 ρdmax and ρdmin are obtained from test method for minimum and maximum densities of 

gravels (JGS 0162, 2009a). 

 

 

Figure 2-3 Grain size distributions of C-40 material. 
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Figure 2-4 Water content-dry density curve. 

 

2.2 TEST APPARATUS 

      A schematic diagram of the medium-size triaxial apparatus for the unsaturated granular 

subbase course materials is shown in Figure 2-5. The monotonic and cyclic triaxial 

compression tests were performed using this medium-size triaxial apparatus by the suction-

controlled method along with pressure membrane method. 
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Figure 2-5. Medium-size triaxial compression apparatus for unsaturated granular subbase course 

materials. 
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      One key feature of the apparatus is the structural design on the cap and the pedestal as 

shown on Figure 2-6. The designs for the cap and the pedestal are the same, which can control 

the pore water pressure and the pore air pressure independently. Therefore, the apparatus can 

apply the matric suction from both top and bottom ends of the specimen.  

      In the cap and the pedestal, the pore water pressure is applied to the specimen through a 

versapor membrane filter attached to the water plumbing path, while the pore air pressure is 

applied through a hydrophobic polyflon filter attached to the air supply path as shown in 

Figure 2-7. The photos of the versapor membrane filter and the hydrophobic polyflon filter 

are presented in Figure 2-8, respectively. Here, the versapor membrane filter is a kind of 

microporous membrane filters made from a hydrophilic acryic copolymer. Physical 

properties of the filters are shown in Table 2-2. The use of the cap and the pedestal to control 

matric suction may cause a problem of non-homogeneity of water content for two ends of 

the specimen. However, the effect of non-homogeneity of water content on the top and the 

base of the specimen could be ignored by evaluating bedding errors (BE) simultaneously, as 

will be described in the Chapter 5.   

 

               

      (a) The cap                                                           (b) The pedestal 

Figure 2-6. Photos of cap and pedestal of medium-size triaxial compression apparatus. 
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Figure 2-7. The diagrammatic sketch for membrane filters on pedestal and cap. 

 

                    

 

Figure 2-8. The photos of (a) versapor membrane filter and (b) hydrophobic polyflon filter.  

 

Table 2-2 Physical properties of filters. 

Name 
Thickness 

(μm) 

Pore size 

(μm) 

AEV/WEV*1 

(kPa) 

Water flow*2  

(ml/min/cm2) 

Versapor membrane filter 94.0 0.8 60.0 142 

Hydrophobic polyflon filter 540.0 - 14.9 - 

Note: *1 AEV is the air entry value of the versapor membrane filter, while WEV is the water entry 

value of hydrophobic polyflon filter. 

         *2 Water flow is the maximum water flow of the versapor membrane filter under the differential 

pressure of 70 kPa.  

Water 
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Screw
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Polyflon filter

Screw
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O-ring
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      Other key features of the apparatus are as follows: 

 Since the apparatus can use a medium-size cylindrical specimen with initially 300 mm in 

height (H) and 150 mm in diameter (D), a triaxial compression test can be performed in 

accordance with the “Standard Method of Test for Determining the Resilient Modulus of 

Soils and Aggregate Materials (AASHTO Designation: T307-99, 2003)” or the “Method 

of Test for Resilient Modulus of Unbound Granular Base Material and Subgrade Soils 

(E016)” (Japan Road Association 2007). 

 The apparatus can apply the matric suction from both ends of the specimen (Figure 2-6). 

Besides, pore water is allowed to drain from both cap and pedestal. Accordingly, the 

apparatus can reduce the testing time by shortening the length of drainage path to half of 

the specimen height, in addition to the effect of the versapor membrane filter (Ishikawa et 

al., 2012b). 

 The apparatus can apply axial load to a specimen with high accuracy by both the strain 

control method and the stress control method with only one hybrid actuator. Moreover, 

the apparatus can perform both monotonic loading tests with very slow strain rate and 

cyclic loading tests in which the maximum frequency of cyclic loading is up to about 10 

Hz. 

      The measurements of stress and strain in a specimen for monotonic and cyclic triaxial 

compression tests are performed as follows. Axial stress (σa) of both tests was measured by 

a load cell installed inside the triaxial cell. Volumetric strain (εv) was mainly calculated by 

the lateral displacements of the specimen, namely the change in the specimen diameter, 

measured by two sets of two proximity transducers (gap sensors) attached at the points of 1/4 

and 3/4 of the specimen height diagonally opposite to each other around the specimen 

diameter, respectively. For the saturated specimen, the volume of water drainage during test 

was also measured with a double tube burette.  

      The different measurements of axial strain (εa) for monotonic triaxial compression test 

and cyclic triaxial compression tests are discussed as follows.  

(1) For monotonic triaxial compression tests, axial strain (εa) was mainly obtained by 

measuring the displacement of the loading piston with an external displacement 

transducer and two linear variable differential transducers (LVDTs), as shown in 
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Figure 2-9. Note that the influence of bedding errors (BE) was evaluated by using 

other two local linear variable differential transducers (called LLVDTs) attached at 

the center of the specimen shown in Figure 2-9. The effects of bedding error (BE) 

will be discussed in tests results in Chapter 5. 

(2) For cyclic triaxial compression test, axial strain (εa) was obtained by measuring the 

displacement of the loading piston with an external displacement transducer, two 

linear variable differential transducers (LVDTs) and two LVDTs attached at the 

center of the specimen, in parallel with two side lines located at the diagonal position 

pursuant to AASHTTO T274-82 (AASHTO, 1986), as shown in Figure 2-9. 

 

 

Figure 2-9. The setting of displacement measurement devices for the monotonic and cyclic triaxial 

compression. 
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 TEST METHODS AND EXPERIMENTAL CONDITIONS 

3.1 TEST METHODS 

3.1.1 Preparation of filters  

      In this study, the versapor membrane filter was used to control and measure the matric 

suction for unsaturated specimens substitute for the ceramic disk. The pressure membrane 

method is classified as an “indirect method” of measuring soil suction, which is based on the 

assumption the filter will come to equilibrium with a soil having a specific suction (Fredlund 

and Rahardjo, 1993). The preparation of the versapor membrane filter is as follow. Firstly, 

the de-aired water was prepared, which was used for saturation of vasapor membrane filters, 

along with saturation of specimens under the saturated condition. The pure water was stored 

in a sealed tank with pumping vacuum pressure for 24 hours in order to remove any air 

bubbles. Secondly, the versapor membrane filter was saturated by de-air water in a container 

for one day as shown in Figure 3-1a. After that, the versapor membrane served in the 

container was put into a sealed tank and pumped by vacuum pressure with 90 kPa for 24 

hours (see Figure 3-1b). These processes ensured the versapor membrane filter to be fully 

saturated with de-aired water. 

 

                   

                              (a) Saturation of the filters            (b) Vacuum pressure for the filters 

Figure 3-1. Preparation for the versapor membrane filter. 
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3.1.2 Preparation of test specimens 

      A cylindrical specimen with initially 300 mm in height and 150 mm in diameter as shown 

in Figure 3-2 was prepared with air-dried C-40 material (w=1.2%) in five layers by tamping 

with a woody rammer and compacting with a vibrator (see. Figure 3-3). Air-dried specimen 

was placed into a cylindrical mold in steps and spread into each layer of 60 mm in thickness. 

Subsequently, each layer was compacted by the vibrator in 3 minutes with constant 

compaction energy so as to attain the degree of compaction (Dc) of 95 %.  

      Note that fine particles which have grain size under 2 mm were spread on both ends of 

the specimen with the thickness of 5 mm so as not to degrade the function of filters installed 

on both the cap and the pedestal due to the direct contact of coarse particles. However, the 

use of the finer particle for cap and pedestal may cause a problem of bedding error (BE) for 

two ends of the specimen. The bedding error (BE) is evaluated simultaneously, as will be 

described in the Chapter 5.  

 

 

 

Figure 3-2. Preparation of test specimens. 
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Figure 3-3 Photo of the vibrator. 

 

3.1.3 Soil-water characteristic test  

      A soil-water characteristic (SWCC) test was conducted based on the test method for water 

retentivity of soils of the Japanese Geotechnical Society (2009b). After setting the air-dried 

specimen in the triaxial cell, the specimen was permeated from the bottom end by de-aired 

water until the degree of saturation reached approximately 95 % or more. Note that based on 

the measurement of the water absorption into crushed stone particles during soil-water 

characteristic test pursuant to “Method of test for density and water absorption of coarse 

aggregates” (JIS A 1110), there is no water absorption or drainage to or from the soil particles 

after consolidation. Subsequently, the specimen was isotropically consolidated under a 

prescribed net normal stress (σnet) of 49 kPa for 24 hours by applying confining pressure (σc) 

of 249 kPa, pore air pressure (ua) of 200 kPa and pore water pressure (uw) of 200 kPa. Here, 

the σnet is defined as σnet=σc - ua. Note here that the axis-translation technique was used in the 

SWCC test in order to prevent pore water pressure less than zero based on Fredlund and 

Rahardjo (1993). The pore air pressure (ua) here becomes equal to the externally applied air 

pressure. The pore water pressure can then be a positive pressure as pore air pressure. As a 
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result, the pore water pressure undergoes the same pressure change as the change of applied 

air pressure. Therefore, the matric suction of the specimen remained 0 kPa regardless of the 

translation of both pore air pressure and pore water pressure.  

      After the consolidation process, the soil-water characteristic test was commenced at a 

condition near saturation, and it proceeded through a drying process in accordance with the 

following procedure. A starting point on the drying curve was established by decreasing uw 

while keeping both σc and ua constant, in other words by applying a low matric suction (s) to 

the soil specimen. Here, the s is defined as s= ua - uw. An increase in matric suction (s) causes 

the drainage of pore water from the specimen. Upon attaining an equilibrium condition, the 

water content corresponding to the applied matric suction was computed by reading the 

change in water volume between two successive applied matric suctions with a double tube 

burette. The above-described procedure was then repeated for higher values of matric suction 

by decreasing the applied pore water pressures in steps. Note that the volumetric change of 

the specimen could hardly be discerned during soil-water characteristic test. 

3.1.4 Triaxial compression tests 

      In this study, two types of triaxial compression tests were performed on C-40 specimens, 

that is, monotonic triaxial compression tests and cyclic triaxial compression tests. Monotonic 

triaxial compression tests were carried out under four kinds of degrees of saturation with two 

different strain rates, in conformance with the standards of the Japanese Geotechnical Society 

(JGS 0524 2000a and JGS 0527 2000b). Cyclic triaxial compression tests, i.e., resilient 

modulus tests (MR tests) were conducted under three kinds of degrees of saturation pursuant 

to AASHTO T307-99 (2003). 

      Note that the mechanical properties of unsaturated coarse-grained specimens have often 

been investigated by compacting soil materials under various water contents, which causes 

the difference on the particle skeleton structure of the specimen. It is most important to realize 

in this study that the specimens were compacted at the same initial water content (w=1.2%) 

and with the same compacted effort. Then the specimens with different degree of saturation 

were obtained by adopting the suction-controlled method in accordance with soil-water 

characteristic curve (SWCC). Therefore, the C-40 specimens can be tested under unsaturated 
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conditions and then the degree of saturations of unsaturated specimens were similar to the 

degree of saturation of the subbase course layer material encountered in the in-situ pavement 

structure. 

3.1.4.1 Monotonic triaxial compression test 

      Monotonic triaxial compression tests under the consolidated drained condition (CD test) 

were performed under two different strain rates with four kinds of degrees of saturation, 

namely “air-dried”(Sr=8.2%, w=1.2%), “unsaturated”(about Sr=35%, w=7.69%) and (about 

Sr=57.2%, w=8.2%), as well as “saturated”(Sr=100%, w=12.20%).  

      The consolidations for specimens under air-dried, saturated, and unsaturated conditions 

were carried out as follows. 

(1) For the air-dried specimen (Sr=8.2%), the specimen after setting up was isotropically 

consolidated under a prescribed effective confining pressure (σc') of 34.5 kPa, 49 kPa, 

or 68.9 kPa for 24 hours by applying the same cell pressures (σc) while the air supply 

path is opened to the atmosphere.  

(2) For the saturated specimen (Sr=100%), the carbon dioxide gas was added from the 

bottom end of the air-dried specimen for about 3 hours, and subsequently specimen 

was permeated with de-aired water into the voids. In this case, “the double vacuuming 

method” (Ampadu and Tatsuoka, 1993) was used by suctioning pore air from the 

specimen with high negative pressure. Besides, a back pressure of 200 kPa was 

applied to ensure the saturation of the specimen. The pore water pressure coefficient 

B-value of saturated specimen was insured as 0.96 or more. Following the saturation, 

the specimen was isotropically consolidated under the above-mentioned effective 

confining pressures (σc') for 24 hours by applying a designated cell pressure (σc) of 

234.5, 249, or 268.9 kPa and pore water pressure (uw) of 200 kPa. 

(3) For unsaturated specimen (Sr=35%) or (Sr=57.2%), the specimen was isotropically 

consolidated under a prescribed net normal stress (σnet) for 24 hours by applying cell 

pressure (σc) of 234.5 kPa, 249 kPa, or 268.9 kPa, while keeping pore air pressure 

(ua) of 200 kPa and pore water pressure (uw) of 200 kPa. Here, the σnet is defined as 

σnet=σc - ua, which is numerically the same value of effective confining pressure (σc'). 
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Subsequently, an unsaturated specimen under intended matric suction (s=ua-uw) of 

10.0 kPa or 0.5 kPa was produced by decreasing pore water pressure (uw) while 

keeping both cell pressure (σc) and pore air pressure (ua) constant. For unsaturated 

specimen with degree of saturation of 35 % or 57.2 %, the matric suction (s=ua-uw) 

of 10 kPa or 0.5 kPa was set up based on the SWCC curve, as described in late section.   

      Upon attaining an equilibrium condition in the consolidation process, the specimen was 

continuously sheared by applying an axial deviator stress (q=σa-σc) at a designated axial 

strain rate (ε
．

a) of 0.05 %/min or 0.5 %/min under consolidated drained condition (CD test) 

regardless of the water content, while all other testing parameters were held constant. Here, 

σa is the axial stress. Note that for the unsaturated condition both the pore air and the pore 

water are allowed to drain.  

      After finishing all the tests under unsaturated conditions, the air entry value (AEV) of the 

versapor membrane filter would be evaluated by applying matric suction increasingly until 

air passed through the filter. Figure 3-4 shows relationships of matric suction, volume of 

water drainage, along with time. As we can see from Figure 3-4, the matric suction was 

applied on the versapor membrane filter with 10 kPa step by step. At the beginning stage 

with matric suction of 0 kPa to 20 kPa, the water covering at surface of the versapor 

membrane filter passed through the filter quickly. At the range of the matric suction from 60 

kPa to 80 kPa, the volume drainage of water became increasing gradually. The breaking point 

showed at matric suction of 80 kPa, because air passed through filter sharply. The 

measurements showed that the air entry value of versapor membrane filters after tests was 

nearly equal to that before tests (60 kPa). This indicated that the versapor membrane filters 

after tests suffered little degradation from the wear and tear during monotonic triaxial 

compression tests on the granular subbase course material. 
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Figure 3-4. The AEV value of versapor membrane filter after unsaturated test. 

 

3.1.4.2 Resilient modulus test (MR test) 

      A resilient modulus test (MR test) using the triaxial compression test with cyclic loading 

pursuant to the AASHTO T307-99 (2003) is designed to evaluate the resilient deformation 

characteristics of C-40 specimen by simulating the traffic wheel loading on in-situ pavement 

structure. The resilient modulus (Mr) values can be used with structural response analysis to 

calculate the pavement structural response to wheel loads, and with design procedures of 

pavement structure. In this study, the loading conditions standardized by AASHTO T307-99 

(2003) for the subbase materials were employed (see Table 3-1).  
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Table 3-1 Loading conditions of MR tests. 

Name s'c (kPa) qcont (kPa) qcyclic (kPa) qmax (kPa) Nc (cycle) 

Conditioning process  103.4 10.3 93.1 103.4 1000 

 Testing process MR-1 20.7 2.1 18.6 20.7 100 

Testing process MR-2 20.7 4.1 37.3 41.4 100 

Testing process MR-3 20.7 6.2 55.9 62.1 100 

Testing process MR-4 34.5 3.5 31.0 34.5 100 

Testing process MR-5 34.5 6.9 62.0 68.9 100 

Testing process MR-6 34.5 10.3 93.1 103.4 100 

Testing process MR-7 68.9 6.9 62.0 68.9 100 

Testing process MR-8 68.9 13.8 124.1 137.9 100 

Testing process MR-9 68.9 20.7 186.1 206.8 100 

Testing process MR-10 103.4 6.9 62.0 68.9 100 

Testing process MR-11 103.4 10.3 93.1 103.4 100 

Testing process MR-12 103.4 20.7 186.1 206.8 100 

Testing process MR-13 137.9 10.3 93.1 103.4 100 

Testing process MR-14 137.9 13.8 124.1 137.9 100 

Testing process MR-15 137.9 27.6 248.2 275.8 100 
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      The maximum deviator stress (qmax) in Table 3-1 is composes of the cyclic deviator stress 

(qcyclic) and the contact stress (qcont). The MR stress sequence in Table 3-1 contains 

conditioning process, which eliminates the effects of the interval between compaction and 

loading and eliminates the initial loading and reloading. This conditioning process also aids 

in minimizing the effects of initially imperfect contact between the cap and the specimen 

(AASHTO T307-99, 2003). A haversine-shaped load pulse with a load duration of 0.1 second 

followed by a rest period of 0.9 second, i.e., a loading frequency of 10 Hz, was applied as the 

traffic wheel loading on the subbase course material as shown in Figure 3-5. The resilient 

modulus (Mr) was used to describe the response of the specimen, which can be given as 

Equation 3-1. 

                                                   𝑀𝑟 =
𝑞𝑚𝑎𝑥−𝑞𝑐𝑜𝑛𝑡

𝜀𝑟
=

𝑞𝑐𝑦𝑐𝑙𝑖𝑐

𝜀𝑟
                                            (3-1) 

here, r: is the resilient (recovered) axial strain due to cyclic deviator stress. qmax: the total 

deviator stress applied to the specimen, including the contact and cyclic (resilient) deviator 

stress. qcont: vertical stress placed on the specimen to maintain a positive contact between the 

specimen cap and the specimen, qcont = 0.1qmax. qcyclic: the difference between the total 

deviator and vertical stress, qcyclic = qmax - qcont. 

      In addition, based on Table 3-1, the test procedure for MR tests requires both a 

conditioning process with 1000 loading cycles (Nc) and an actual testing process with 100 

loading cycles under 15 successive paths with varying combinations of effective confining 

pressure (s'c) and deviator stress (q). The applied stress path for MR tests is shown on Figure 

3-6. Hence, from a single test on a soil specimen under a specified degree of saturation, 

fifteen resilient moduli at different combinations of confining pressure and deviator stress 

were obtained. The resilient modulus (Mr) value was determined by averaging the resilient 

deformation of the last five cycles at each confining pressure.        
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Figure 3-5. Loading wave of MR tests. 

       

  
 

Figure 3-6. Applied stress path of MR tests. 
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      Now, the test method for resilient modulus (MR) test will be introduced. After preparing 

the soil specimens under saturated (Sr=100%), unsaturated (Sr=36.7%), and air-dried (8.2%) 

conditions, in the same way as for the monotonic traxial compression tests mentioned above, 

MR tests on C-40 specimens were also performed under drained condition (CD test) as 

follows. 

      For air-dried and saturated specimens, conventional MR tests were conducted in 

accordance with AASHTO T307-99 (2003). Here, in the air-dried condition, the designated 

effective confining pressure (s'c) as shown on Table 3-1, was applied by providing a specified 

positive cell pressure (sc), while keeping the same pore air pressure (ua) as atmospheric 

pressure and closing the pore water pressure path. In the saturated condition, it was applied 

by providing a specified sc, maintaining the pore water pressure (uw) of 200 kPa, and closing 

the pore air pressure path. For the unsaturated specimen, suction-controlled MR tests were 

carried out on the specimen under a certain cell pressure (sc), while maintaining constant 

values for pore air pressure (ua) and pore water pressure (uw) of 200 kPa and 190 kPa, 

respectively, and keeping both pore pressure paths open. Note here that the effective 

confining pressure (s'c) for unsaturated specimen was equal to the difference between cell 

pressure (sc) and pore air pressure (ua). 

3.2 EXPERIMENTAL CONDITIONS     

3.2.1 Experimental conditions for monotonic triaxial compression test 

      In this study, four kinds of degrees of saturation are selected for specimens, that is 100 %, 

57.2 %, 35 % and 8.2 %. The effective confining pressures are 34.5 kPa, 49 kPa and 68.9 

kPa, respectively. The strain rates are 0.5 %/min and 0.05 %/min. All experimental 

conditions for monotonic triaxial compression tests on C-40 specimens are summarized in 

Table 3-2.  
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Table 3-2 Experimental conditions for monotonic triaxial compression tests. 

(a) Air-dried conditions 

No. A-1 A-2 A-3 A-4 A-5 A-6 

σc' (kPa) 34.5 34.5 49.0 49.0 68.9 68.9 

ε
．

a (%/min) 0.05 0.5 0.05 0.5 0.05 0.5 

Dc (%) 95.2 95.7 96.2 96.0 94.9 96.0 

ρd0 (g/cm3) 1.97 1.98 1.99 1.99 1.96 1.99 

(b) Unsaturated conditions 

Simulated condition Optimum condition 

No. U-1 U-2 U-3 U-4 U-5 U-6 O-1 O-2 O-3 O-4 O-5 O-6 

s (kPa) 10.0 10.0 10.0 10.0 10.0 10.0 0.5 0.5 0.5 0.5 0.5 0.5 

σc (kPa) 234.5 234.5 249.0 249.0 268.9 268.9 234.5 234.5 249.0 249.0 268.9 268.9 

uw (kPa) 190.0 190.0 190.0 190.0 190.0 190.0 199.5 199.5 199.5 199.5 199.5 199.5 

ua (kPa) 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 200.0 

σc' (kPa) 34.5 34.5 49.0 49.0 68.9 68.9 34.5 34.5 49.0 49.0 68.9 68.9 

ε
．

a 

(%/min) 
0.05 0.5 0.05 0.5 0.05 0.5 0.05 0.5 0.05 0.5 0.05 0.5 

Dc (%) 94.4 96.5 95.3 96.0 95.4 95.4 95.8 95.6 95.3 95.4 95.0 96.1 

ρd0 

(g/cm3) 
1.95 1.99 1.97 1.99 1.97 1.97 1.95 1.98 1.97 1.97 1.97 1.99 

(c) Saturated conditions 

No. S-1 S-2 S-3 S-4 S-5 S-6 

σc (kPa) 234.5 234.5 249.0 249.0 268.9 268.9 

uw (kPa) 200.0 200.0 200.0 200.0 200.0 200.0 

σc' (kPa) 34.5 34.5 49.0 49.0 68.9 68.9 

ε
．

a (%/min) 0.05 0.5 0.05 0.5 0.05 0.5 

Dc (%) 95.8 96.0 96.2 96.2 95.8 96.0 

ρd0 (g/cm3) 1.98 1.99 1.99 1.99 1.98 1.99 
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      Firstly, the degree of saturation of 100 % is the saturated condition, while degree of 

saturation of 8.2 % is the air-dried condition. The degree of saturation of 35 % was selected 

in order to simulate the regular unsaturated condition of in-situ pavement. Figure 3-7 shows 

the temporal transitions in daily mean degree of saturation during the long-term field 

measurement in the subbase course layer of the experimental pavement in Tomakomai, 

Sapporo, Japan (Ishikawa et al., 2012a). From Figure 3-7, it is evident that the degree of 

saturation (Sr) for the subbase course layer is nearly stable at around 35 % during the regular 

seasons except for the freezing and thawing season. The degree of saturation of 57.2 % is the 

corresponding optimum water content of C-40 material. For simplicity, Sr=35 % and 

Sr=57.2 % were called “simulated” and “optimum” conditions hereafter, respectively. 

 

 

Figure 3-7. Degree of saturation for long-term field measurement in the subbase course layer of the 

in-situ pavement.     
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      Secondly, the effective confining pressures (σc') of 34.5 kPa, 49 kPa, and 68.9 kPa were 

determined based on stress analysis of Japanese paved road model by GAMES (General 

Analysis Multi-layered Elastic Systems, Maina and Matsui, 2004). Figure 3-8 shows one 

kind of Japanese paved road model under standard design wheel loads, which was redrawn 

from Ishikawa et al. (2008). The standard design wheel load is 49 kN, which is divided 

equally on each wheel (i.e., 24.5 kN) and the wheel diameter and the distance between wheels 

as shown in Figure 3-8 are indicated in the pavement design manual for Japanese paved roads 

issued by the Japan Road Association (2006). The pavement structure shown in Figure 3-8 

is one type of pavement in Japan, which includes three layers with different thickness, i.e., 

asphalt mixture layer, the subbase course layer, and subgrade layer. There are four types of 

pavement structures used for stress analysis by GAMES as shown in Table 3-3, and each 

layer of pavement structures has different elastic modulus (E) and the poison’s ratio (v). Due 

to the different elastic modulus (E) for the first and second layers, the pavement type 1 and 

pavement type 2 can be subdivided into 12 types, while pavement type 3 and pavement type 

4 can be subdivided into 21 types and 24 types, respectively. 

 

  
 

Figure 3-8. The cross section of double wheel loads on pavement. 
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Table 3-3 Summary of pavement types. 

Pavement type 1 

Layer h (cm) v E (MPa) 

1 12 0.35 2000/6000 

2 40/50 0.35 50/200/500 

3 - 0.40 30/200 

 

Pavement type 2 

Layer h (cm) v E (MPa) 

1 15 0.35 2000/6000 

2 55/60 0.35 50/200/500 

3 - 0.40 30/200 

 

Pavement type 3 

Layer h (cm) v E (MPa) 

1 26 0.35 2000/4000/8000 

2 55/60 0.35 50/200/250/500 

3 - 0.40 30/100 

 

Pavement type 4 

Layer h (cm) v E (MPa) 

1 35 0.35 2000/4000/8000 

2 65/60 0.35 50/200/250/500 

3 - 0.40 30/100 
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      Figure 3-9 is the results of stress states on the top of the subbase layer of four types of 

typical Japanese pavement structure, which were calculated with coefficients of interface slip 

rate of 0.0 and 0.5 calculated by GAMES. In Figure 3-9, the Max. is largest calculated stress 

on the horizontal plane for each pavement type, while the Ave. is the average stress on the 

horizontal plane of each pavement type with elastic modulus (E) and the poison’s ratio (v). 

The maximum “Max.” value with different slip rates of 0.0 and 0.5 are 49.40 and 67.78 kPa, 

respectively, while the maximum “Ave.” value of each type of pavement structures are 33.39 

and 67.56 kPa. Here, the interface slip rate is one parameter in GAMES program. The 

interface slip rate is defined in terms of shear stresses, which can be represented by using a 

shear spring model (Maina and Matsui, 2004). The interface slip rate shows the degree of 

interface slip between the asphalt mixture layer and the subbase course layer on the pavement. 

Though the interface slip rate ranges from 0.0 to 1.0, the slip rate equal to 0.0 means there is 

no slip between the layers, and the slip rate equal to 1.0 means no friction between the layers 

(Maina and Matsui, 2004). Figure 3-9 also shows loading conditions of AASHTO standard 

method of test for determining the resilient modulus (Mr) of soils and aggregate material (T 

307-99, 2003). As shown in Figure 3-9, the calculated confining pressures by GAMES of 

33.39 kPa and 67.78 kPa are closed to the confining pressures of 33.4 kPa and 68.9 kPa in 

the AASHTO standard.  

      Two kinds of strain rates (ε
．

a), namely 0.05 %/min and 0.5 %/min, were adopted in this 

study. The strain rate of 0.05 %/min in CD test was selected according to the standard of the 

Japanese Geotechnical Society (JGS 0527, 2000b), while the strain rate of 0.5 %/min was 

designed by referring to the axial strain rate of 1.0 %/min in quick shear test of MR test (T 

307-99, 2003). 
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Figure 3-9. Stress state inside typical Japanese pavement structures. 

 

3.2.2 Experimental conditions for resilient modulus test 

      In order to evaluate the effect of degree of saturation (Sr) on the resilient modulus (Mr) of 

the granular subbase course material C-40, three different degrees of saturation were selected 

for resilient modulus tests (MR tests), i.e., air-dried, simulated, and saturated conditions, 

respectively. The degree of saturation (Sr) for the air-dried specimen was 8.2 %. The degree 

of saturation (Sr) for the saturated specimen was 100 %, and the B-value for the saturated 

condition was 0.96 or higher. For the simulated condition, the degree of saturation (Sr) was 

about 36.7 %, which is similar value for degree of saturation in the subbase course layer of 

the in-situ pavement during the regular seasons.  
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 TEST RESULTS OF SOIL-WATER CHARACTERISTIC 

TEST 

4.1 SOIL-WATER CHARACTERISTIC CURVE 

      The soil-water characteristic curve (SWCC) is the relationship between the degree of 

saturation (Sr) and the suction for soils. The suction as quantified in terms of the relative 

humidity is commonly called “total suction”. The total suction contains two components, 

namely, matric suction and osmotic suction (Fredlund and Rahardjo, 1993). The osmotic 

suction was considered to be arising from salt solutions in a soil, while the matric suction is 

the capillary component of free energy and is the major contributor to the total suction. 

Generally, the matric suction (s) is condemned as the difference between pore air pressure 

and pore water pressure (i.e., s=ua-uw). In this study, we considered only the matric suction 

(s=ua-uw). 

      The soil-water characteristic test was performed on C-40 specimen with degree of 

compaction (Dc) of 95 % based on the test method for water retentivity of soils of the 

Japanese Geotechnical Society (2009b). The soil-water characteristic curve (SWCC) of C-

40 specimen in the drying process is shown in Figure 4-1, which is the desaturation 

characteristic of C-40 expressed by the relationship between the matric suction (s=ua-uw) and 

the degree of saturation (Sr). Note that the matric suction is equal to suction without regard 

for the osmotic suction in this study. The SWCC curve in Figure 4-1 was J-shaped curve with 

no clear air entry value (AEV), owing to the rapid drainage concurrent with the application 

of the matric suction.  

      The red line in Figure 4-1 is the fitting curve for soil-water characteristic curve (SWCC) 

by using logistic model-A, called LG-A model (Mori et al., 2009). The LG-A model can be 

expressed as Equation 4-1. The residual degree of saturation (Sr0) of C-40 is 23.94 %, which 

was estimated by the fitting curve shown in Figure 4-1. Based on Equation 4-1, the matric 

suction value under the residual degree of saturation is infinite. The various unsaturated 
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specimens can be obtained by applying corresponding matric suctions based on the SWCC 

curve in Figure 4-1. 
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                              (4-1)              

here, se and sr are the effective degree of saturation and the degree of saturation, respectively. 

sr0 and sr,max are the residual degree of saturation and the degree of saturation under saturated 

condition, respectively. s is the matric suction. alg, blg and clg are fitting parameters for SWCC 

curve.  

      Figure 4-2 is the relationship between the degree of saturation (Sr) and the matric suction 

(s) in logarithmic scale for C-40 material. However, the SWCC curve formed in the 

logarithmic scale shows no clear air entry value (AEV), due to the high permeability of C-40 

material concurrently with the application of the matric suction. Therefore, it could be 

understood that the air entry value (AEV) of C-40 material is located at the matric suction 

range less than 0.5 kPa. 

      In addition, the distribution of water content (w) inside the large unsaturated specimen 

should be evaluated. The SWCC test was performed on Toyora sand using this medium-size 

triaxial compression apparatus by Ishikawa et al. (2014). The water content of Toyora sand 

of every layer was examined after SWCC test. For example, the results show w = 4.06 %, 

4.22 %, and 5.22 % for layer 0-5 cm, 5-10 cm, and 10-15 cm away from the end of the 

specimen, respectively. This indicates that the distribution of water content against the height 

could be almost uniform in the range with 10 cm from both ends where the matric suction is 

well controlled. 
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Figure 4-1 Soil-water characteristic curve of the C-40 specimen. 

 

Figure 4-2 SWCC curve of the C-40 specimen drawn in the logarithmic scale. 
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4.2  WATER-AIR-PARTICLE SYSTEM   

      Throughout the SWCC curve, the water-air-soil particle system in the specimen varies 

with the degree of saturation. A number of investigations have been carried out on the water-

air-soil particle relationships of unsaturated soils (e.g., Yu and Chen, 1965; Wu et al., 1984; 

Kohgo et al., 2007a). For example, Yu and Chen (1965) interpreted that three basic water-

air-soil particle systems in unsaturated soils, namely, closed-air, bi-opened, and closed-water 

systems shown in Figure 4-3. The same descriptions of the three partially saturation 

conditions were postulated by Kohgo et al. (2007a), which were the corresponding insular 

air saturation, fuzzy saturation and pendular saturation. In the closed-air system (see Figure 

4-3a) with high degree of saturation, the pore air is closely hemmed in by pore water and 

exists in the form of air bubble. While in closed-water system as shown in Figure 4-3c, the 

pore water is discontinuous and separated by pore air and soils. The bi-opened system (see 

Figure 4-3b) is the transition period between closed-air system and closed-water system.  

 

 

Figure 4-3. Three basic possible saturation conditions in unsaturated soils (Yu and Chen, 1965). 

     

      In general, these three different systems in unsaturated soil can be divided by air-entry 

value (AEV) and residual matric suction value in SWCC curve as shown in Figure 4-4. 

Kohgo et al. (2007b) proposed that the effects of matric suction on mechanical properties of 

unsaturated soils are as follows: (1) In the insular air saturation (closed-air system), pore air 

exits as air bubbles surrounded by water. Therefore, an increase in matric suction increases 

effective stresses; (2) In the pendular saturation (closed-water system), matric suction can 

(a) Closed-air system (b) Bi-opened system (c) Closed-water system

: Soil particle : Water : Air
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only induce a force named capillary force. Hence, an increase in matric suction enhances 

yield stresses and affects the resistance to plastic deformations. (3) Both of the two suction 

effects above-mentioned in (1) and (2) should be considered in the fuzzy saturation (bi-

opened system).  

 

 

Figure 4-4. Typical SWCC curve showing different systems for unsaturated soils. 
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 TEST RESULTS OF MONOTONIC TRIAXIAL 

COMPRESSION TESTS 

5.1 EVALUATION OF MEASUREMENT PRECISION 

      In this section, the reliabilities of measurement systems in monotonic triaxial 

compression tests for C-40 specimens are discussed. Firstly, the influence of system 

compliance (SC) and bedding errors (BE) in the monotonic triaxial compression test on C-

40 specimen are presented. Secondly, the applicability of the calculation method for the 

volumetric strain using gap sensors during shear is exhibited. 

5.1.1 System compliance and bedding errors  

      The system compliance (SC) and bedding errors (BE) have been addressed as problems 

encountered in accurately measuring the axial displacement with an external displacement 

transducer, especially in triaxial compression tests for hard geomaterials such as gravel 

(Tatsuoka and Shibuta, 1992). In order to check the effects of system compliance (SC) and 

bedding errors (BE), one saturated specimen was sheared at small axial strain ranging from 

0 to 2 %, meanwhile, the axial displacement was measured using the external displacement 

transducer (EXT), the two linear variable differential transformers (LVDTs) installed on the 

top of the cap inside the triaxial cell and two LVDTs (hereafter referred to as “LLVDTs”) 

attached at the center of the specimen, in parallel with two side lines located at the diagonal 

position as discussed before. 

      Figure 5-1 presents the relationships between the deviator stress (q) and various kinds of 

axial strain (a) obtained from the tests results of the saturated specimen at axial strain ranging 

from 0 to 2 %. Here, a (LVDT) and a (LLVDT) are the axial strain measured by linear 

variable differential transformers (LVDTs and LLVDTs, respectively). When comparing 

axial strain measured at different locations in the range up to 2 %, the axial strain value at 

the same deviator stress (q) increased in order of a (LLVDT), a (LVDT) and a (EXT). In 
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this case, the difference between a (LVDT) and a (EXT) mainly indicates the effect of SC, 

while the difference between a (LLVDT) and a (LVDT) mainly explains the effect of BE. 

      Figure 5-2 shows the relationship between a (LVDT) and a (EXT) at the axial strain 

range from 0 to 2 %. The value of a (LVDT) is almost 90 % of a (EXT) and the effect is 

nearly stable regardless of the strain level. Therefore, it can be considered that the measuring 

error caused by system compliance (SC) is approximately 10 % of a (EXT) in this study.    

 

 

Figure 5-1 Comparison of axial strain obtained from different measuring methods. 
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Figure 5-2 Measuring error due to system compliance. 

 

      On the other hand, the result of bedding errors (BE) was evaluated by using other two 

LLVDTs as shown in Figure 5-3a. The result shows that BE appears strongly during the 

initial loading stage lower than about  a (LVDT) = 0.5 %, and then the increasing rate of  a 

(LVDT) is almost equal to that of  a (LLVDT) at the axial strain range from 0.5 % to 2 %. 

Figure 5-3b shows the relationship between axial strains measured by LLVDTs and LVDTs 

under  a (LVDT) of 0.5 %, which could be fitted by polynomial relationship. It should be 

noted that the axial strains in the range up to 0.5 % for all tests were converted from  a 

(LVDT) data to  a (LLVDT) data based on the polynomial fitting relationship shown in 

Figure 5-3b. 
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Figure 5-3 (a) Measuring error due to BE and (b) Relationship between axial strains measured by 

LLVDTs and LVDTs under axial strain (LVDT) up to 0.5%. 
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5.1.2 Measuring accuracy of volumetric strain   

      The gap sensors were used to measure the volumetric strain for specimens on monotonic 

triaxial compression tests. Note that a double tube burette was also used to measure the 

volumetric strain for saturated specimens. The volumetric strain (v) measured by gap sensors 

is the average value of volumetric strains (v1) and (v2) derived from two different calculation 

methods shown in Figure 5-4. The v1 was calculated supposing that the specimen after shear 

has a vertical cross section, like the shape of a beer barrel, whose curved boundary is 

approximated by a parabola as shown Equation 5-1 (Kato and Kawai, 2000). While the v2 

was calculated supposing the specimen diameter uniformly spreads like a cylinder regardless 

of the height during compression. In v1 calculation method, the specimen was separated into 

two parts, i.e., the upper and lower parts. The volumetric strain of upper part and lower part 

specimen were determined by two parabola functions from the lateral displacement by gap 

and height at the position of the gap sensor (e.g., point B in Figure 5-4), and the end of the 

specimen (e.g., point A in Figure 5-4).   

                                                             𝑦 = 𝑎𝑥2 + 𝑐                                                        (5-1) 

Here, a and c are variables.  
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Figure 5-4 Calculation methods for volumetric strain. 

 

      In order to evaluate the applicability and the usefulness of gap sensors, Figure 5-5 and 

Figure 5-6 show the deviator stress (q)-axial strain (εa) curves and volumetric strain (εv) - 

axial strain (εa) curves for the saturated specimen under effective confining pressure of 49 

kPa, respectively. In Figure 5-5, the deviator stress (q) was calculated by the Equation 5-2, 

which was a function of vertical load (P), initial cross-sectional area of the specimen (Ai), 

axial strain (εa), and volumetric strain (εv). Due to different method to calculate εv, q (GS) 

was obtained by the data of εv (GS), while q (DTB) was obtained by the data of εv (DTB). 

Note here the εv (GS) was volumetric strain measured by gap sensors, while the εv (DTB) 

was volumetric strain measured by a double tube burette. 
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where, P is vertical load. Ai is initial cross-sectional area of the specimen, while Ac is cross-

sectional area of the specimen subjected to loading. εa is axial strain and εv is volumetric 

strain.                                 

      Figure 5-6 compares the volumetric strain (εv) - axial strain (εa) curves of the saturated 

specimen during shear obtained by gap sensors and a double tube burette. Measurements by 

the two methods are in reasonable agreement with each other in the change of volumetric 

strain during shear up to the axial strain of about 5 %, that is, until the deviator stress reaches 

peak as shown in Figure 5-5. However, the εv (GS) - εa relation after axial strain of 5 % is 

extremely different from εv (GS) - εa relation due to large deformation of the specimen. 

Accordingly, in this study, we do not adopt the εv calculated with the lateral displacements 

of the specimen measured by gap sensors as an experimental data in the range of εa of 6 % 

or more from the viewpoint of the measurement precision.  

      It must be pointed out that the axial stresses, i.e., q (GS) and q (DTB) shown in Figure 5-

5 do not coincide with each other after peak stress due to the calculated method by gap 

sensors. However, the coefficient of correlation, R, between q (GS) and q (DTB) in the range 

of an axial strain up to around 4.5 % is 0.99, which means the q (GS) and q (DTB) agree well 

with each other in the range of stress up to peak stress. Besides, the stress level for monotonic 

triaxial compression tests should be dealt with in this research corresponds to the pre-failure 

behavior of the subbase course material. Therefore, the q (GS) were adopted as deviator stress 

hereinafter. 
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Figure 5-5 Comparison of deviator stress obtained from different measuring methods. 

 

 

Figure 5-6 Comparison of volumetric strain obtained from different measuring methods. 

0 3 6 9 12 15
0

100

200

300

400

500

s
c
'=49kPa, Saturated


a
=0.05%/min

D
ev

ia
to

r 
st

re
ss

, 
q

 (
k

P
a)

Axial strain, 
a
 (%)

 q(GS)

 q(DTB)

.

0 3 6 9 12 15
15

10

5

0

-5

-10

-15

s
c
'=49kPa, Saturated


a
=0.05%/min

.

V
o

lu
m

et
ri

c 
st

ra
in

, 
 v (

%
)

Axial strain, 
a
 (%)

 
v 
(GS)

 
v 
(DTB)



 
 

49 

 

5.2 EFFECT OF DEGREE OF SATURATION 

      The effect of degree of saturation on strength characteristics of C-40 material under 

drainage condition was investigated by air-dried specimens “A-1, A-3, A-5”, simulated 

specimens “U-1, U-3, U-5”, optimum specimens “O-1, O-3, O-5” and saturated specimens “S-

1, S-3, S-5” as indicated in Table 3-2. The CD tests were performed with the strain rate of 0.05 

%/min. Each series of tests was conducted on three effective confining pressures (σc') as 34.5 

kPa, 49 kPa and 68.9 kPa. 

      Figure 5-7 shows deviator stress (q) versus axial strain (εa) relationship and volumetric 

strain (εv) versus axial strain (εa) relationships obtained from the monotonic triaxial 

compression tests under air-dried, simulated, optimum, and saturated conditions. As shown in 

Figure 5-7, with the increase of the axial strain (εa), the deviator stress (q) sharply increases to 

the peak stress at an axial strain (εa) of about 4 % regardless of the degree of saturation (Sr), 

and then it gradually decreases to the residual strength at a = 12 %. During shear, the degrees 

of saturation (Sr) of unsaturated specimens have barely changed. Therefore, it can be thought 

the suction of the specimen during shear was controlled well.  

      Furthermore, the volume change initially decreases, and then the specimen shows the trend 

of dilatancy regardless of the degree of saturation. In this case, the positive dilatancy tends to 

be stronger in the order of saturated, optimum, simulated, and air-dried specimens. This 

phenomenon is thought to be caused by the capillary force between particles which attempts to 

maintain the soil skeleton structure of the unsaturated soils, as Karube and Kato (1994) point 

out. These results indicated that the degree of saturation of the specimen has a considerable 

influence on the strength characteristics of C-40 material in the monotonic triaxial compression 

tests.  

      It is interesting to note that only the specimen sheared under air-dried condition shows 

brittle failure. Guo and Su (2007) deemed that the shear resistance of cohesionless soils is 

considered to be the result of interparticle friction and dilation. The interparticle locking could 

restrain sliding and rotation between particles and the dilation tends to degrade the interparticle 

locking. Therefore, large shear stress is required to break the interlocking between particles. 

As shown in Figure 5-7, the volumetric strain under air-dried condition is larger than that of 
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other conditions, which implies that more stress is needed to break the interlocking between 

air-dried particles.   

      In contrast, the peak strength for the specimen with higher degree of saturation is smaller 

than that with lower degree of saturation with exception of the optimum specimen. The 

tendency of higher peak strength (qmax) along with lower degree of saturation has been observed 

for various soil materials (Ho and Fredlund, 1982; Kohgo et al., 2007b; Nishimura et al., 2008). 

The qmax-Sr relationship is influenced by the matric suction. According to Kohgo et al., (2007b), 

the resistance of soils to plastic deformation is strongly influenced by shear resistance between 

grain contact points. The matric suction here is presented in the capillary force (the second 

effect as mentioned before), which acts perpendicularly on grain contact points and attracts 

soil particles together. Then this force restrains relative small sliding between soil particles 

(Kohgo et al., 2007b). Therefore, the peak strength is correspondingly increasing with decrease 

of the degree of saturation (Sr). However, the peak strength of optimum degree saturation 

comes near to the peak strength of the simulated condition. Therefore, the matric suction under 

low ranges (i.e., from 0.5kPa to 10kPa) has not played an important role in the shear strength 

of C-40 material.  
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Figure 5-7. Comparison of stress-strain-dilatancy relationships of different degrees of saturation 

under σc' of (a) 34.5 kPa, (b) 49 kPa and (c) 68.9 kPa. 

 

      Figure 5-8 shows the relationship between the deviator stress at failure (qmax) and the 

mean effective principal stress at failure (p') for specimens with different degrees of saturation. 

In the unsaturated condition and the air-dried condition, the mean effective principal stress at 

failure (p') was expressed by Equation 5-3. Note that pore air pressure (ua) is equal to zero in 

air-dried condition. Equation 5-4 was applied to calculate p' in the saturated condition. For 

plots with the same p', the effective stress ratio at failure (max= qmax / p') decreases with 

increasing Sr, while for plots with the same Sr, max is thought to be almost constant as the qmax- 

p' relationships seem to be linear.  
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Figure 5-8. Influence of the degree of saturation on the effective stress ratio. 

 

      Figure 5-9 shows deviator stress (q) - axial strain (εa) curves at small axial strain ranging 
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of C-40 material.  
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Figure 5-9. Relationship between deviator stress and axial strain in the range 0.05 to 0.15 % under 

strain rate of 0.05 %/min. 

 

 
 

Figure 5-10. Tangent deformation modulus Etan versus degree of saturation. 
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      Figure 5-11 indicates the secant deformation modulus (E50) at half of the maximum deviator 

stress (qmax), which was obtained from the deviator stress-axial strain curves in Figure 5-7, 

against the degree of saturation (Sr). The secant deformation modulus (E50) tends to decrease 

when the degree of saturation increases from 8.2 % to 100 % regardless of effective confining 

pressure as shown in Figure 5-11. However, the reduction in the secant deformation modulus 

(E50) is the greatest on the optimum condition, and it becomes smaller as the degree of 

saturation (Sr) increases irrespective of effective confining pressure. These results indicate 

that the degree of saturation has a considerable influence on the reduction in secant 

deformation modulus (E50) of C-40 material. 

 

 
 

Figure 5-11. Degree of saturation versus the secant deformation modulus E50. 
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5.3 EFFECT OF STRAIN RATE  

      The influence of the strain rate on the shearing behavior of the subbase course material 

C-40 was discussed for all the specimens shown in Table 3-2. The CD tests were performed 

with the strain rates of 0.05 %/min and 0.5 %/min.  

      Figure 5-12 shows the relationship of the deviator stress (q) and the axial strain (εa) with 

regard to each degree of saturation and effective confining pressure. Figure 5-12 clearly 

shows that shearing behavior of C-40 are affected by the strain rate. For all the specimens, 

with the increase of the axial strain, the deviator stress (q) sharply increases to the peak stress 

at an axial strain (εa) of about 4 % regardless of the degree of saturation (Sr), and then it 

gradually decreases to the residual strength at a = 12 %. Disregard for the degree of saturation, 

when the effective confining pressure is fixed, the deviator stress (q)-axial strain (εa) curve 

of the specimen with higher strain rate is located above on the one with lower strain rate. For 

unsaturated specimens, the degree of saturation keeps constant during shear, which means 

the suction for the unsaturated specimen was controlled well during shear. 

      The trends of the peak strength are shown in Figure 5-13. When the degree of saturation 

and the effective confining pressure are fixed, an increase in strain rate produces the same 

increase in peak strength. Yamamuro and Lade (1993) suggested that the reason for this 

phenomenon is related with volume changes caused by the particle crushing and rearranging 

during shearing. As the fracturing and rearranging of soil grains requires time, the increment 

in strain rate leads to less time for the fracturing and rearranging for soil grains, thereby 

decreasing amounts of the particle crushing and rearranging.  

      The Figure 5-14 shows the volumetric strain at axial strain ranging from 0 to 6 % during 

shear. For all specimens, the volumetric strain is firstly increasing at the beginning, and then 

it gradually decreases. Specimens with higher strain rate are prone to dilation instead of 

compression. It must be pointed that gap sensors can measure accurate data of volumetric 

strain until the deviator stress reached peak point. In Figure 5-14, the volumetric strain was 

adopted for each test at axial strain ranging from 0 to 6 % for uniformity. However, after the 

peak point, decreases of volumetric strain can be observed for some tests at axial strains 

larger than 3 % or 5 % due to the limitation of gap sensors.    
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Figure 5-12. Stress-strain relationships of different strain rates under (a) air-dried, (b) saturated, (c) 

simulated and (d) optimum conditions. 
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Figure 5-13. Influence of the strain rate on peak strengths for specimens under different degrees of 

saturation. 
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Figure 5-14. Volumetric strain-axial strain relationships of different strain rates under (a) air-dried, 

(b) saturated, (c) simulated and (d) optimum conditions. 
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      In order to assess the degree of particle breakage that a specimen underwent during 

testing process, the grain size distributions before and after tests under different strain rates 

were examined by sieve analysis. The BM value was used to evaluate the degree of particle 

breakage, given in Equation 5-5 by Marsal (1965), and the concept of BM value is 

schematically illustrated in Figure 5-15. The increment in percent finer (∆Pi) in Figure 5-15 

is the change in percent finer of a grain size particle (Pi) after and before tests. The degree of 

particle breakage after and before tests can be assessed by the accumulation of ∆Pi of each 

particle size in the sieve analysis. It could be deemed that the larger BM value obtained from 

test means the more particle breakage caused by compaction and shearing processes. 

  

                                                             iPBM                                                       (5-5) 

where, ∆Pi is the increment in percent finer of a grain size particle after and before tests. The 

i value is the number of each discrete particle size.   

 

 

Figure 5-15. The particle breakage parameter of BM value.    
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      Figure 5-16 shows the results of sieve analysis before and after tests under air-dried 

condition at effective confining pressure (σc') of 68.9 kPa with two strain rates (i.e., 0.05 and 

0.5 %/min). The calculation results show that the BM value after test under the strain rate of 

0.5 %/min equals to 14.56%, while the BM value under the strain rate of 0.05 %/min is 

16.38%, which is larger than that under the strain rate of 0.5 %/min. Therefore, it can be 

seemed that less particle breakage occurred under larger strain rate than that under lower 

strain rate. That is because the time for the particle breakage and rearranging soil particle 

reduces under larger strain rate, and amounts of the particle breakage decrease due to shortage 

of the shearing time. Therefore, the specimen with larger strain rate has higher peak strength. 

       

 

Figure 5-16. Grain size distributions of the air-dried specimen before and after tests  
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      Next, the effect of the strain rate on the strength characteristics of C-40 material is discussed 

as follows. Figure 5-17 shows the relationship between the deviator stress at failure (qmax) and 

the mean effective principal stress at failure (p') for the strain rate of 0.5 %/min. For plots with 

the same strain rate and Sr, max is thought to be almost constant as the qmax - p' relationships 

seem to be linear. 

 

  

Figure 5-17. Effective stress ratio under strain rate of 0.5 %/min. 

 

      The deviator stress (q) and axial strain (a) at small range (i.e., 0.05% to 0.15%) under the 

strain rate of 0.5 %/min is presented in Figure 5-18, and the tangent deformation modulus (Etan) 

is the slope of the deviator stress (q) - axial strain (a) curve.  
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Figure 5-18. Relationship between deviator stress and axial strain in the axial strain range from 0.05 

to 0.15 % under strain rate of 0. 5 %/min. 
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      Figure 5-19 compared the tangent deformation modulus (Etan) under different strain rates 

(i.e., 0.05%/min to 0.5%/min) obtained from Figure 5-18 and Figure 5-9. For plots with the 

same effective confining pressure (σc'), the tangent deformation modulus (Etan) with lager strain 

rate is located above the one with smaller strain rate. Therefore, it can be considered that the 

Etan increases with an increase in the strain rate.  

      On the other hand, Figure 5-20 compares the secant deformation modulus (E50) with 

different strain rate (i.e., 0.05%/min to 0.5%/min) under effective confining pressure of 34.5 

kPa, 49 kPa and 68.9 kPa. As we can see from Figure 5-20, the secant deformation modulus 

(E50) with higher strain rate is located above the curve with lower strain rate, regardless of the 

effective confining pressure. 

 

 

 

Figure 5-19. Tangent deformation modulus Etan versus degree of saturation under different strain 

rate. 
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Figure 5-20. Influence of the strain rate on E50 under σc' of (a) 34.5 kPa, (b) 49 kPa, and (c) 68.9 

kPa. 
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      As previously mentioned, the strain rate has an effect on mechanical behaviors of C-40 

material, especially under lager strain rate. Therefore, it is necessary to discuss that the strain 

rate selected in this study is suitable in order to ensure equalization or dissipation of induced 

pore pressure. Figure 5-21 shows the matric suctions during shear for simulated and optimum 

specimens under effective confining pressure of 34.5 kPa, respectively. As shown in Figure 

5-21, matric suctions under simulated condition is controlled well on 10 kPa, while 

specimens under optimum condition are also externally controlled at a constant values (i.e. 

0.5 kPa) during shear. In other words, there is no excess pore pressure built up during shear. 

The test results on unsaturated soils under different strain rates are obtained under stationary 

condition. 

      More specifically, Figure 5-22 presents the water drainage velocity of unsaturated and 

saturated specimens during shear under effective confining pressure of 34.5 kPa. Water 

drainage velocities are nearly constant under the unsaturated condition regardless of strain 

rates. The maximum water drainage for unsaturated specimens under strain rate of 0.5 %/min 

is 4.06 ml/min, which is equal to 0.38 ml/min/cm with considering the area of the water 

plumbing path for the versapor membrane filter. However, the water drainage velocity of 

0.38 ml/min/cm is much smaller than the maximum water flow of the versapor membrane 

filter of 142 ml/min/cm. In addition, the degrees of saturation of unsaturated specimens keep 

nearly constant during shear (see. Figure 5-12(c) and Figure 5-12(d)), which means the water 

drainage volume for unsaturated specimens during shear were small. Hence, it can be 

considered that the specimens were sheared under a stationary condition. For the specimen 

under the saturated condition, the water drainage velocity with the strain rate of 0.05 %/min 

is also constant; however, the water drainage velocity curve with the strain rate of 0.5 %/min 

shows slightly fluctuations under saturated condition. That is because the water content for 

the specimen under saturated conditions is relatively high.  
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Figure 5-21. Matric suction versus axial strain curve during shear under unsaturated conditions with 

different strain rates. 

  

Figure 5-22. Water drainage velocity versus axial strain curve during shear under unsaturated 

conditions with different strain rates. 
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5.4 STRENGTH PARAMETERS 

5.4.1 The total cohesion and total internal friction angle  

      Based on Figures 5-8 and 5-17, the failure envelopes are defined using linear lines, and 

total internal friction angles and total cohesions are expressed as Equations 5-6 and 5-7 based 

on Nishimura et al. (2008).  

 

                                                                                                           (5-6) 

                                                        
f

f

cos6

sin3
 bc                                                        (5-7) 

 

where, f is the total internal friction angle. Note here that for the saturated specimen, the total 

internal friction angle is replaced by the effective internal friction angle f'. The c is the total 

cohesion, and b is the intersection of linear line on the vertical axis. 

      Figure 5-23 presents the results of the shear strength parameters, f and c for C-40 

specimens with various degrees of saturation at different strain rates obtained from Equations 

5-6 and 5-7. The values of f are almost constant regardless of the degree of saturation and 

the strain rate, although there is a slight fluctuation in the simulated condition. In other words, 

it can be deemed that the f value of C-40 is not affected by the degree of saturation and the 

strain rate. It is noted here that the average f value under the saturated condition between two 

strain rates is 50.3o, which will be used in the later text.  

      In addition, the total cohesion (c) is affected by the degree of saturation and the strain 

rate. The total cohesion (c) values decreases with increase in degree of saturation in the same 

manner at different strain rates. The total cohesion (c) values start to decrease significantly 

from the air-dried condition to the simulated condition, and then the decrease becomes small 

with the increase of degree of saturation. On the other hand, for specimens with the same 

degree of saturation, the c values with the strain rate of 0.5 %/min are higher than those with 

the strain rate of 0.05 %/min. It must be noted here that the cohesion under saturated condition 

was generated from the Coulomb’s failure criteria with the envelope drawn by a linear line. 
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In general, it is said that cohesion of a densely-compacted and saturated sand or gravel with 

less finer fraction appears due to interlocking between particles as discussed before. Besides, 

the total cohesions under the saturated condition with strain rates of 0.05 %/min and 

0.5 %/min are different due to the effect of strain rate, which plays a part in particle breakage 

and rearrangement as mentioned previously. 

 

 
 

Figure 5-23. Influence of the degree of saturation and the strain rate on the total internal friction 

angle and the total cohesion. 
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two components; i.e., one is the effective cohesion for the saturated condition, and the other 

is associated to the matric suction. When an unsaturated soil becomes saturated and the matric 

suction is equal to zero, the total cohesion approaches to the effective cohesion value. 

 

                                    b

waa uuuc' ffs tan'tan                                      (5-8) 

                                              b

wa uuc'c ftan                                                   (5-9)  

 

where, c is the total cohesion for the unsaturated soil, c' is the effective cohesion for the 

saturated soil, f' represents the effective internal friction angle under the saturated condition, 

and fb is the internal friction angle with respect to the matric suction.  

  Based on unsaturated soil mechanics theory proposed by Fredlund and Rahadjo (1993), 

Equations 5-8 and 5-9 can be drawn in a three-dimensional manner composed of two stress 

state variables; the net normal stress (snet=s-ua) and the matric suction (s=ua-uw). In other 

words, the three-dimensional manner is Mohr-Coulomb circles with respect to the matric 

suction for unsaturated soils. In Figures 5-24a, the failure envelopes for saturated specimens 

are obtained by drawing the Mohr-Coulomb circles on a two-dimensional plot, as the matric 

suction is 0 kPa in the saturated condition. In the case of unsaturated condition, the Mohr-

Coulomb circles are plotted in the same way as Mohr-Coulomb circles under saturated 

condition. However, the location of Mohr-Coulomb circle of unsaturated specimen is a 

function of the matric suction in the three-dimensional manner. Figure 5-24b presents a two-

dimensional graph of the failure envelopes onto the shear stress (), versus the net normal 

stress (snet=s-ua) plane. The intersection between the failure envelope and the ordinate is a 

total cohesion (c), or effective cohesion (c'). The matric suction versus cohesion curves are 

plotted in the upper left in Figure 5-24b. Then, the effect of the matric suction on the total 

cohesion can be quantified by the fb value in the Figure 5-24b, which is equal to an angle 

indicating the rate of increase in shear strength relative to the matric suction (Fredlund and 

Rahadjo, 1993). Note, the effective internal friction angle (f') under the saturated condition 

is assumed to be constant regardless of stress state variables.  
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Figure 5-24. Diagrammatic sketches of (a) three-dimensional failure surface and (b) two-

dimensional graph for unsaturated soils. 
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      In order to evaluate the effect of the matric suction and the strain rate on the total cohesion, 

Figures 5-25a and 5-25b indicate Mohr-Coulomb circles and those failure envelopes for 

unsaturated specimens with regard to different strain rates (i.e. 0.05 and 0.5 %/min) under 

the simulated and the optimum conditions, respectively. Note that the slopes of failure 

envelopes for unsaturated specimens commenced at an angle equal to f' under saturation (i.e., 

50.3o), because the total internal friction angle f tends to be constant irrespective of degree 

of saturation, as could be understood in Figure 5-22 and in the previous discussion (Fredlund 

and Rahadjo, 1993).  

      Figure 5-26 shows relationships between total cohesions and the matric suction along 

with the difference of total cohesions (∆c12) under different strain rates, obtained from above-

mentioned Mohr-Coulomb circles in Figure 5-25. The total cohesion-matric suction curves 

are nonlinear, regardless of the strain rate. At the matric suction in the range of 0 to 0.5 kPa, 

the total cohesion increases with increasing matric suction disregard for the strain rate, then 

the total cohesion remains constant ranging from the optimum to the simulated condition. In 

other words, the degree of saturation has significant effect on the total cohesion at the lower 

suction range in this study. Therefore, the matric suction plays an important role on the total 

cohesion of the subbase course material C-40. Fredlund et al. (2012) suggest that the total 

cohesion versus matric suction relationship should not be limited to a linear relationship, and 

the failure surface could possibly be somewhat curved in the three-dimensional manner, 

especially at low suction range (equal to the high degree of saturation). The research results 

in this study were in consonance with the viewpoint proposed by Fredlund et al. (2012). It 

must be pointed out that that matric suction-total cohesion curve in Figure 5-26 shows peak 

point under matric suction of 0.5 kPa and the tendency of matric suction-total cohesion curve 

was obtained under limited experimental conditions (i.e., suction=0.5kPa and 

suction=10kPa). Therefore, in order to obtain the tendency of matric suction-total cohesion 

distinctly, more tests under various suction conditions on C-40 will be necessary as a future 

work. 

      On the other hand, the total cohesion versus matric suction curves associated with higher 

strain rate are located above those with lower strain rate as shown in Figure 5-26. Besides, 

the ∆c12 increases with decreasing the degree of saturation from the saturated condition to 
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the optimum conditions, and then becomes constant in the range from the optimum condition 

to the simulated condition. The nonlinearity in ∆c12 versus matric suction relationship is also 

observed in Figure 5-26. It must be pointed out that in Figure 5-24, failure states under a 

higher strain rate (ε
．

a2) are illustrated with the dashed lines as well as those under a lower 

strain rate (ε
．

a1) drawn by the solid lines. Therefore, the ∆c12 can be used to evaluate the 

influence of the strain rate on the total cohesion. In this study, the influence of the strain rate 

on the total cohesion is greater under unsaturated conditions as compared with that under the 

saturated condition. According to the standard of the Japanese Geotechnical Society (JGS 

0527, 2000b), in general, the triaxial compression tests on unsaturated soils are performed 

with a strain rate no greater than 0.05 %/min in consideration of the soil particle size and the 

degree of saturation. However, the above-discussed experimental results imply the 

importance of investigation on the shear behaviors of the unsaturated C-40 under different 

strain rates in case of traffic loads with a high loading rate.  
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Figure 5-25. Mohr-Coulomb circles with different strain rates under (a) the simulated condition and 

(b) the optimum condition. 
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Figure 5-26. Relationship between the total cohesion and the matric suction along with the 

difference of total cohesion under different strain rates. 
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 TEST RESULTS OF RESILIENT MODULUS TESTS 

6.1 REPRODUCTION OF LOADING CONDITIONS FOR MR TEST     

      For the mechanical analysis of pavements, the resilient modulus (Mr) of pavement 

material is an important material property, which can be used to mechanistically evaluate the 

pavement structural response to wheel loads and to design pavement structures. The resilient 

modulus (Mr) is belong to Young’s modulus, which is defined as the ratio of cyclic deviator 

stress and resilient (recoverable) axial strain. Figure 6-1 presents an example of loading 

waves for air-dried specimens measured in MR-15 shown in Table 3-1. In Figure 6-1, the 

maximum load for C-40 specimen is about 275.8 kPa, while the contact load is about 27.6 

kPa. Therefore, the maximum and contact load agreed well with the standard loading for 

MR-15 on Table 3-1. The cyclic time for one cycle is nearly 1 second. It is recognized that 

the intended haversine-shaped load pulses were almost reproduced using the hybrid actuator 

in this study. 

 

 

Figure 6-1 Example of cyclic loading waves measured in MR tests. 
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6.2 INFLUENCES OF DEGREE OF SATUTION ON RESILIENT 

MODULUS         

       The granular subbase course materials used in the subbase course layer of pavement 

structures are usually compacted under optimum water content. However, the degree of 

saturation of granular subbase course material used in subbase course layer of pavement 

structures varies due to seasonal change. Especially in cold region, such as Hokkaido, Japan, 

the degree of saturation rises in the subbase course material (C-40) owing to the infiltration 

of thaw water and the thawing of ice lenses during the thawing season, resulting in the 

temporary degradation of the bearing capacity and the stiffness (Ishikawa et al., 2012a). 

Therefore, it is important to examine the effects of degree of saturation on the resilient 

deformation characteristics for the granular subbase course material C-40.   

      To evaluate the resilient deformation characteristics of the granular subbase course 

material, the resilient modulus tests (MR tests) on C-40 under different degree of saturation 

were performed using the medium size triaxial apparatus for unsaturated soils pursuant to 

AASHTO T307-99 (2003). The degrees of saturation for specimens are air-dried, simulated 

and saturated conditions as discussed before. The loading condition and loading wave for 

MR test are shown in Table 3-1 and Figure 3-5, respectively. 

      Figure 6-2 presents typical relationship at the last five cycles in MR-15 between deviator 

stress (q) and axial strain (a) obtained from the MR tests on C-40 specimen under air-dried, 

simulated and saturated conditions, respectively. Regardless of degree of saturation, the 

loading and unloading of deviator stress evidently cause the formation of small clear 

hysteresis-loops with elasticity showing little residual axial strain, and the deformation 

behavior of the subbase course material after preliminary cyclic loading seems to exhibit 

almost constant stiffness at each degree of saturation.  

In addition, a virgin loading curve generally exhibits a deviator stress (q) - axial strain 

(a) relationship with a convex loading curve, while a loading curve after preliminary cyclic 

loading (see Figure 6-2) shows a slightly concave shape, which illustrates the non-linearity 

of the deformation behavior, i.e., the stiffness increases with an increase in deviator stress 

(q). The same shape of deviator stress (q) - axial strain (a) for unbound granular base material 
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was obtained by Craciun and Lo (2010) and evidently cleaner loops were obtain with the 

increase of loading cycles. The difference between them is caused by the fact that the plastic 

deformation in the deviator stress (q) - axial strain (a) is dominant in the early stages of 

cyclic loading, whereas the deformation behavior of C-40 material becomes elastic with the 

increment in loading cycles. Lenart and Koseki (2012) found that the stress - strain 

relationship for dense gravel material changed from concave shape to convex shape when 

the cyclic deviator stress increased, exhibiting additional accumulation of plastic strain. 

Therefore, the loading state has an influence on stress - strain behavior of C-40 material. 

      Besides, with the decrement of the degree of saturation (Sr), the deformation behavior of 

the test specimen became stiffer and more elastic. During loading process, when comparing 

the deviator stress (q) with different degrees of saturation measured in MR-15 cycle, the 

value under the same axial strain (a) increased in order of deviator stress under air-dried, 

deviator stress under simulated condition, and deviator stress under saturated condition. 

These results indicate that the degree of saturation of the specimen has a considerable 

influence on the resilient deformation characteristics of the subbase course material C-40 in 

the MR test. 
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Figure 6-2 Comparison of hysteresis-loops in MR tests under different degrees of saturation. 
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Figure 6-3 Relationship of deviator stress and axial strain subjected to cyclic loading. 

 

 
 

Figure 6-4 Diagrammatic sketch for resilient modulus. 
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      Figure 6-5 presents the relationships between resilient modulus (Mr) and the mean 

principal net stress (pnet) obtained from suction controlled MR tests on C-40 material in an 

simulated condition (i.e., degree of saturation = 36.7%). Figure 6-6 shows resilient modulus 

(Mr) - the deviator stress (q) curves under different net normal stress (snet) obtained MR tests 

under simulated condition. As shown in Figure 6-5 and Figure 6-6, for plots with the same 

net normal stress (snet), the resilient modulus (Mr) decreases with the increment in the mean 

principal net stress (pnet) and deviator stress (q). When under the same mean principal net 

stress (pnet) and deviator stress (q), the resilient modulus (Mr) increases with an increase in 

the net normal stress (snet). A dominant effect for the deformation behavior of C-40 specimen 

is an increase in resilient modulus (Mr) with increasing confining pressure. A similar 

tendency was observed in MR tests under saturated and air-dried conditions. According, as 

in past researches like the AASHTO standards pointed out, the resilient modulus (Mr) of the 

subbase course materials measured in this study exhibits strong stress-dependency. 

 

 
 

Figure 6-5 Influence of mean principal net stress on Mr in simulated condition. 
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Figure 6-6 Influence of deviator stress on Mr in simulated condition. 
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because increasing the sii produced hardening of the material, while the k3 should be negative, 

because increasing oct produces softening of the material (Doucet, 2006).    

                                                    𝑀𝑟 = 𝑘1𝑝𝑎 (
𝜎𝑖𝑖

𝑝𝑎
)

𝑘2

(
𝜏𝑜𝑐𝑡

𝑝𝑎
+ 1)

𝑘3

                                    (6-1) 

where:  k1, k2 and k3 are regression constants, sii is the bulk stress (sii = s1 + s2 + s3), pa is 

the atmospheric pressure (normalizing stress), and oct is the octahedral shear stress (deviator 

stress under axisymmetric stress condition). Note: the octahedral shear stress becomes (s1 -

 s3) for axisymmetric stress condition. 

      Figure 6-7 and Figure 6-8 show the relationship of between Mr and stress states (i.e.,  pnet 

and q) under different degree of saturations with the effective confining pressure (sc') of 20.7 

kPa and 34.5 kPa, respectively. In order to examine the applicability of Equation 6-1 to test 

results, Figure 6-7 and Figure 6-8 present comparison of the simulation results obtained by 

Equation 6-1 with the experimental test results. When comparing the plots with the same 

mean principal net stress (pnet) or deviator stress (q) under the same effective confining 

pressure (sc'), the remarkable decreasing tendency of resilient modulus (Mr) followed by the 

increase in the degree of saturation is recognized irrespective of effective of confining 

pressure (sc'). The stress-dependency of resilient modulus (Mr) derived from the 

experimental result agrees well with the regression analysis results of Equation 6-1, 

regardless of the degree of saturation. Accordingly, it seems reasonable to conclude that the 

suction controlled MR test results for C-40 material in this study qualitatively match those 

of previous studies. Besides, the coefficients k1, k2, and k3 in Equation 6-1 were calculated 

by regression analysis using Mr under different degrees of saturation (i.e., air-dried, simulated, 

and saturated conditions). Influences of stress states and degree of saturation in Mr are 

accounted when Equation 6-1 is adopted. Thus, it is surmised that Equation 6-1 adopted in 

the AASHTO standard has high applicability in the estimation of the resilient modulus for 

the subbase course in Japanese pavement structures. 
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Figure 6-7 Influence of mean principal net stress on Mr under various degrees of saturation. 

 

 

 

Figure 6-8 Influence of deviator stress on Mr under various degrees of saturation. 
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 CONCLUSIONS AND SUGGESTIONS 

7.1 CONCLUSIONS 

      The following findings have been obtained from this study. 

      (1) The influences of degree of saturation and strain rate on strength characteristics of the 

subbase course material C-40 under monotonic triaxial compression tests:  

 The degree of saturation has an influence on the deviator stress-axial strain curve for the 

subbase course material under the drained condition. The maximum deviator stress 

decreases with increment of the degree of saturation besides the optimum condition. The 

matric suction plays a role in the shear resistance between grain contact points under 

unsaturated conditions.  

 For C-40 specimens with different degree of saturation, the volume change initially 

decreases and specimens shows the trend of dilatancy. The positive dilatancy tends to be 

stronger in the order of saturated, optimum, simulated, and air-dried specimens. 

 The degree of saturation effects significantly strength characteristics of the subbase 

course material. The secant deformation modulus at half of maximum deviator stress 

tends to decrease when the degree of saturation increases. The greatest reduction of the 

secant deformation modulus is observed at the optimum condition, and then the reduction 

becomes smaller as the degree of saturation increases. 

 The strain rate has effects on the relationships among the deviator stress, the volumetric 

strain, and the axial strain of the C-40 specimen in CD tests. The specimen with higher 

strain rate shows larger maximum deviator stress than that with lower strain rate. 

According to the measurement result of the volumetric strain, the specimen under higher 

strain rate shows more dilatancy instead of compression than that under lower strain rate.  

 The secant deformation modulus at half of maximum deviator stress with higher strain 

rate is located above the curve with lower strain rate. The time for the particle breakage 

and rearranging decrease due to shortage of the shearing time for specimen with higher 

strain rate. Therefore, less particle breakage occurred under larger strain rate than that 
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under the lower strain rate. 

 The subbase course material has a fairly constant value for total internal friction angle, 

which is unaffected by the degree of saturation and the strain rate. The total cohesion 

decreases with increase of the degree of saturation, while the effect of strain rate on the 

total cohesion is predominant for the specimen at lower degree of saturation in 

comparison of higher degree of saturation. 

 The relationship between the total cohesion and the matric suction is nonlinear under the 

low matric suction range regardless of the strain rate. Therefore, the failure surface for 

the unsaturated subbase course material is a curved surface in three-dimensional manner. 

The total cohesions for unsaturated specimens with higher strain rate are located above 

these with lower strain rate. The difference of the total cohesion under different strain 

rates increases with the increase of the matric suction, and then becomes constant. 

      (2) The effect of degree of saturation on resilient deformation characteristics of  subbase 

course material under resilient modulus tests (MR tests):  

 The loading and unloading of deviator stresses in MR tests cause the formation of small 

clear hysteresis-loops, and the deformation behavior of the subbse course material after 

preliminary cyclic loading seems to exhibit almost constant stiffness at each degree of 

saturation. 

 The deviator stress-axial strain relationship at virgin loading exhibits a convex loading 

curve, while after preliminary cyclic loading, the loading curve shows a slightly concave 

shape, which illustrates the non-linearity of the deformation behavior. 

 The degree of saturation of the specimen has a considerable influence on the resilient 

deformation characteristics of the subbase course material C-40 in the MR test. With the 

decrement of the degree of saturation, the deformation behavior of the test specimen 

became stiffer and more elastic. 

 For the subbase course material C-40, the resilient modulus obtained from resilient 

modulus tests depend on both mean principal net stress and deviator stress regardless of 

degree of saturation. A dominant effect for the deformation behavior of C-40 specimen is 

an increase in resilient modulus with increasing confining pressure. 
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      This study only focused on two factors, i.e., degree of saturation and strain rate on 

mechanical behaviors of C-40 specimen while other factors were kept the same at each 

monotonic and cyclic test. The testing results clarified the dependency of mechanical 

behaviors of the granular subbase course material C-40 on the degree of saturation and the 

strain rate. Therefore, it can be concluded that a laboratory element test, which takes the 

influences of above-mentioned two factors into account, should be employed in order to 

understand the mechanical behaviors of the subbase course layer caused by traffic loads and 

seasonal variations of degrees of saturation.  

7.2 SUGGESTIONS 

      The research proposed a suction-controlled laboratory element test with the newly 

developed medium-size triaxial apparatus for unsaturated soils in order to quantitatively 

evaluate the effects of degree of saturation and strain rate on the deformation strength 

characteristics of the unsaturated granular subbase course material. Therefore, the forgoing 

findings provide experimental support to rationalize a design method for pavement structures 

better suited to the climatic conditions in cold snowy regions and confirm the applicability 

of suction-controlled method for monotonic and cyclic triaxial compression tests for the 

granular subbase course material. 

      However, the above conclusions are obtained on account of limited amount of 

experimental data. It should be noted that many factors, such as the finer particle, grading of 

particles, and degree of compaction may be also important for the shear behaviors of C-40 

under monotonic and cyclic triaxial compression tests. Therefore, there is room for further 

investigation understand deformation-strength characteristics of the subbase course material 

C-40. In the further study, the monotonic and cyclic triaxial compression tests will be 

performed under different experimental condition to analyze effect of other factors on the 

mechanical behavior of unsaturated subbase course material, such as undrianed conditions, 

different grain size distribution, and various degree of compaction. 
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NOTATIONS 

The following symbols were used in this dissertation. 

rdmax: Maximum dry density 

Sr: Degree of saturation 

wopt: Optimum water content 

PI: Plasticity index 

ρdmin: Minimum dry density 

rd: Dry density 

e: Void ratio 

H: Height of specimen 

D: Diameter of specimen 

Ai: Initial cross-sectional area of specimen 

Ac: cross-sectional area of specimen subject to loading 

P: Vertical load 

σa: Axial stress 

εv: Volumetric strain 

qmax: Peak strength (or deviator stress at failure) 

εa: Axial strain 

Dc: Degree of compaction 

w: Water content 

σnet: Net normal stress 

σc: Confining pressure 

ua: Pore air pressure 

uw: Pore water pressure 

s: Matric suction 

σc': Effective confining pressure 

q: Deviator stress 

ε
．

a: Axial strain rate 
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AEV: Air entry value 

Mr: Resilient modulus 

qcont: Vertical stress placed on the specimen to maintain a positive contact between the 

specimen cap and the specimen 

qmax: Total deviator stress applied to the specimen for MR test 

qcyclic: Difference between the total deviator and vertical stress 

r: Resilient (recovered) axial strain due to cyclic deviator stress 

Nc: Loading cycles 

E: Elastic modulus 

v: Poison’s ratio 

h: Height of asphalt mixture,  subbase course, and subgrade layers 

se: Effective degree of saturation 

sr0: Residual degree of saturation 

sr,max: Degree of saturation under saturated condition 

alg, blg and clg: Fitting parameters of SWCC curve 

H0: Initial height 

p': Mean effective principal stress at failure 

max: Effective stress ratio at failure 

Etan: Tangent deformation modulus 

E50: Secant deformation modulus at half of the maximum deviator stress 

Pi: Percent finer of a grain size particle 

∆Pi: Increment in percent finer 

f: Total internal friction angle 

c: Total cohesion 

b: Intersection of linear line on the vertical axis 

c': Effective cohesion for the saturated soil 

f': Effective internal friction angle under the saturated condition 

fb: Internal friction angle with respect to the matric suction 

: Shear stress 

∆c12: Difference of total cohesions under different strain rates 
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pnet: Mean principal net stress 

k1, k2 and k3: Regression constants 

sii: Bulk stress, sii = s1 + s2 + s3 

 pa: Atmospheric pressure 

oct: Octahedral shear stress 


