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ABSTRACT
Residual soils occur in most countries of the world but those that occur in greater area and depth are usually found in the tropical humid areas. In these places, the soil forming processes are still very active and the weathering development is much faster than the erosive factor. Most residual exhibit high soil suctions for most of the year. This paper examines the effects of stress history on the volume change behavior of an unsaturated granitic residual soil. It has been accepted that the stress history of the soil with regard to the net mean stress generally has a significant effect of the volume change of the soil. In this paper focus is given to study the effect of stress history with regard to the matric suction (ua – uw It was found that the void ratio of the soil could either increase (swell) or decrease (collapse), depending on the stress history of the soil.
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INTRODUCTION
Residual soils occur in most countries of the world but those that occur in greater area and depth are usually found in tropical humid areas. In these places, the residual soil (also known as tropical residual soils) forming processes are still very active and weathering development is much faster than the erosive factor. The origin, formation and occurrence of tropical residual soils have been described in detail by Singh and Huat (2004).
Deep groundwater condition is not unusual in tropical residual soils especially within steep slopes. Soils above the groundwater are unsaturated, hence negative pore water pressure also known as matric suction plays an important role in controlling the shear strength and consequently the stability of many steep slopes.
Most residual soils exhibit high suctions for most of the year. The absence of positive pore water pressure except immediately after a rain makes conventional soil mechanics for saturated soil not so relevant. In particular, the effective stress theories of saturated soil are not applicable at a practical level.
Ignorance or lack of understanding of the geotechnical behavior of soils in the partially or unsaturated state has caused much damage to infrastructures, buildings and other structures. For instances, the volume change of partially saturated soils in connection with the drying or wetting causes much damage to foundation, roads and other structures. As such, the development of extended soil mechanics embracing the soil in an unsaturated state or subjected to soil suction, is essential.
As the name suggests, unsaturated soil means soil that is not fully saturated i.e. a soil, which contains both air and water phases within its soil phase. However, in contrast with Bishop’s (1955) concept of unsaturated soil, it is not accepted that the state of stress in the water phase rather than the degree of saturation that should be used (Fredlund and Morgenstern, 1976, 1977, Fredlund and Rahardjo 1993).
Stress level or stress ratio, internal state (density) and degree of saturation have a significant influence on the stress-strain behavior of unsaturated soil, in addition to suction (Chiu and Ng, 2003, Gallipoli et al., 2003, Wheeler et al., 2003).
The two stress state variables most commonly used are the net normal stress, (σ - ua), and the matric suction, (ua – uw), which is found to be most satisfactory for engineering purposes (Fredlund and Morgenstern, 1976, 1977, Fredlund et al., 1978, Fredlund, 1979, 1982, Fredlund and Rahardjo, 1993). This combination has the advantage of having only one stress state variable affected when the pore water pressure is changed. Or, in other words, effects of change in total normal stress can be separated from the effects caused by a change in the pore water pressure.
Much research has been undertaken to study the volume change behavior of partially saturated soil, i.e. the swelling or collapsing behavior of soil upon wetting, or reduction in suction. Examples are given by El-Sohby and Rabbaa (1984), El-Sohby & Elleboudy (1987), Lawton et al. (1989), Alonso et al. (1990), Tadepalli and Fredlund (1991), Alonso et al. (1995), Sharma and Wheeler (2000), Chiu and Ng (2003), Wheller et al (2003). 
This paper examines the effect of stress history on the volume change behavior of an unsaturated granitic residual soil. The importance of the effect of stress history on the volume change behavior of partially saturated soil has been recognized. It has been accepted that the stress history of the soil with regard to the net mean stress generally has a significant effect of the volume change of the soil. In this paper focus is given to study the effect of stress history with regard to the matric suction (ua - uw).

EXPERIMENTAL SET-UP
The conventional experimental set-up for the testing of fully saturated soil is not suitable for the testing of unsaturated soil. In view of this, a special experimental set-up was developed to perform the test program described in this paper. With the specially developed experimental set-up, unsaturated soil could be tested with various levels of applied matric suction and net mean stress in a predetermined stress path. Both the overall (structural) volume change and water volume change of the soil sample could be monitored when the tests were performed. 
 In this study, a series of suction controlled isotropic compression tests were performed to determine the volume change of the unsaturated residual soil.
Figure 1 shows the schematic diagram of the experimental set-up. The test panel consists of a double-walled cell, volume change indicators, diffused air volume indicators, pressure application system, pressure transducers and pressure gauges. The results of the test were monitored and recorded by a data logger connected to a personal computer.

Figure 1: Schematic diagram of the experimental set-up

The suction was applied by means of axis-translation technique to avoid cavitations (Hilf, 1956). In this technique, the air pressure (ua) and backwater pressure (uw) were applied on the soil sample. The difference between the air pressure (ua) and the backwater pressure (uw) applied on the sample was taken as the applied matric suction (ua – uw). In the study, the air pressure was applied to the top of the sample whereas the backwater pressure was applied to the bottom of the soil sample. The matric suction applied was not to exceed the air entry value of the high air entry ceramic disc at the pedestal of the cell.
Net mean stress applied to the samples in the study was taken as ( - ua) where  was the all round cell pressure applied to the soil sample and ua was the air pressure applied to the top of the sample. The backwater pressure was applied through an air/water bladder system, and monitored by means of a pressure transducer. Another set of air/water bladder system with the similar design was used for the application of cell pressure. The Wykeham Ferrance constant pressure unit (motorized oil water system) was also used when the pressure applied exceeded 500 kPa. 
The structural (overall) volume change and water phase volume change were measured by means of automatic volume change indicators. The pressure and volume change measured by the pressure transducers and volume change indicators were recorded by means of a data logger, which could subsequently be retrieved by a personal computer.
It is of interest to note that it is rather difficult to measure the overall volume change of a sample accurately when the deformation of the sample is non-uniform. Fredlund and Morgenstern (1976, 1977) measured the overall volume change of a sample by means of linear voltage displacement transducers (LVDT). However, these measurements of the sample deformation were basically based on the deformation at a certain point or perimeter instead of the overall volume deformation directly. Josa et al (1987) measured the sample deformation by measuring the variation of mercury level contained in an inner cell. Since the sample was submerged in the mercury, the volume change of the sample could be directly indicated by the variation of the mercury level. The variation level could be measured by means of cathetometer or submersible LVDT. This type of measurement gives a more realistic value, however, the hazardous effect of the mercury would be the greatest drawback. Ng et al. (2002) introduced a system that measured the overall volume change in an unsaturated soil specimen by recording the differential pressures between the water inside an open ended bottle shaped tube and water inside a reference tube using a high accuracy pressure transducer.
In this study, the structural volume change (overall volume change of sample) of the soil sample was measured by installing a high precision volume change indicator at the cell pressure line as shown in Figure 1. A volume change indicator was also installed at the backwater pressure line in order to measure the water volume change in the sample. The volume change indicator installed at the backpressure line, would show the volume of water entering the sample when the water content of the sample increases and vice versa.
However, the structural volume change of a soil sample is only accurate if the triaxial cell does not experience significant volume change when the pressure is altered. It was found that the standard triaxial cell especially the Perspex (wall) experienced significant deformation when the cell pressure was changed. The deformation of the Perspex would in turn lead to the self-volume change of the cell. In order to minimize the self-volume change of the cell, a double-walled cell was then specially designed and fabricated. This double-walled cell contributed negligible self-volume change when the cell pressure was altered. The schematic diagram of this cell is shown in Figure 2.


Figure 2: Schematic diagram of the double-wall cell

The double-walled cell consists of two cells, namely, cell A and cell B. The cell A was enclosed by wall X and cell B was enclosed by both wall X and wall Y. When pressure was applied to the double-walled cell, the wall Y was expected to experience some deformation leading to the self-volume change within the cell B. As the pressure applied to the cell A and cell B was from the same source, the pressure applied to both cells was similar. As wall X was subjected to similar pressure from both sides, the deformation of wall X would be negligible. As a result, the volume change of cell A would be negligible when the cell pressure was changed. 
In order to perform tests on a soil, which was to be subjected to matric suction as well as cell pressure, the double-walled cell must also have other features. A high air entry ceramic disc was required between the soil sample and pedestal. The high air entry disc was placed on the pedestal of the cell with its perimeter sealed with epoxy. The pedestal was also equipped with a water path beneath the ceramic disc in order to facilitate flushing of diffuse air bubbles.
Although air cannot pass through the saturated high air entry disc, but diffused air can, the ignorance of which may cause a significant error in the testing unsaturated soils. As such, diffused air indicator similar to Fredlund (1975) was fabricated (Figure 3). 



Figure 3: Schematic diagram of the diffused air indicator

For the soil sample, disturbed soils were obtained from a cut slope at KM 31 along the Karak-Kuala Lumpur Highway, Malaysia. The soil was residual soil of weathering grade VI, based on the classification of  Little (1969). The soil had been formed over commonly found porphyritic biotite granite bedrock of Peninsular Malaysia (Raj, 1985).
The soil sample was obtained at about 3 to 4 meters below the ground surface by means of an auger. Table 1 summarizes the basic properties of the soil samples, which can be described as yellowish brown sandy clay. The soil sample was first air-dried in the laboratory at room temperature for about 2 weeks, with lumps broken down by means of a rubber hammer. The air-dried soil was then carefully and thoroughly mixed with a predetermined amount of distilled water, approximately 20%, which was close to the optimum moisture content obtained from a standard proctor compaction test. Static compaction (consolidation) was then carried out to mould the sample to ensure a homogeneous and identical sample. A similar compaction method has been applied by Booth (1975) and Nagaraj and Murthy (1985).
Figure 4 shows the schematic diagram of the specially made static compaction mould. The sample was compacted at a rate of 0.5 mm/min initially and followed by 0.2 mm/min at the later stage. The load applied to the sample was increased as the sample was being compacted (consolidated) and monitored by means of a proving ring. The static compaction (consolidation) stopped when the sample reached the predetermined thickness (approximately 3.5cm). The maximum compression pressure on the samples was about 113 kPa when the compaction reached the predetermined height. The height of the sample and maximum vertical load were quite consistent for most of the samples prepared. Those samples with difference in compression pressure exceeding 5% were not used. This was to ensure that all the compacted samples were as identical as possible. The compaction mould was designed in such a way that it could be split into two parts easily by unscrewing the bots. As such no extrusion of sample was required.



Figure 4: Schematic diagram of the static compaction mould

Table 1: Basic properties of the residual soil sample
	Liquid limit
Plastic limit
Optimum moisture content
Maximum dry density
Specific gravity
Sand content
Silt content
Clay content
Type of clay mineral (X-ray diffraction)
	98%
49%
19.5%
1.52 Mg/m3
2.7
45%
15%
40%
Kaolinite



TEST PROGRAM
The importance of the effect of stress history on the volume change behavior of partially saturated soil has been recognized (Josa et al., 1987, Alonso et al., 1987). It has been accepted that the stress history of the soil with regard to the net mean stress generally has a significant effect of the volume change of the soil. In this paper focus is given to study the effect of stress history with regard to the matrix suction (ua - uw) on the volume change of unsaturated residual soil.
Nine samples, which followed different stress paths designated as test series A, B & C, were tested in this study, as shown in Table 2, 3 and 4 respectively. All samples were subjected to slow loading rate with regards to net mean stress (σ - ua). The increase in cell pressure or net mean stress was performed in sub-increments for each stress path. Approximately 10 kPa of net mean stress was increased in each sub-increment with time interval of 30 minutes. The matric suction however was applied at a relatively fast rate (practically within 1-2 seconds).

Test Series A
In some countries like Malaysia, it is rather normal that some land prior to any development or construction site, which has deep excavation, is often pounded with water due the intense rains and the poor drainage or dewatering system. The matric suction of the soil, which is submerged at this stage, is likely to be zero. However, when the development commenced at this place and particularly upon completion of the sub-structure, the drainage or dewatering system would be gradually installed in order to facilitate the construction work. The infiltration of the rainwater to the ground was also expected to be significantly reduced, as concrete or other building materials, which covered the ground, would be gradually installed. As a result, the water content and degree of saturation of the soil would decrease and the matric suction in the soil was therefore expected to build up gradually. As the construction of super-structure progressed, the total pressure (σ) experienced by the soil would then gradually increase until the completion of the structure.
In order to simulate these stress paths followed by the soil at the construction site, these samples (S1, S2 & S3) were tested in test designated as series A as shown in Table 2.

Table 2: Stress paths of samples in test series A
	Sample S1
	Sample S2
	Sample S3

	Stress Point
	Net Mean Stress (σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)
	Stress Point
	Net Mean Stress (σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)
	Stress Point
	Net Mean Stress
(σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)

	A1
	100
	0
	A1
	100
	0
	A2
	100
	25

	A6
	100
	250
	-
	-
	-
	A6
	100
	250

	B6
	200
	250
	B1
	200
	
	B6
	200
	250

	C6
	300
	250
	C1
	300
	0
	C6
	300
	250

	D6
	400
	250
	D1
	400
	0
	D6
	400
	250

	E6
	500
	250
	E1
	500
	0
	E6
	500
	250

	F6
	600
	250
	F1
	600
	0
	F6
	600
	250

	G6
	700
	250
	G1
	700
	0
	G6
	700
	250

	G2
	700
	25
	-
	-
	-
	G2
	700
	25





Test Series B
For samples tested in this series (B), the applied matric suction from various levels was reduced to a low level of 25 kPa and maintain at that level under increase net mean stress. In this case, the interest was to investigate the volume change behavior of soil was such condition where a construction might start during a dry season but the rainy season might commenced in the midst of the construction. It is of interest to note that the suitability and validity of the stress state variables proposed by Fredlund and Morgenstern (1977) on the granitic residual soil was also being evaluated by performing the null tests, i.e. stress path A5→A5’ and A5’→A5 in sample S4 (see Table 3).

Table 3: Stress paths of samples in test series B
	Sample S4
	Sample S5
	Sample S6

	Stress Point
	Net Mean Stress 
(σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)
	Stress Point
	Net Mean Stress
 (σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)
	Stress Point
	Net Mean Stress 
(σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)

	A1
	100
	25
	A1
	100
	25
	A2
	100
	25

	A5
	100
	200
	-
	-
	-
	-
	-
	-

	A5'
	100
	200
	-
	-
	-
	-
	-
	-

	A5
	100
	200
	A5
	100
	200
	-
	-
	-

	B5
	200
	200
	B5
	200
	200
	B2
	200
	25

	C5
	300
	200
	C5
	300
	200
	-
	-
	-

	C3
	300
	50
	-
	-
	-
	-
	-
	-

	C2
	300
	25
	-
	-
	-
	C2
	300
	25

	D2
	400
	25
	D5
	400
	200
	D2
	400
	25

	E2
	500
	25
	E5
	500
	200
	E2
	500
	25

	F2
	600
	25
	F5
	600
	200
	F2
	600
	25

	G2
	700
	25
	G5
	700
	200
	G2
	700
	25

	-
	-
	-
	G2
	700
	25
	-
	-
	-



For path A5→A5’, the backwater pressure, air pressure and all round cell pressure were increased from 100 kPa, 300 kPa and 400 kPa to 400 kPa, 600 kPa and 700 kPa respectively. Whilst in path A5’→A5, the backwater pressure, air pressure and cell pressure were reduced back to 100 kPa, 300 kPa and 400 kPa respectively.
According to the concept of the stress state variables, if the applied backwater, air and cell pressures were increased simultaneously, there would be no change in the stress state variables of the soil and thus no volume change will take place. However, it was difficult to practically increase all the three pressures simultaneously. The soil sample would have undergone an irreversible compression if the pressure built-up were not at the same pace. The irreversible compression was expected to be significant if the cell pressure was increased at the faster pace. In order to avoid the occurrence of irreversible compression, the cell pressure and the backpressures were increased by increments of small pressure (approximately 10 kPa), whilst the valves connected to the sample remained closed. The backwater and air pressure valves were opened simultaneously and then followed by the opening of cell pressure valve. This gives a lag time of about 1 second between the opening of the backwater and air pressure valves and cell pressure valve. This process was then repeated until the cell pressure, backwater and air pressures were increased by 300 kPa (path A5’→A5). Similarly, in path A5→A5’, all the pressures were reduced in sub-reduction of 10 kPa. However, in this case, the cell pressure valve was opened first then followed by the simultaneous opening of the backwater and air pressure valves.

Test Series C
The main objective of this test series was to investigate the volume change behavior of residual soil in relation to the cyclic loading of the applied matric suction at constant net mean stress. The cyclic loading referred to here however was not dynamic loading at certain frequency, but stress paths which involved the increase and decrease in applied matric suction at constant net mean stress condition, as shown in Table 4. Note that equilibrium must be reached prior to the commencement of each stress path.

Table 4: Stress paths of samples in test series C.
	Sample S7
	Sample S8
	Sample S9

	Stress Point
	Net Mean Stress (σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)
	Stress Point
	Net Mean Stress (σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)
	Stress Point
	Net Mean Stress (σ-ua) (kPa)
	Matric Suction (ua-uw) (kPa)

	A2
	100
	25
	A2
	100
	25
	A1
	100
	25

	-
	-
	-
	-
	-
	-
	A5
	100
	200

	B2
	200
	25
	B2
	200
	25
	B5
	200
	200

	C2
	300
	25
	C2
	300
	25
	-
	-
	-

	C5
	300
	200
	-
	-
	-
	C5
	300
	200

	C2
	300
	25
	-
	-
	-
	-
	-
	-

	D2
	400
	25
	D2
	400
	25
	D5
	400
	200

	E2
	500
	25
	E2
	500
	25
	E5
	500
	200

	F2
	600
	25
	F2
	600
	25
	F5
	600
	200

	G2
	700
	25
	G2
	700
	25
	G5
	700
	200

	G5
	700
	200
	-
	-
	-
	G2
	700
	25

	G2
	700
	25
	-
	-
	-
	-
	-
	-

	-
	-
	-
	-
	-
	-
	-
	-
	-



Note that the stress paths of sample S8 and S9 are identical to those of samples S6 and S5 respectively.  This was done to check the repeatability of the test in addition for comparison with sample S7 in order to study the effect of cyclic loading.

TEST RESULTS AND DISCUSSION
 The void ratio, water content and degree of saturation of the samples tested in test series A are plotted in Figure 5a, 5b and 5c respectively. At the first stress points, the void ratios of samples S1 and S2 (point A1) were reasonably close to each other as both of them were subjected to net mean stress of 100 kPa and zero matric suction (Figure 5 a). Sample S3 with matric suction of 25 kPa had higher initial void ratio (point A2). Upon being subjected to an increase in the applied matric suction in the first stress path (A1→A6) and (A2→A6) for samples S1 and S3 respectively, the void ratio of samples S1 and S3 decreased significantly. Both samples S1 and S3 were at the second stress point, i.e. A6 upon the increase in applied matric suction to 250 kPa.


(a) Void ratio (test series A)


(b) Water content (test series A)



(c) Degree of saturation (test series A)

Figure 5: Void ratio, water content and degree of saturation of samples at various stress points in test series A

It is interesting to note that there was a marked difference in void ratio between samples S1 and S3 when they were both at stress point A6. The void ratio of sample S1 was lower than that of sample S3 by approximately 0.16. It should be noted that the stresses applied on these two samples were in fact similar as they were at the same stress point, suggesting non-uniqueness in void ratio in relation to the stress variables in this case. The non-uniqueness was observed upon the increase in applied matric suction. This showed that the void ratio of the soil was sensitive to the stress history with regards to the matric suction. Similar observation on the non-uniqueness in void ratio upon the increase in matric suction was also reported by Josa et al (1987). 
At applied matric suction of 250 kPa, the compressibility of sample S1 generally appeared to be significantly lower than that samples S2 (no matric suction) when the net mean stress applied on the samples was increased to higher levels. As a result, the void ratio of sample S1 became significantly greater than that of sample S2 when they were subjected to higher levels of net mean stress. For instance at net mean stress of 600 kPa, the void ratio of sample S1 was higher than that of sample S2 by approximately 0.06. This is due to the additional rigidity provided by the matric suction to the soil structure. 
Due to the lower compressibility of sample S1, the difference in void ratio between samples S1 and S3 also decreased when the net mean stress was increased to higher levels. This smaller difference in void ratio exhibited that there was a tendency towards the uniqueness in void ratio from a distinct non-uniqueness condition at stress point A6 when the net mean stress was increased. In other words, the non-uniqueness in void ratio due to the effect of stress history was diminishing gradually when the net mean stress was increased to higher levels. 
When the matric suction was reduced to 25 kPa in stress path G6→G2, a collapse was observed for both samples S1 and S3. The collapse recorded in samples S1 and S3 could be due to the decrease in the additional rigidity as a result of the reduction in the applied matric suction. 
The reduction in void ratio for sample S1 in this collapse however was comparatively much smaller than that for sample S3 in the same stress path. It is also of interest to note that the void ratio of sample S1 upon the collapse appeared to be rather close to that of sample S3. This suggests that uniqueness in void ratio in relation to the stress variables could still be observed in the later stress point in spite of the significant difference in void ratio or non-uniqueness at the earlier stress points as a result of stress history.
According to the model proposed by Alonso et al (1987), the soil is expected to be in the elastic region if the matric suction is increased at constant net mean stress. The soil may then be shifted to the ‘yield surface’ if the net mean stress is increased to a sufficiently high level at constant matric suction condition or/and the matric suction is reduced to sufficiently low level at constant net mean stress condition. Accordingly sample S1 could be well within the elastic region when the matric suction was increased from zero to 250 kPa at constant net mean stress of 100 kPa (path A1→A6). However, when the net mean stress was increased to higher level at matric suction of 250 kPa, the sample would have shifted to a stress point, which was nearer to the yield surface. Upon the reduction in applied matric suction, sample S1 may have reached the yield surface at stress point G2 and thus exhibited the uniqueness in void ratio in relation to the stress variables.
The water content of samples S1, S2 and S3 of test series A at various stress are as shown in Figure 5b. When the net mean stress was increased to higher levels, the water content of samples S1, S2 and S3 all decreased. However, it was found that the decrease in water content of sample S2 (without matric suction) was significantly greater than that of samples S1 and S3. For instance, when the net mean stress was increased gradually from 100 kPa to 700 kPa (via six consecutive stress paths), the total decrease in water content for sample S2 was approximately 8.1%, whereas the decrease in water content of sample S1 and S3 were only approximately 2.6% and 1.4% respectively. This show that when the net mean stress is increased, the decrease in water content of the soil not subjected to matric suction is significantly greater than that of samples subjected to matric suction.
Unlike void ratio, the water content of samples S1 and S3 appeared to be insensitive to the stress history (with regard to matric suction). The water content of sample S1 was found to be reasonably close to that of sample S3 from stress points A6 to G2.
The degree of saturation of samples S1, S2 and S3 at various stress points is as shown in Figure 5c.  Generally, the pre-wetting at the first stress point (matric suction equals to zero) and subsequent increase in applied matric suction appeared to have an effect on the degree of saturation of sample S1. The degree of saturation of sample S1 appeared to be significantly higher than that of sample S3 particularly at lower level of net mean stress. For instance, the degree of saturation of sample S1 at stress point A6 was higher than that of sample S3 by approximately 11%. The degree of saturation of sample S2 that is not subjected to matric suction appeared to remain unchanged.  It is therefore suggested that the stress history (with regard to matric suction) had a significant influence on the degree of saturation of partially saturated soil, when subjected to matric suction.
However, the difference in degree of saturation between samples S1 and S3 appeared to become smaller when the net mean stress was increased to higher levels at matric suction of 250 kPa. The degree of saturation of samples S1 and S3 increased by about 5% and 8% respectively, when the matric suction was reduced from 250 kPa to 25 kPa in stress path G6→G2. At stress point (G2), this final the degree of saturation of sample S1 appeared to be close to that of sample S3.
The void ratio, water content and degree of saturation of samples in test series B are shown in Figure 6 a, b and c respectively.
A null test was also performed on sample S4 (stress point A5) in order to investigate or verify the suitability and validity of the concept of the proposed stress state variables, i.e. (ua - uw) and (σ - ua) proposed by Fredlund and Mongenstern (1977) for the granitic residual soil used in this study. According to the concept of stress variables, (ua - uw) and (σ - ua) would remained unchanged if the ua, uw and σ were increased in similar quantum. As shown in Figure 6a, there is a slight change in void ratio of sample S4 in the null test at net mean stress of 100 kPa and applied matric suction of 200 kPa (stress point A5). However, the changes in void ratio of the soil sample (S4) in the two stress paths of the null test, i.e. A5→A5’ and A5’→A5 were in fact less than 0.005, which can be considered negligible. As such, it appears that the concepts of the stress state variables (Fredlund and Morgenstern, 1977) and the axis-translation technique (Hilf, 1956) are suitable and valid for the unsaturated granitic residual soil.
When the applied matric suction was reduced from 200 kPa to 50 kPa at net mean stress of 300 kPa in stress path C5→C3, a decrease in void ratio or ‘collapse’ was observed for sample S4. This showed that collapse could also occur at lower level of net mean stress. The sample experienced further decrease in void ratio in stress path C3→C2 when the matric suction was reduced from 50 kPa to 25 kPa. As suggested earlier, this collapsible behavior was due to the loss of additional rigidity provided by the matric suction to the soil structure. This was supported by the trend of behavior showed by sample S5 whose matric suction were kept high, i.e. at 250 kPa for most of the stress points. The void ratios of this sample (S5) are generally higher than that of S4, i.e. for the same net mean stress but at different matric suction. Likewise the void ratios of sample S6 were close to that of S4, at the same mean stress level and matric suction. At the final stress points (at mean stress level of 700 kPa and matric suction of 25 kPa, the void ratios of all the samples tested converged to an almost similar value (stress point G2).
Like the void ratio, there was only a very slight change in water content of sample S4 at stress point A5 when the null test was performed (Figure 6b). As changes in the void ratio and water content were negligible, there were also no appreciable changes in the degree of saturation of sample S4 in the null test (Figure 6c). There was however a significant increase in the water content and degree of saturation of sample S4 when the matric suction was reduced from 200 kPa to 50 kPa, and from 50 kPa to 25 kPa in stress paths of C5→C3 and C3→C2.



(a) Void ratio (test series B)



(b) Water content (test series B)


(c) Degree of saturation (test series B)
Figure 6: Void ratio, water content and degree of saturation of samples at various stress points in test series B.

The effect of cyclic loading of applied matric suction on the volume change behavior of unsaturated residual soil is studied in test series C. Figure 7a, b and c shows the plot of void ratio, water content and degree of saturation of the samples tested.
Generally, the void ratios of samples S7 and S8 are closed to each other in stress point A2, B2 and C2 as their first two stress paths (stress paths A2→B2 and B2→C2), that is under the same net mean stress and matric suction (Figure 7a).
When the applied matric suction was increased from 25 kPa to 200 kPa in stress path C2→C5 in sample S7, the void ratio decreased slightly from 0.86 to 0.84. Upon the increase in the applied matric suction, samples S7 and S9 were actually at the same stress point i.e. C5 where the net mean stress was 300 kPa and applied matric suction was 200 kPa. However, it is interesting to note that there was a great difference in void ratio between the two samples. The void ratio of sample S9 was greater than that of sample S7 by approximately 0.12. Therefore, it seems that there was no uniqueness in void ratio in relation with the stress variables at this stress point. As sample S7 and S9 reached stress point C5 with different stress paths, it showed that the uniqueness in void ratio was stress path dependent or in other words, the uniqueness was affected by the stress history of the soil. Similar observation was also made by Josa et al (1987) and Alonso et al (1987, 1990).
When the matric suction of sample S7 was reduced from 200 kPa to 25 kPa, in stress path C5→C2, the void ratio increased slightly by about 0.01. This seems to suggest that a small irreversible volume change has occurred when the sample is subjected to a cyclic loading of applied matric suction stress paths (C2→C5 and C5→C2). A similar observation was made by Alonso et al (1987).



(a) Void ratio (test series C)



(b) Water content (test series C)


(c) Degree of saturation (test series C)
Figure 7: Void ratio, water content and degree of saturation of samples at various stress points in test series C.

When the applied matric suction was again increased from 25 kPa to 200 kPa in stress path G2→G5 but at net mean stress of 700 kPa, the void ratio of sample S7 again showed a small decrease.
The void ratio of sample S9 was again the significantly greater than that of sample S7 at stress point G5 that is under same net mean stress and matric suction
When the matric suction of sample S7 was reduced from 200 kPa to 25 kPa at net mean stress of 700 kPa in stress path G5→G2, there was a small increase in void ratio. On the contrary, the void ratio of sample S9 decreased significantly when the sample underwent a similar stress path, i.e. G5→G2, i.e. exhibiting collapse behavior. The results seem to suggest that the void ratio of residual soil could either increase or decrease depending on the stress history of the soil.
However as in the previous test, the void ratios of all the samples at the final stress points (G2), under the same net mean stress and matric suction were almost similar.
With regards to water content, it could be observed that the water content of sample S7 generally decreased when the applied matric suction applied on it was increased at constant net mean stress condition and vice-versa (Figure 7b).
When the matric suction was increased from 25 kPa to 200 kPa (stress path C2→C5), the water content of sample S7 decreased from 24.7% to 23.2%. The water content then increased from 23.2% to 23.8% when the applied matric suction was reduced back to 25 kPa (stress path C5→C2). This means that there was a slight difference in water content in the cycle of change (cyclic loading) in applied matric suction. 
An irreversible change in the degree of saturation as a result of the cyclic loading was also observed in stress paths C2→C5 and C5→C2. The degree of saturation of sample S7 became slightly lower after the sample underwent the cyclic loading (Figure 7c). However, this irrecoverable change in degree of saturation appeared to be rather small (<2%) and could be considered insignificant.
Note that the stress paths of sample S8 and S9 were identical to those of samples S6 and S5 respectively. As expected the results obtained in term of void ratio, water content and degree of saturation of the test samples were almost identical indicating a good repeatability of the test.
It is also of interest to investigate the effect of the stress history (with regard to matric suction) on the linear relationship between [e/eL] √Sr and log P as proposed by Nagaraj and Murthy (1985).  Sr is the degree of saturation, e is the void ratio, eL is the void ratio at liquid limit, and P is the applied normal stress. This effect can be observed when the test results of test series A, B and C are plotted in Figure 8. Note that log P in this case is replaced by log of net normal stress ( - ua). From the figure, it can be noted that the lines which represent the test results of sample S1 and S2, appeared to be away from the band of lines, which represented the results of other samples. This shows that the relationship between [e/eL] √Sr and log ( - ua) could be also stress paths dependence (affected by stress history). However, the effect of stress history appeared to diminish at higher level of net mean stress as the line appeared to have a tendency to merge with the band of lines in Figure 8. In fact, it is interesting to note that in general, all the lines appeared to exhibit a tendency to converge or merge at higher net mean stress level.



Figure 8: Plot of [e/eL]Sr versus logarithmic net mean stress


CONCLUSIONS
Based on the results of this study, the following conclusions can be drawn on the effect of stress history, with regards to matric suction, on the volume change behavior of unsaturated residual soil.
The negligible change in void ratio and water content in the null test confirmed the suitability and validity of the concept of the stress state variables for the unsaturated residual soil.
When the matric suction is first increased at constant net mean stress condition, the void ratio of the soil generally decreases. However, when the matric suction is reduced at constant net mean stress condition, the void ratio of the soil could either increase (swell) or decrease (collapse), depending on the stress history of the soil.
There is an apparent unique relationship between the void ratio, matric suction and net mean stress. The uniqueness in void ratio is normally observed when there is collapse (decrease in void ratio) due to the reduction in applied matric suction at constant net mean stress. However, the uniqueness in void ratio appeared to be sensitive to the stress history. 
The stress history appears to have a significant effect on the degree of saturation of  soil with matric suction.
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