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ABSTRACT: The previous research found that Khon Kaen loess is collapsible soil. The structure of Khon 
Kaen loess is a honeycomb structure and loose adhesion. The cause of losing shear strength and collapsing is 
the increase in moisture content. The purpose of this study was to investigate the influence of matric suction 
on the shear strength of compacted Khon Kaen loess by a multistage consolidated drained triaxial test. 
According to the soil water characteristic curve, the matric suction of this study consists of saturation regime 
at matric suction of 0 kPa, transition regime at matric suction of 10 kPa, and the residual regime at matric 
suction of 50 kPa and 100 kPa.  The testing result indicated that the cohesion intercept (c) is non-linearly 
increasing with matric suction. The effective friction angle (φ′) is also increasing with matric suction. However, 
the angle with respect to changes in matric suction (φb) is gradually decreasing. According to the test result, 
the active earth force (Pa) decreases with increasing matric suction. However, the bearing capacity was 
increased with increasing matric suction. Therefore, the matric suction influences the size of the cantilever wall. 
In conclusion, this research shows that matric suction influences the shear strength of Khon Kaen loess. 
Furthermore, the unsaturated shear strength is useful and alternative to foundation design because the width of 
the foundation is not excessive, saving material costs. 
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1. INTRODUCTION 
 

Khon Kaen loess in Thailand is classified as 
collapsible soil. The structure of Khon Kaen is 
honeycomb, which is a metastructure. When 
moisture increases, causes the loss of shear strength 
of the soil and collapses suddenly.  Udomchoke [1] 
found that the shear strength parameters of Khon 
Kaen loess are decreased with increases in the 
moisture content, as shown in Fig. 1 and 2. 
Moreover, [1] also found that the collapsing index 
of Khon Kaen loess illustrated the severe degree of 
collapsing. Therefore, Khon Kaen loess is called 
collapsible soil. Therefore, the shear strength 
testing of Khon Kaen loess was significant. 

 

 
 

Fig. 1 Variation of the cohesion of Khon Kaen    
loess with moisture content (Ref [1]) 

 

 

Fig. 2 Variation of the friction angle of Khon Kaen 
loess with moisture content (Ref [1]) 
 
 Khon Kaen Province stands 100 to 200 m above 
mean sea level on a high plateau, which is called the 
Khorat plateau. Khon Kaen loess is a windblown 
deposit that is classified as SM, SC, or SM-SC [2]. 
Khon Kaen loess is found in the first layer of Khon 
Kaen soil. The thickness of Khon Kaen loess is 
approximately 2 to 10 m [3]. Moreover, the 
groundwater table is at great depth. Therefore, 
Khon Kaen loess often experiences an unsaturated 
condition rather than a saturated condition. 
 Gasaluck [4] found that Khon Kaen loess in its 
natural state has a high coefficient of permeability 
(k) even after being compacted at 100% by 
modified compaction.  
 Hormdee et al. [5] studied the shear strength of 
Khon Kaen loess by direct shear testing and found 
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that the shear strength parameter for the multistage 
method is similar to the single stage method. They 
concluded that Khon Kaen loess can be tested by a 
multistage method as shown in Fig. 3. Moreover, 
[6] also compared the shear strength parameters of 
Khon Kaen loess in a saturated condition between 
the single stage and the multistate stage. The result 
presented a slight difference between c' and φ'. 
Moreover, the multistate method is more rapid and 
straightforward than the single stage method. 
Therefore, this study used the multimethod to 
investigate the drained shear strength parameters. 
 

 
 

Fig. 3 Failure Envelope in Direct Shear Test  
(Ref [5]) 
 
 Khon Kaen loess is experienced at unsaturated 
conditions rather than saturation conditions. 
Therefore, the shear strength of Khon Kaen loess 
cannot be studied by an ordinary equation of [7], 
because this theory is based on saturated soil. [8] 
proposed a linear shear strength equation for 
unsaturated soil as shown in Eq. (3).  
 Moreover, [9] studied the unsaturated shear 
strength parameters by predicted the matric suction 
of specimen from SWCC. The test results showed 
the non-linear relationship between the matric 
suction and shear strength. After that, [10] 
presented a conceptual relationship between soil 
water characteristic curve and unsaturated shear 
strength envelope as shown in Fig. 4. [11] found 
that at saturation regime, (φ′) and (φb) were similar. 
Then matric suction increased with net confining 
pressure rising at the transition regime. While the 
saturation regime is changing to the transition 
regime, (φb) becomes gradually less than (φ′). 
 Rahardjo [12] studied a consolidated drained 
test on a residual soil, which was classified as CL 
according to [2]. This study found that the matric 
suction influences the shear strength of the soil. At 
the same confining pressure, a soil with a high 
matric suction has a higher value of shear strength 
parameters than soil with low matric suction. The 

results showed the effective friction angle of 31.5 
degrees and a φb of 29 degrees before air entry value. 
After air entry value, the relationship between 
cohesion intercept (c) and matric suction was non-
linear, as shown in Fig. 5. 
 

 
 
Fig. 4 The Relationship between SWCC and shear 
strength of unsaturated soil (Ref [10]) 
 

 
 
Fig. 5 The relationship between cohesion intercept 
and matric suction (Ref [12]) 
 
 Al Aqtash and Bandini [13] studied the 
unsaturated shear strength of the adobe soil by an 
unconsolidated undrained direct shear test using the 
soil-water characteristic curve. The result illustrated 
that the predicted failure envelopes in the shear 
strength and matric suction plane were nonlinear, as 
shown in Fig. 6. The slope of a graph between φb 
and matric suction, φb at saturated state (matric 
suction equal to zero) was similar to the φ′. Then the 
φb- value was gradually decreasing with increasing 
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matric suction until reaching the air-entry (soil 
reaching transition state). Under the transition 
regime, the φb- value was dramatically reduced on 
increasing the matric suction, as shown in Fig. 7. 
 

 
 
Fig. 6 The relationship between φb and matric 
suction (Ref [13]) 
 

 
 
Fig. 7 The relationship between predicted shear 
strength and matric suction (Ref [13]) 
 
2. METHODOLOGY 
 

This study of Khon Kaen loess was undertaken 
to determine the drained shear strength from the 
consolidation drained test by a multistage method. 
Moreover, the soil water characteristic curve 
(SWCC) was determined from the pressure plate 
and the isopiestic humidity method. All samples 
were prepared to achieve 90% wet side of maximum 
dry density by modified compaction. 
 
2.1 Consolidated drained triaxial test by 
multistage  

 
The size of the soil specimen for the 

consolidation drained triaxial test is 50 mm in 
diameter and 100 mm in height. The specimen was 
statically compacted to achieve 90% wet side of 
maximum dry density by modified compaction. 

In this study, one specimen was applied one 
matric suction-value but was subjected to three 
confining pressures (150, 300, and 600 kPa). 
According to the SWCC, four values of matric 
suction were investigated. The first specimen was 
tested at the saturation state, which is matric suction 
equal to 0 kPa. The second specimen was screened 
at the transition regime, with the matric suction 
value of 10 kPa. The third and the fourth specimens 
were tested at the residual regime, with the matric 
suction values of 50 kPa and 100 kPa, respectively, 
as present in Table 1.  
 
Table 1 Program of this study. 
 

Sample 
No. 

stage  σnet     
(kPa) 

ua     
(kPa) 

uw        
(kPa) 

ψ  
(kPa)  

 
1 

1 150  
0 

 
20 

 
0 2 300 

3 600 
 

2 
1 150  

30 
 

20 
 

10 2 300 
3 600 

 
3 

1 150  
70 

 
20 

 
50 2 300 

3 600 
 

4 
1 150  

120 
 

20 
 

100 2 300 
3 600 

 
The methodology to determine the unsaturated 

shear strength parameters by the consolidated 
drained triaxial test from the multistage method can 
be divided into three steps according to [14].  

Step 1: Saturation. The specimen was 
compacted, then a soil specimen was set up into a 
triaxial compression apparatus. After that, apply 
water pressure into specimen until soil specimen 
saturated with a B value of 95% by an equation for 
B value shown in Eq. (1). 
 

3

uB ∆
=

∆σ
          (1) 

    
Where; 
       ∆u  = pore pressure change in the chamber      
                 pressure when drainage valves closed     

 ∆σ3 = isotropic change in the chamber      
                Pressure 

Step 2: Consolidation. The specimen was 
consolidated by increasing to the desired net 
confining pressure following Table 1. Pore air and 
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pore water pressure were applied to the specimens 
according to Table 1. Open the drainage valve to 
drain air and water from the sample. The drainage 
valve was closed when the sample reached an 
equilibrium condition. t90 was determined from the 
relationship between square root time and the 
deformation of the soil sample at this step. Then the 
rate of shear was calculated from Eq. (2). 
 

90

4%ε =
16t

                                                             (2) 

 
Where; 

   t90 = square root time derived from x- intercept 
in the relationship of the graph between total 
volume change and square root time 
 

Step 3: Shearing. The specimen was sheared 
with the rate that was determined from Eq. (2). Then 
the shearing was stopped when the specimen almost 
reached the maximum point of the stress-strain 
curve. Later, the load was released to 0 kPa. 

Step 2 and 3.were repeated. After the final stage, 
which is stage 3 (σnet = 600 kPa), the specimen was 
sheared to failure. 

This process was repeated with all the specimens. 
Once the information has been completed, the test 
results were plotted in 3D to form the extended 
Mohr-Coulomb failure envelope. The extended 
Mohr-Coulomb failure envelope consists of shear 
stress at failure (τf), the net stress (σ − ua) and 
matric suction (ua − uw). The equation of 
unsaturated soil was proposed by [6], as shown in 
Eq. (3) and Fig. 8. 
 

( ) b
f a f a w f c  u tan u  u(  tan) ′τ = ′ + σ − φ + − φ      (3) 

 
Where; 

τf  = shear stress at failure 
c′  = effective apparent cohesion 
uw = pore water pressure 
ua  = pore air pressure 
(ua− uw)f  = matric suction at failure 
(σ − ua) f = the net stress at failure 
φ′  = friction angle of effective stress 
σ   = total normal stress 
φb = angle indicating the rate of increase in 

shear strength relative to the soil suction at failure 
plane 

 
( ) bc c + u - u  tana w′= φ    (4)   

 

Where; 
 

c = the cohesion intercepted  
 

 
  
Fig. 8 Extended Mohr-Coulomb failure envelope 
for unsaturated soil. (Ref [8]) 
 
2.2 Soil water characteristic curve   
 

Two methods determined the drying soil water 
characteristics curve (SWCC). According to [15], 
the pressure plate method was used to establish 
SWCC for suction values between 1 to 1,500 kPa. 
Moreover, SWCC at suctions above 1,500 kPa were 
determined from the isopiestic humidity method. In 
this method, three solutions, which were copper 
sulfate (CuSO4), Ammonium Chloride (NH4Cl) and 
sodium hydroxide (NaOH.H2O), were used to 
determine SWCC at suction values of 3,900 kPa, 
30,900 kPa, and 365,183 kPa, respectively. Data 
points above 1,500 kPa were total suction values 
[16]. 

 
3. RESULTS AND DISCUSSION 

 
 The results were separated into three parts. The 
first part includes the basic properties of Khon Kaen 
loess. The second part includes the soil water 
characteristic curve. The third part includes the 
drained shear strength parameters. 
 
3.1 Basic properties 
 
 The sample was collected as a disturbed sample 
at a depth of 2 m. The index properties and 
compaction characteristics are shown in Table 2. 
According to [2], Khon Kaen loess is classified as 
silty sand (SM). The majority of Khon Kaen loess 
is sand with a small number of clay particles. The 
clay particles might play a role as the cementation 
agent between the sand particles. 
 The modified compaction test showed that the 
maximum dry density is 2.12 t/m3 and that the 
optimum moisture content is 7.22%. Therefore, the 
initial dry density and moisture content of the 
specimen was 1.9 t/m3 and 11.85%, respectively. 
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Table 2 Properties of Khon Kaen loess 
 

Properties  
Liquid limit (LL), % 16.5 
Plastic limit (PL), % NP 
Plasticity index (PI), % - 
Specific gravity 2.65 
Optimum moisture content 
(OMC), % 7.22 

Maximum dry density (ρd), t/m3 2.12 
Sand (% ) 55 
Silt (%) 30 
Clay (%) 15 
USCS  classification SM 

 
3.2 Soil water characteristic curve   
 

The test result of a pressure plate and isopiestic 
humidity showed the soil water characteristic curve 
(SWCC) illustrated in Fig 9. The SWCC of 
compacted Khon Kaen loess shows a bimodal curve, 
which indicates two distinct air-entry values and 
two distinct residual points [17]. This means that 
there are two pore sizes of compacted Khon Kaen 
loess. The first and second air entry values are 3 and 
450 kPa, respectively. Moreover, the first and 
second residual degrees of saturation is 42% and 
16%, respectively. Therefore, the soil suction 
values of the saturation regime and the first 
transition regime were between 0 to 3 kPa and 3 to 
27 kPa, respectively. The soil suction, which was 
higher than 27 kPa, was the first residual regime. 
 

 
 
Fig. 9 Soil water characteristic curve 
 
3.2 Consolidated drained triaxial test by 
multistage 
 

The relationship between deviator stress and 
axial strain, as shown in Fig. 10 to 13, presented a 
strain softening behavior because the specimens are 
dense. The maximum deviator stresses as shown in 
Table 3 were plotted in the graph to form the Mohr-
Coulomb failure envelope, as shown in Fig. 14 to 
17. According to the Mohr-Coulomb (Fig. 14 to 17), 
it was found that the friction angle (φ') was not 

constant with a matric suction, but it was slightly 
increasing with matric suction as shown in Table 4. 
Moreover, the cohesion intercept (c) was also rising 
with a matric suction. The slope between the 
cohesion intercept (c) and matric suction, or the φb 
angle, is not constant, as shown in Table 3. The 
relationship between the cohesion intercept (c) and 
matric suction is non-linearly. Moreover, the φb 
angle is decreasing with an increase in matric 
suction. The graph Mohr-Coulomb failure envelope 
in 3D is illustrated in Fig. 18.  
 

 
 
Fig. 10 The stress-strain curve derived multistage 
testing at matric suction of 0 kPa. 
 

 
 
Fig. 11 The stress-strain curve derived from 
multistage testing at matric suction of 10 kPa. 
 

 
 

Fig. 12 The stress-strain curve derived from 
multistage testing at matric suction of 50 kPa. 
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Fig. 13 The stress-strain curve derived from 
multistage testing at matric suction of 100 kPa. 
 
Table 3 The maximum deviator stress  
 

Sample 
No. 

stage  σnet     
(kPa) 

  ψ  
(kPa)  

 σd,max     
(kPa) 

 
1 

1 150  114.6 
2 300 0 338.6 
3 600  1039.0 

 
2 

1 150  228.3 
2 300 10 577.0 
3 600  1125.8 

 
3 

1 150  358.7 
2 300 50 694.2 
3 600  1297.9 

 
4 

1 150  410.7 
2 300 100 787.0  

         3 600  1405.0 
 

 
 
Fig. 14 Mohr-Coulomb failure envelope derived 
from multistage testing at matric suction of 0 kPa. 
 

 
 
Fig. 15 Mohr-Coulomb failure envelope at matric 
suction of 10 kPa. 

 
 
Fig. 16 Mohr-Coulomb failure envelope at matric 
suction of 50 kPa. 
 

 
Fig. 17 Mohr-Coulomb failure envelope at matric 
suction of 100 kPa. 
 
Table 4 Unsaturated shear strength parameter  
 

Sample 
No. 

Matric 
suction 

Cohesion 
Intercept 

(c) 

φ' 
(deg) 

φb 
(deg) 

1 0 0 27.32 27.32 
2 10 4.10 28.78 22.31 
3 50 16.16 30.63 16.78 
4 100 28.28 31.52 13.62 

 

 
 
Fig. 18 The 3D graph extended the Mohr-Coulomb 
failure envelope. 
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4. DISCUSSIONS 
 

In this part, the discussion was separated into 
two parts. The first part discussed the influence of 
matric suction on the unsaturated shear strength 
parameters. Then the second part was the 
application of the unsaturated shear strength 
parameter to design the earth structure. 
 
4.1 The influence of matric suction on Khon 
Kaen loess 

 
Fig. 19 presented that the shear strength was 

increased with a rise of the net confining pressure 
and matric suction. Moreover, the relationship 
between shear strength and matric suction was non-
linear. The slope in the saturated regime is higher 
than the other regimes (transition and residual 
regime). The slope of the graph, with respect to any 
net confining pressure value, was not similar. 

 

 
 

Fig. 19 The relationship between matric suction and 
shear strength  
 

The relationship between matric suction and 
cohesion intercept (c) is quite linear as presented in 
Fig. 20. However, Fig. 21 showed that the value φb 
and φ' was the same value in the saturation state. 
Then the value of φb gradually decreased when 
entering the transition regime and the residual 
regime. Moreover, these results are consistent with 
the study of [10, 11, 12, and 13]. 

 

 
 
Fig. 20 The relationship between matric suction and 
cohesion intercept  

 
 
Fig. 21 The relationship between matric suction and 
φb  

 
4.2 Cantilever wall design 

 
A cantilever wall was designed from the shear 

strength parameters of this study. The purpose of 
this research was to study the influences of matric 
suction on the size of the cantilever wall, which 
consists of active earth force (Pa) and bearing 
capacity. 
  
4.2.1 Active earth force (Pa) 

According to the test results, the active earth 
forces (Pa) are as shown in Eq. (4) to (6). The active 
earth forces (Pa) are decreased with increasing of 
matric suction, as shown in Fig. 22. Therefore, the 
height of the retaining wall and the size of the 
cantilever wall can be reduced with the increase of 
matric suction because the earth forces acting on the 
walls are decreased. 
 

2 2 2
2

2
φ φ

φ

ρ

φ

′−
= − −

−
− −

A t

b
a w

t

g ( H y ) cP ( H y )
N N

( u u )tan    ( H y )
N

       (4)  

Which; 
      

2 2φ φ
φ

ρ ρ
′ −

= +
b

a w
t

c ( u u )tany N N
g g

     (5) 

 
 

21 45
1 2

( sin )N tan ( )
( sin )φ

φ φ
φ

′ ′+
= = +

′−
                 (6) 

 
Where; 

ρg = γ = Density of soil 
H  = Height of retaining wall 
c′  = effective apparent cohesion 
uw = pore water pressure 
a  = pore air pressure 
(ua− uw) = matric suction 
φ′  = friction angle of effective stress 
φb = angle indicating the rate of increase in shear 

strength relative to the soil suction at failure plane 
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Fig. 22 Active earth force (Pa) when matric suction 
is constant with several heights (H). 
 
4.2.2 Bearing capacity 

The calculation of ultimate bearing capacity by 
using the bearing capacity equation for a strip 
foundation from [7] found that the ultimate bearing 
capacity is increased with an increase of matric 
suction. Therefore, the width of the cantilever wall 
(B) can be reduced with a rise in a matric suction 
value as shown in Fig. 22 due to the increase of 
bearing capacity of the soil.  

 

 
 

Fig. 23 Ultimate bearing capacity when matric 
suction is constant with several widths (B). 
 
5. CONCLUSIONS 
 
 This research found that the drained shear 
strength of compacted Khon Kaen loess is increased 
non-linearly with an increase in matric suction. 
Moreover, the slope of the relationship between 
shear strength (τf) and matric suction with respect to 
any net confining pressure value is not similar. The 
effective friction angle (φ′) is not constant with 
respect to matric suction. Both the effective friction 
angle (φ′) and the cohesion intercepts (c) are 
increased with an increased matric suction. 
Moreover, the value φb and φ' were the same value 
in the saturation state. Then the value of φb 

gradually decreased when entering the transition 
regime and the residual regime.  Therefore, this 
research concluded that matric suction has a 
significant influence on the shear strength of 
compacted Khon Kaen loess. Furthermore, the size 
of the earth structure can be optimized to save cost 
by using the unsaturated shear strength parameter. 
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