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ABSTRACT: In this study, direct shear tests and cyclic triaxial tests were conducted to investigate the 
effectiveness of using municipal solid waste bottom ash (MSWIBA) material as fill material or base/sub-base 
in Vietnam. A square of large – scale (300 x 300 x 140 mm) and a small scale (60 mm in diameter) direct shear 
test were carried out on MSWIBA samples to study the effect of specimen size on shear strength of the samples. 
The results show that the MSWIBA sample at R95 has a very high CBR value of 115%, which is much higher 
than the CBR value of crushed stone for subgrade applications. The cohesion and friction angle in the case of 
R95 are higher than those in the case of R90. The value of cohesion and friction angle in the large direct shear 
test are significantly higher than those obtained in the small direct shear test. The shear strength of MSWIBA 
is like natural sand. The resilient modulus decreased with the increase of deviator stress in the case of R90 
sample and increased with the increase of deviator stress in the case of R95. The numerical method results also 
show that MSWIBA material can be used as construction material such as roadbed and foundation layers. 
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1. INTRODUCTION 
 

The amount of municipal solid waste (MSW) is 
increased significantly due to the rapid 
development of industrialization, urbanization, and 
population of society. Annual production rates of 
1840 million tons of MSW have been reported 
worldwide. A huge amount of 6400 tons is 
generated daily in Hanoi, Vietnam. MSW 
management has become the most important issue 
in sustainable development in developing countries.  

Recently, the incineration method is applied for 
MSW treatment in Vietnam. Incineration is the 
process of control and complete combustion of solid 
wastes. The temperature in incinerators varies 
between 980-2000 °C. One of the most attractive 
features of incineration is a reduction in the volume 
of combustible solid waste by 80-90%. 
Unfortunately, in Vietnam, the application of 
incineration for MSW treatment is still limited 
compared to the other methods such as composting, 
landfill, and recycling. Several incinerators have 
been installed in Hanoi and a large amount of MSW 
incinerator bottom ash (MSWIBA) will be 
generated. 

The mechanical properties of MSWIBA was 
investigated by several researchers [1-5]. It showed 
that MSWIBA can be utilized for road embankment 
such as fill material for base/sub-base layer. The 
stiffness, compressibility and friction angle of 
treated MSWIBA was studied by using unconfined 
compression test and static triaxial test [6]. It is 
noted that the mechanical properties of MSWIBA 
were similar to dense sand. The internal friction 

angle of MSWIBA was from 38°–55° [1]. However, 
the effect of specimen size on the shear strength of 
the samples has not been investigated yet. On the 
other hand, the research on the cyclic behavior of 
MSWIBA for road construction material is still 
limited  

In this paper, direct shear tests, and cyclic 
triaxial tests are conducted to investigate the 
effectiveness of using MSWIBA material as fill 
material or base/sub-base in Vietnam. A square of 
large – scale (300 x 300 x 140 mm) and a small scale 
(60 mm in diameter) direct shear test were carried 
out on MSWIBA samples to study the effect of 
specimen size on shear strength of the samples. The 
flexible pavement was modeled by using the finite 
element method (PLAXIS 3D) in the case of using 
soil and MSWIBA material for the sub-base layer. 
The outcomes of this research will facilitate the 
selection of MSWIBA for road construction 
material. 
 
2. MATERIALS AND METHODS 
 
2.1 Materials 
 

The MSWIBA samples were obtained from the 
Thanh Quang incinerator in Hanoi capital. 
Approximately 200 kg of the wet waste samples 
were collected and then dried in a room with an 
average temperature of 20 oC. The water content of 
MSWIBA was 25% and the specific gravity of the 
waste sample was 2.635. The particle size 
distribution of samples for small and large direct 
shear tests determined according to ASTM D422 is 
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shown in Figure 1. It is noted that the maximum 
diameter of MSWIBA for the small and large direct 
shear test was 4.75 mm and 40 mm, respectively. 
The uniformity coefficient, Cu (Cu = D60/D10) of 
the small sample and large sample were 8.16 and 
3.24, respectively.  

 

0.01 0.1 1 10 100
0

20

40

60

80

100
 Small sample
 Large sample

 

 

P
er

ce
nt

ag
e 

fin
er

 (%
)

Diameter (mm)  
 

Fig.1 Gradation curve of MSWIBA for small and 
large direct shear tests 

 
2.2 Methods  
 
2.2.1 XRD and SEM tests 
 

The X-ray diffraction (XRD) and Scanning 
Election Microscopy (SEM) analysis was 
conducted for the MSWIBA sample according to 
ASTM D5758 standard. The XRD test results of 
MSWIBA samples are plotted in Figure 2. The X-
ray diffraction analysis results show that the sample 
is composed of Quartz mineral (Silicon dioxide 
SiO2) and Calcium Carbonate (CaCO3) (Figure 2). 
The SEM and EDS results of the sample are 
presented in Figure 3 and Figure 4. It is observed 
that the MSWIBA has irregular shape particles with 
a rough surface. This similar behavior was also 
noticed in the previous research reported by [1-3].  
Figure 4 shows that the main components of the 
MSWIBA sample are Ca, Si, and O. 

 

 
 

Fig.2 XRD result for MSWIBA sample 

2.2.2 Compaction test 
After physical tests, several mechanical tests 

such as compaction test and direct shear test were 
conducted according to ASTM D698 standard and 
ASTM D3080 standard, respectively (Table1). The 
Standard Proctor Compaction test was conducted 
for a large sample of MSWIBA. Both types of 
samples used for small and large direct shear tests 
were prepared by compacting to the compaction 
ratio, which was reached 90 % and 95 % of 
maximum dry density (R90, R95). The compaction 
ratio is defined as the ratio between dry density in 
the field and maximum dry density which were 
conducted by using laboratory standard proctor test 
(ASTM D698). 
 

 
 

Fig.3 SEM result for MSWIBA sample 
 

 
 

Fig.4 EDS result for MSWIBA sample 
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Table 1 Summary of the test 
 

Type of test Name of test Standard 

Physical test 

Moisture 
content 
determination 

ASTM 
D2216 

Grain size 
analysis 

ASTM 
D422 

Mechanical 
tests 

Compaction ASTM 
D698 

CBR ASTM 
D1883 

Direct shear test ASTM 
D3080 

Cyclic test Cyclic triaxial 
test 

AASHTO 
T307-99 

Microstructure 
test 

X-ray 
diffraction 
analysis (XRD) 

ASTM 
D5578 

Scanning 
Election 
Microscopy 
(SEM) 

 

 
2.2.3 California Bearing ratio (CBR) 

CBR test was conducted following ASTM 
D1883. The MSWIBA sample passing the 4.75 -
mm sieve was compacted at optimum water content 
and 95 % of maximum dry unit weight in a 6 inch 
mold with standard proctor effort. The specimen 
was then cured in a 100% relative humidity room 
for 7 days and was immersed in water and allowed 
to soak for 4 days. After soaking, the free water was 
drained and CBR test was performed. The CBR 
value of MSWIBA is shown in Table 2 and 
compared with typical CBR values of different soil 
types. 

Table 2 shows that the MSWIBA sample at 
compaction ratio of R95 has a very high CBR value 
of 115%, which is much higher than the CBR value 
of crushed stone for subgrade applications. The 
higher CBR value shows the higher strength of 
material, which can support the pavement load.  

Table 2 CBR of MSWIBA and CBR of soils for 
subgrade applications 

 
Material CBR (%) Rating 
MSWIBA sample 
MSWIBA 
(R95) 

115 Very good 

Soil for Subgrade Applications 
Crushed stone 30-80 Very good 
Gravel 30-80 Very good 
Silty gravel 20-60 Very good 
Sand 10-40 Fair good 
Silty sand 5-30 Fair good 
Silty 1-15 Poor-fair 
Clay 1-15 Very poor 

 
2.2.4 Small and large direct shear test 

For the direct shear test, small samples of 60 mm 
in diameter were conducted with normal vertical 
stress of  50 kPa, 100 kPa, and 150 kPa. For the 
large direct shear test, specimens were prepared by 
a modified compaction test in the large direct shear 
box (300 mm × 300 mm × 140 mm). The large 
direct shear test was performed on an WYKEHAM 
FARRANCE direct shear-testing machine with the 
maximum shear force of 100 kN. In this test, 
D/dmax= 300/40= 7.5 (where D is the width of the 
shear box in the large direct shear test and dmax is 
the maximum particle size of MSWIBA). For 
simulating the specimen overburdened at different 
depths, normal stresses were adopted of 100 kPa, 
200 kPa, and 300 kPa. Horizontal shear was then 
applied at a speed of 1.2 mm/min.  
 
Table 3 Detail of cyclic triaxial testing sequence for 
the experimental soils 
 

No. 

Confining 
Pressure, 

σ3 

Max. Axial 
Stress, 
σmax 

Number of 
load cycles 

(cycle) 

kPa kPa  

1 41.4 13.8 1000 
2 41.4 27.6 100 
3 41.4 41.4 100 

4 41.4 55.2 100 

5 41.4 68.9 100 

6 27.6 13.8 100 

7 27.6 27.6 100 

8 27.6 41.4 100 

9 27.6 55.2 100 

10 27.6 68.9 100 

11 13.8 13.8 100 

12 13.8 27.6 100 

13 13.8 41.4 100 

14 13.8 55.2 100 

15 13.8 68.9 100 

 
2.2.5 Cyclic triaxial test 

To use MSWIBA as a subgrade soil or untreated 
base/sub-base materials, resilient modulus (Mr) test 
was conducted by using a cyclic triaxial machine.  
Basically, the system consists of a computer-
controlled loading frame that can provide a cyclic 
loading on a soil sample mounted inside a triaxial 
cell. The cyclic triaxial test procedures were 
followed the testing standard AASHTO T307-99 
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(2007) “Standard method of test for determining the 
resilient modulus of soils and aggregate materials”. 

The triaxial specimens of 70 mm in diameter and 
100 mm in height were prepared by using the 
compaction method. The sample was prepared at 
optimum moisture content and dry unit weight, 
which was obtained by compaction test. The 
haversine-shaped load form was used and a cyclic 
load duration of 0.1 seconds followed by a recovery 
duration of 0.9 seconds was applied. The details of 
the loading sequences and the number of cycles are 
shown in Table 3. 

2.3 Numerical simulation 

In this study, the flexible pavement system is 
modeled by using the finite element method (FEM), 
3D PLAXIS software. The pavement structure 
consists of asphalt concrete surface layer, asphalt 
concrete base layer, granular subbase layer, and 
subgrade layer. The thickness of the surface layer, 
base layer, subbase, and sub-grade layer are 5 cm, 
10 cm, 30 cm, and 40cm, respectively. The sub-base 
layer is modeled in case of using soil and MSWIBA 
material. The cross-section of the selected 
pavement structure presented is shown in Figure 5. 
The material and constitutive models in case of 
without MSWIBA materials are shown in Table 4. 
It is noted that the resilient modulus of the subbase 
layer is about 60 MPa based on Falling Weight 
Deflectometer (FWD) measurement at the site. 

In case of using MSWIBA material, the modulus 
of the sub-base layer is replaced by the resilient 
modulus, which is obtained from the cyclic triaxial 
test. The resilient modulus for the sub-base layer 
was 110 MPa. The static loading is applied for 
pavement structures with a pressure of 600 kPa. 

 
Fig.5 FE axisymmetric model for pavement 

structure 

Table 4 Model parameters 
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Thickness 
(m) 

0.05 0.10 0.3 0.3 1.05 

Young’s 
modulus 
(MPa) 

4000 3000 60 110 40 

Poisson’ 
ratio 

0.35 0.35 0.45 0.45 0.45 

Dry 
density 
(kN/m3) 

23 23 20 12.6 17 

Saturated 
density 
(kN/m3) 

- - 22 16 20 

Cohesion 
(kN/m2) 

- - 10 3.7 0 

Friction 
angle 

- - 30 42 35 

Dilatation 
angle 

- - 15 17 5 

3. RESULTS AND DISCUSSION

3.1 Results of soil samples 

3.1.1 Compaction test result 
The compaction result for the small sample and 

the large sample is presented in Figure 6. It shows 
that the maximum dry unit weights for the small 
sample and large samples are 12.6 kN/m3 and 15.2 
kN/m3, respectively. The optimum water content of 
the small sample and large sample are 25.2% and 
22.5 %, respectively. Large samples showed higher 
maximum dry unit weight and lower optimum water 
content because of the size and the modified 
compaction effort. This would be due to the 
irregular rough surface texture in MSWIBA. 
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Fig. 6 Compaction result for the small sample and 
large sample. 

3.1.2 Direct shear test results 
The shear strength parameters for small direct 

shear tests and large direct shear tests in two cases 
with a compaction ratio of R90 and R95 are 
summarized and compared with the previous 
research in Table 5. It is noted that the cohesion and 
friction angle in case of R95 are higher than that in 
the case of R90. It is explained that the sample 
compacted to reach the higher of density (R95) is 
denser than that of R90 samples. So the R95 sample 
has higher strength than R90 sample. The results 
from small direct shear test of R90 was found 
similar to the values obtained from the direct shear 
test reported by [4]. The value of cohesion and 
friction angle in the large direct shear test are 
significantly higher than that obtained in small 
direct shear test. In both of large and small direct 
shear test, the values of friction angle in case of R95 
are higher than those in case of R90 due to the 
higher density of the sample. It is also reported that 
shear strength of MSWIBA similar to natural sand. 
In addition, MSWIBA is lighter than sand that may 
reduce the settlement of embankment when using 
MSWIBA for fill material. It is recommended that 
the MSWIBA can be used as material for backfill in 
case of compaction ratio of R90 and R95. 

Table 5 Comparison of shear strength parameters 
with other research 

Type 
of test 

Cohes
ion, 
(kPa) 

Friction 
angle 
(degree) 

Reference 

CD 
triaxial 
test 

- 53°-59° [6] 
Range 
14-34 

24°-50° [7] 

CD 
and 
CU 
triaxial 
test 

1 55°-59° 
(CD) 

53°-56° 
(CD) 

[6] 

Direct 
shear 
test 
(small 
sample
) 

0 38°-55°, 
mean 
45° 

[8] 

-- 44°-53° [9] 
8 50° [10] 

Direct 
shear 
test 
(This 
study) 

1.2 40° R90 Small 
direct 

3.7 42° R95 shear test 
(60 mm 
indiamete
r) 

73 31° R90  large 
direct 
shear test 
(300mm 
x300mm) 

79 44° R95 

3.1.3 Cyclic triaxial test results 
The resilient modulus of MSWIBA at R90 and 

R95 tested under different confining pressures of 
41.4 kPa, 27.6 kPa, and 13.8 kPa are shown in 
Figure 7 and Figure 8. It is noted that the highest 
values were obtained for both samples at the 
beginning of the cyclic load triaxial test (Figure 7, 
Figure 8). In the case of the R90 sample, the Mr 
value decreased to some extent before it fluctuated 
and finally reduced when the deviator stress 
increased up to 70 kPa. Similar behavior was found 
for MSIWBA for the base layer, reported by [11]. It 
is explained that this behavior is related to the 
different chemical reactions such as CHS and CAH 
which has taken place during the MSWIBA aging 
[12]. 

Fig.7 Resilient modulus for MSWIBA sample at 
R90 
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Table 5 Continued
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Fig.8  Resilient modulus for MSWIBA sample at 
R95  

 

 
 

Fig. 9 Vertical displacement profile for pavement 
structure (Using soil material, Mr=60 MPa). 

 
On the other hand, the behavior of the R95 

sample is different from that of the R90 sample 
because the particle size of these two samples are 
different. The resilient modulus increase with the 
increase of confining pressure and decreases with 
the increase of deviator stress. The highest value of 
resilient modulus (Mr) is approximate 110 MPa for 
cell pressure of 41.4 kPa while the lowest value of 
Mr is 20 MPa for cell pressure of 13.8 kPa. Similar 
behavior was found for coarse-grain size material 
for sub-base material, reported by [13]. 

 
3.2 FEM results 
 

Figure 9 and Figure 10 show the vertical 
displacement profile for pavement structure. It can 
be seen that the vertical displacement decreases with 
the increase of resilient modulus of subbase layer. 
The maximum vertical displacement is 2.28 × 10-3 
m in case of using soil material for sub-base layer, 
while it is 2.165 × 10-3 m in case of using MSWIBA 
material with the resilient modus of 110 kPa for sub-
base layer. It is evident that the MSWIBA material 
can be used as material for pavement design [14].  
 

 
 
Fig. 10 Vertical displacement profile for pavement 

structure (MSWI BA, Mr=110 MPa) 
 

4. CONCLUSIONS 
 

Based on the experimental and finite element 
results, the following conclusion can be drawn as 
follows: 

- The specimen size of sample has significant 
effect on the shear strength of the samples. 
The large samples showed higher maximum 
dry unit weight and lower optimum water 
content because of the size and the modified 
compaction effort.  

- The MSWIBA sample at R95 has very high 
CBR value of 115%, which is much higher 
than the CBR value of crushed stone for 
subgrade applications.  

- The cohesion and friction angle in the case of 
R95 are higher than those in the case of R90 
due to the higher density of the sample. The 
value of cohesion and friction angle in large 
direct shear test are significantly higher than 
those obtained in small direct shear test.  

- In the case of R90 sample, the Mr value 
decreased to some extent before it fluctuated 
and finally reduced when the deviator stress 
increased up to 70 kPa. 

- In the case of R95 sample, the resilient 
modulus increase with the increase of 
confining pressure and decreases with the 
increase of deviator stress. 

- The finite element analysis shows that the 
maximum vertical displacement in case of 
using MSWIBA material is less than the that 
in case of using soil material. It is 
recommended that MSWIBA can be used as 
construction material such as roadbed and 
foundation layers. 
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