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ABSTRACT  

 
With the rapid promotion of city urbanization, the amount of municipal solid waste (MSW) is increasing. 

Incineration can significantly reduce the mass, volume and generate energy at the meanwhile, making it a 

mainstream approach for recycle of MSW. The process of incineration brings about various benefits, such as good 
capacity reduction, high quality reduction, effective removal of harmful components, and high efficiency of resource 

reuse. The utilization of MSWI bottom ash can achieve the purpose of energy conservation, emission reduction and 

resource recycling. Recently, MSWI has been successfully recycled for many applications, especially in road 
construction. Many simulation studies have conducted it as substitutable material in subgrade layer, owing to the 

similarity to traditional mineral aggregate. It is indispensable to develop a resistance as subgrade layer, and the 
purpose of this paper is to investigate the feasibility of MSWI bottom ash for practical application in subgrade layer. 

For this reason, an ABAQUS finite element simulation model of pavement structure subjected to dynamic loads has 

been conducted.  
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1 INTRODUCTION 

With the increase of population and the expansion 

of the city scale, the amount of municipal solid waste 
(MSW) has been increased rapidly. In view of the 

protection of the environment and the reuse of 
resources, the disposal and recycling of MSW has been 

a critical worldwide concern (Tang et al., 2018a, 2019a; 

Shen et al., 2019; Bakker et al., 2007). The output of 
waste for incineration and landfill in China approaches 

500 million tons a year, which accounts for 30% of the 
world and ranks the second across the globe just behind 

United States. As a result, if the disposal of MSW is 

neglected, the amount of MSW every year is a potential 
threat to the environment and human health (Tang et 

al., 2017; Alam et al., 2017). At present, there are many 

ways of MSW disposal, such as sanitary landfill, 
incineration, recycling, anaerobic digestion, 

compositing, etc., among which the first three are most 
used (Tang et al., 2016a; Arickx et al., 2007).  

The incineration process transforms the thermal 

energy of the combustible part of the waste through 
combustion, possessing a wide variety of benefits, 

including good capacity reduction, high quality 

reduction, effective removal of harmful components, 
and high efficiency of resource reuse (Wang et al., 

2018; Bian et al., 2018; Tang et al., 2015). Therefore, 

the incineration can be well combined with other waste 

disposal methods at the same time. In many countries, 

the proportion of incineration is dominant, such as 
Switzerland and Japan. After the incineration process, a 

part of ash residue is remained. The ash residue is 
mainly composed of two parts, while MSWI bottom ash 

accounts for 80% and the rest is MSWI fly ash (Vegas 

et al., 2008; Tang et al., 2018b; Alba et al., 1997). 
MSWI bottom ash mainly contains silicate, oxide and 

carbonate, and the elements are Si, Ca, Fe, Al, Na, K, 
Mg, Cl, in addition to a certain amount of Ag, B, Ba 

and other elements (Bayuseno et al., 2010; Zhang et al., 

2019a). Generally, the bottom ash belongs to the 
non-toxic and harmless waste according to the current 

standards. In consonance with previous studies, the 

material composition of MSWI bottom ash is diverse 
and complex, with good mechanical properties, which 

is suitable for resource reuse (Zhang et al., 2019b; Tang 
et al., 2014).  

In recent years, the utilization of MSWI in civil 

engineering has been developing rapidly. Due to the 
development of new and sustainable building materials, 

MSWI has been tested and practically applied, 

especially in road construction. MSWI bottom ash is 
now used as roadbed filling, and quite a lot of studies 

have been conducted to further research whether MSWI 
bottom ash is the appropriate and reasonable for road 
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construction (Zhang Y et al., 2018; Seng et al., 2020). 

The properties and actual performance have been 

researched through series of tests in our early studies 
(Huang et al., 2020). It is confirmed that MSWI bottom 

ash is suitable for application in road construction. The 

recycle of MSWI bottom ash in road construction can 
not only solve the overuse of land resources caused by 

landfilling, but also achieve the purpose of economical 
utilization and environmental protection as well as 

human-health (Zhang et al., 2020; Huang et al., 2017a). 

At the same time, MSWI layer has been conducted in 
many finite element simulations. It is confirmed that 

MSWI bottom ash is similar to traditional subgrade 
material, and is suitable to be set above the subgrade 

layer. As a part of road tests, the dynamic loading 

model of MSWI bottom ash in subgrade structure is 
indispensable (Tang et al., 2009; Huang et al., 2017b; 

Wen et al., 2015). 

In this paper, an ABAQUS finite element dynamic 
loading model of pavement structure has been 

conducted to investigate the validity of MSWI bottom 
ash as subgrade materials. The objective is 1) to 

distinguish the effect of stress diffusion within MSWI 

layer, 2) to investigate the strain at the underside of the 
hot mix asphalt (HMA) with/without MSWI layer and 

the stress diffusion through the depth, 3) to verify 
whether the thickness change of MSWI layer affect the 

stress and strain significantly.  

2 ABAQUS DYNAMIC LOADING MODEL 

2.1 Simplified pavement model 

In this paper, the three-dimensional pavement model 

is simulated by commercial finite element software 
ABAQUS. As shown in Fig. 1, the model is divided 

into four layers, while the length of the model is 2.6m 
(load moving direction) and the width is 2m. The 

simulated moving load wheel track area is assumed to 

be in the middle of pavement surface, which is 0.3m in 
width and 0.96m in length. These four components are 

set successively from the top to the bottom of the 

dynamic loading model.  

 

Fig. 1. Simplified pavement model. 

2.2 Pavement structures and material properties 

Pavement structures were developed to evaluate the 

features of pavement with/without MSWI layer. As 
illustrated in Fig. 2(a), the pavement structure without 

MSWI layer consists of HMA, unbound granular base, 

and subgrade, with the thickness of 15cm, 25cm and 
1.5m. In Fig. 2(b), the structure with MSWI layer is 

displayed. Three pavement structures with different 
thickness of MSWI layer were developed. The 

thickness varies from 5cm to 15cm, while the total 

thickness of MSWI layer and subgrade layer is 

invariant. 

  

a. Without MSWI bottom ash. b. With MSWI bottom ash. 

Fig. 2. Pavement structures. 

The properties of the four layers are shown in Table 

1. The resilient modulus is estimated from CBR values, 
according to the conversion described by the Asphalt 

Institute’s Soils Manual for the Design of Asphalt 

Pavement Structures (Tang et al., 2016b, 2019b; 
Gajewski et al., 2008). The values of CBR tests have 

been done in previous studies. The conversions 

equation between CBR values and resilient modulus of 
MSWI is as follows: 

 Mr (Mpa) = 10.342CBR  (1) 

Table 1. Material properties. 

Materials 
Mass Density 

(g/mm3) 

Young’s 

Modulus E 

(Pa) 

Poisson 

Ratio ν 

HMA 2700 2.1×109 0.35 

Unbound Base 2100 0.2×109 0.40 

MSWI 1200 1.55×109 0.40 

Subgrade 1800 7×107 0.40 

2.3 Surface Constraints and Boundary Conditions 

In terms of model constraints, contact surface 
constraints and boundary constraints are mainly set in 

this pavement model. As shown in Fig. 3(a), the three 
surface constraints between HMA layer, unbound base 

layer, MSWI layer and subgrade layer have been 

marked out. These three surface constraints mainly 
used to simplify contact conditions and mesh 

generation (Hambleton et al., 2009; Luo et al., 2017; 
Zhang J et al., 2017). Boundary Conditions in this 
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model is shown in Fig. 3(b). The boundary conditions 

of four sides around the model are (XSYMM, 

U1=UR2=UR3=0) and (YSYMM, U2=UR1=UR3=0) 
respectively, and the boundary conditions of opposite 

sides are the same. It means that the layers extend 

infinitely along the four directions (±X and ±Y) without 
being affected by boundary constraints. The bottom of 

the model is completely fixed with boundary condition 

of (U1=U2=U3=UR1=UR2=UR3). 

  

a. Surface constraints. b. Boundary conditions. 

Fig. 3. Surface constraints and boundary conditions. 

2.4 Moving load and steps 

In order to be more accurate and closer to the 

reality, the shifting load pressure is utilized to simulate 
moving tire load. The loading area between tire and 

pavement is assumed to be a rectangle of 24 × 0.04 
meters long and 0.3 meters wide. The loading area is 

divided into 6 elements, each with 0.04 meters in width. 

As shown in Fig. 4, the entire moving tire load track 
consists of 24 elements in longitudinal direction. The 

parameters of loading area and tire moving load are 

shown as follow in Table 2: 

 

Fig. 4. Moving tire load schematic. 

Table 2. Parameters of moving tire load. 

Parts Area Moving load 

Parameters 
Size/m × 

m 

Pressure 

/Pa 
Steps 

Length 

/m 

Speed 

/km/h 

Value 0.96 × 0.3 690000 24 
6 × 

0.04 
60 

The loading steps of the pavement structure is 

shown in Fig. 5. As illustrated in Fig. 5(a), there are 24 
steps of consecutive loading. At the initial step, there 

exists no load on the loading area and the tire is 

unlocked on the left of the first element. The tire load is 

moving along the load moving direction at a speed of 

60 km/h, and the dwell time on each element is 0.0024 

s. At step #1, the load is exerted on element #1, then 
exerting the load on element #2 when it comes to the 

next step. The whole moving load of tire imposed on 

the elements at step #6. Then the moving load is 
removed on element #1 and exerted on the element #7. 

The load is moving in this way until passes the loading 
area as one load cycle at step #24, as shown in Fig. 

5(b). 

 
 

a. Loading steps. b. Loading step of moving tire load. 

Fig. 5. Loading step schematic. 

3 RESULTS AND DISCUSSION 

3.1 Total stress and deformation (S and U) 

As illustrated in Fig. 6, it is easy to distinguish the 

effect of total stress diffusion with/without MSWI 

layer. The total stress refers to the pavement model 
bearing stress from three vertical directions of X, Y and 

Z, and is often called as Mises Stress. The total stress in 
Fig. 6(b) is slightly lower than in Fig. 6(a), mainly 

because the MSWI layer weaken the diffusion of stress, 

and there is almost no stress change in the subgrade 
layer. The results show that MSWI layer plays a role of 

total stress diffusion on subgrade layer (Gao et al., 

2019; He et al., 2020). 

  

a. Without MSWI layer. b. With 5cm MSWI layer. 

Fig. 6. Total stress nephogram (Mises). 

The trend of the total displacement and total stress is 

similar. As shown in Fig. 7, the total displacement in 
the model with MSWI layer is a little bit lower than that 

without MSWI layer. The total displacement of the 

upper layer decreases slightly with the depth increases. 
To the end, there is almost no displacement change in 

the subgrade layer, which is the same as the trend of 

stress (Hossam et al., 2019). 
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a. Without MSWI layer. b. With 5cm layer. 

Fig. 7. Total displacement nephogram (Magnitude). 

3.2 Stress and deformation of MSWI bottom ash 

Figure 8 explained the total stress variation 
concerning the thickness change (0cm, 5cm, 10cm, 

15cm) of MSWI layer. The total stress decreases with 

the thickness of MSWI increases from 0cm to 15cm, 
and the falling rate increases when the thickness is 0cm 

to 10cm. But the total stress between 10cm and 15cm 

decreases slower than 0cm to 10cm, which means that 
excessive thickness doesn’t account for better 

performance. Moreover, when the thickness increases, 
the subgrade layer bear more stress. The stress in the 

subgrade layer decreases slightly when the thickness is 

10 cm, while it increases obviously when the thickness 
reaches 15cm. This phenomenon may be caused by the 

complicated diffusion of the stress due to the excessive 

thickness (Aaron et al., 2013). 

  

a. Without MSWI layer. b. With 5cm MSWI layer. 

  

c. With 10cm MSWI layer. d. With 15cm MSWI layer. 

Fig. 8. Stress nephogram (Mises) of MSWI layer. 

Figure 9 depicts the deformation top of MSWI layer 

with different layer thickness when subjected to moving 
tire load. With the thickness increases, the displacement 

decreases while magnitude is smaller, which is not hard 

to understand through the above stress changes. It can 
be concluded that a certain extent of thickness plays an 

important role in stress diffusion. However, when the 

thickness increases to a certain figure, the rigidity of 
this layer is large, resulting in an unsatisfactory stress 

distribution (Dae-Wook., 2007). 

  

a. Without MSWI layer b. With 5cm MSWI layer 

  

c. With 10cm MSWI layer. d. With 15cm MSWI layer. 

Fig. 9. Deformation nephogram (Magnitude) of MSWI layer. 

3.3 Stress and deformation of MSWI bottom ash 

The longitudinal and transverse strain history at the 

underside of the HMA layer with/without MSWI layer 

is shown in Fig. 10. Strain history from two vertical 
directions (X-S11, Y-S22) are depicted, and the trend is 

similar.  
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a. Strain on X (S11). 
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b. Strain on Y (S22). 

Fig. 10. Strain at underside of HMA layer. 
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The presence of MSWI layer decreases the strain at 

underside of HMA layer, which is more pronounced at 

peak. With the increase of thickness, the stress 
decreases gradually, and the trend on X and Y is the 

same. However, when the thickness increases to 15cm, 

the change of strain decreases. It can be concluded that 
adding a MSWI layer on the subgrade layer diminishes 

the strain at the bottom of HMA layer (Peng et al., 

2020). 

3.4 Vertical compressive stress and strain through 

depth 

Figure 11 explained the stress diffusion through the 

depth of the pavement model. The presence of MSWI 
bottom ash slightly decreases the compressive stress 

through the depth of pavement, the values are 

analogous in the four models.  

 

Fig. 11. Vertical compressive stress through depth. 

With the thickness of MSWI layer increases, the 
stress decreases gradually, and the magnitude decreases 

when the thickness reaches to 15cm. As shown in Fig. 

12, the trend is similar to the changing mode of 

compressive stress.  

 

Fig. 12. Vertical compressive strain through depth. 

To be concluded, a MSWI bottom ash layer on the 

subgrade layer lessens the compressive strain on top of 

subgrade layer. It is confirmed that the MSWI layer 
alleviate the fatigue and damage due to dynamic loads 

(Salehabadi et al., 2012; Reaz et al., 2016). 

4 CONCLUSIONS  

In this paper, an ABAQUS finite element dynamic 

tire loading model of pavement structure has been 
conducted to investigate the validity of MSWI bottom 

ash as subgrade materials. By developing this model, it 

is intended to distinguish the effect of stress diffusion 
with MSWI layer, to investigate the strain at the 

underside of the hot mix asphalt (HMA) layer and the 
stress diffusion through the depth with/without MSWI 

bottom ash. To verify whether the thickness change of 

MSWI bottom ash affect the stress and strain is also the 
propose. The results and figures of different models 

have been compared and analyzed. The conclusions are 

as follows: 
1. The MSWI layer plays a prominent role of stress 

diffusion on subgrade layer while there is almost no 
stress change in the subgrade layer and no displacement 

change in the subgrade layer.  

2. Certain thickness of MSWI layer plays an 
important role in stress diffusion. However, the increase 

of layer thickness may result in an unsatisfactory stress 
distribution in the MSWI bottom ash layer. 

3. MSWI layer on the subgrade layer diminishes the 

tensile strain at the bottom of HMA layer, while MSWI 
layer on the subgrade layer lessens the compressive 

strain on top of subgrade layer.  

4. It can be concluded from the dynamic loading 
model of pavement structure that appropriate thickness 

of MSWI bottom ash layer can decrease the stress and 
strain through the pavement depth. Based on the finite 

element simulation results, the recommended thickness 

of MSWI layer is 10cm. It is indicated that the MSWI 
layer can alleviate the fatigue and damage due to tire 

moving load, and MSWI bottom ash is valid as suitable 
subgrade materials in road construction. 
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