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Abstract: In the process of intelligent compaction of roadbeds, the water content of the roadbed is one 
of the important influencing factors of compaction quality. In order to analyze the effect of water 
content on the compaction quality of roadbeds, this paper is developed by secondary development of 
Abaqus finite element numerical simulation software. At the same time, the artificial viscous boundary 
was set to eliminate the influence of boundary conditions on the results in the finite element modeling 
process, so that the numerical simulation can be refined to model. On this basis, the dynamic response 
analysis of the roadbed compaction process is performed on the finite element numerical simulation 
results. This paper established the correlation between compaction degree and intelligent compaction 
index CMV (Compaction Meter Value) and then analyzed the effect of water content on the compaction 
quality for the roadbed. The results of this paper show that the amplitude of the vertical acceleration is 
almost independent of the moisture content, and the vertical displacement mainly occurs in the static 
compaction stage. The vertical displacement changes sharply in the first 0.5 s when the vibrating wheel 
is in contact with the roadbed. The main stage of roadbed compaction quality increase is before the 
end of the first compaction. At the end of the first compaction, the roadbed compaction degree 
increased rapidly from 80% to 91.68%, 95.34% and 97.41%, respectively. With the increase in water 
content, the CMV gradually increased. At the end of the second compaction, CMV increased slightly 
compared with that at the end of the first compaction and stabilized at the end of the second compaction. 
The water content of the roadbed should be considered to be set slightly higher than the optimal water 
content of the roadbed by about 1% during the construction of the roadbed within the assumptions of 
this paper. 
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1. Introduction 

Compaction is an important part of the roadbed construction process, which can significantly 
improve the strength, stiffness and stability of the roadbed [1]. However, the traditional compaction 
methods have limitations in the following aspects: 1) the roller parameters are usually set according to 
the operator’s experience, and the compaction process has a large error; 2) the traditional compaction 
detection method usually conducts random checks on limited points, and cannot fully detect the 
uniformity of road compaction[2]; 3) the traditional compaction quality detection method is a lossy 
detection [3,4], which has a certain destruction; 4) the traditional compaction detection method cannot 
be real-time detection, belongs to the “result” detection, rather than “process” detection. Therefore, the 
traditional compaction and compaction quality evaluation method has the significant property of 
“manual interference (empirical) - point sampling (limitation) - pavement damage (destructive) - 
hindsight evaluation (lag)” [5]. 

Intelligent compaction technology is a hallmark of the development of modern compaction 
technology and one of the important revolutionary road engineering construction technologies that 
have emerged worldwide [6,7]. By integrating a high-precision positioning system, acceleration 
sensors, active compaction regulation and control system, on-board/background monitoring system, 
and other necessary sensing devices on the compactor, continuous dynamic monitoring of compaction 
quality and automatic optimization of compaction parameters are achieved to achieve optimal/target 
compaction quality [8,9]. Compared with traditional compaction technology, the transformative nature 
of intelligent compaction is not only reflected in the significant improvement of construction efficiency 
and quality by the use of information technology, but also in the intelligent scientific management mode 
that shifts the construction quality from after-the-fact inspection to after-the-fact control, and the digital 
transformation and upgrading of the construction process reconfigurable and data traceable [10,11]. 

Although intelligent compaction technology has been rapidly developed in recent years and 
widely used in many fields, the following problems still exist: 1) when establishing the intelligent 
compaction simulation model of the roadbed, the influence of the boundary conditions on the 
compaction results is ignored, which will lead to the deviation of the calculation results because of the 
influence of the boundary conditions; 2) when performing the numerical simulation of the intelligent 
compaction process of the roadbed, the soil parameters of the roadbed are not considered parameters 
change in real-time as compaction proceeds [12]. This will lead to a discrepancy between the numerical 
simulation model and the actual situation, which will inevitably bring limitations in the calculation 
results; 3) the current research on roadbed compaction does not consider the effect of water content on 
the final compaction results. This will lead to the conclusions obtained only for specific moisture 
content, making the generalizability of the research results insufficient. 

In this paper, the problems of numerical simulation of intelligent compaction of roadbed are 
investigated. First, in order to eliminate the influence of boundary conditions on the calculation results 
in the numerical simulation modeling process, artificial viscous boundary is established. Further, to 
address the problem that the parameters of the roadbed cannot be changed in real time with the 
intelligent compaction process in the finite element numerical simulation, the finite element numerical 
simulation software is secondarily developed to realize refined modeling and obtain the intelligent 
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compaction dynamics response results. Then, the parameters corresponding to different roadbed soils 
are substituted into the numerical simulation model for calculation, and the corresponding kinetic 
responses of different roadbed soils are obtained respectively. Finally, based on the kinetic response of 
different water content of roadbed soils in the compaction process, the relationship between the 
corresponding compaction index and the intelligent compaction index CMV is established, 
respectively, and the influence of water content on the intelligent compaction index is analyzed, and 
the optimal construction water content is suggested. Then, the parameters corresponding to the 
different water content of roadbed soils are substituted into the numerical simulation model for 
calculation, and the corresponding kinetic responses of different roadbed soils are obtained respectively. 
Finally, based on the dynamic response of different water content of roadbed soils, the relationship 
between the corresponding compaction degree and CMV are established, respectively. The influence 
of water content on CMV is analyzed, and the optimal construction water content is suggested. 

2. Methodology 

In this paper, we eliminate the influence of boundary conditions on the calculation results in the 
modeling process of finite element numerical simulation by establishing an artificial viscous boundary. 
Then the secondary development of Abaqus finite element numerical simulation software is carried 
out to realize the dynamic changes of roadbed compaction process parameters and build a refined 
simulation model. The numerical simulation conditions of roadbed compaction with different water 
content are designed. The corresponding dynamic response results of the roadbed compaction process 
are obtained and analyzed. Then, the correlation between compaction degree and CMV is established, 
and the correlation between water content and CMV is analyzed. 

2.1. Establishment of finite element numerical simulation model 

2.1.1. Structure of roadbed 

 

Figure 1. Roadbed structure.  

The research results show that the influence range of the vibrating wheel in the horizontal 
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direction during compaction is about 3–5 m [13]. Therefore, when establishing the numerical 
simulation model, the horizontal direction is defined as 10 m, which can eliminate the influence 
brought by the size effect. In actual construction, the thickness of each layer of the roadbed loosened 
is 20–30 cm. Therefore, in this paper, the upper layer loosened thickness is defined as 30 cm, and the 
lower base is defined as 3.7 m. The schematic diagram of roadbed structure is shown in Figure 1. 

2.1.2. Artificial boundary conditions 

The purpose of setting artificial boundary is to avoid the reflection of vibration wave at the cut-
off boundary of subgrade and simulate the properties of infinite domain, thus improving the accuracy 
of calculation area. At present, the typical method is to add damping on the boundary to absorb the 
wave energy [14]. For example, the infinite element boundary coming with ABAQUS makes use of 
this principle. However, this kind of boundary cannot resist static-dynamic unified load (gravity and 
excitation force), since pure damping has no resistance to static force, which leads to an overall 
settlement of the model. To this problem, Deeks et al. [15] proposed a viscoelastic artificial boundary 
for a plane strain model with springs attached on the boundary nodes as well as dampers (Figure 2). 
First, the spring is capable to modify the influence of amplitude attenuation caused by wave-front 
diffusion. On the other hand, it provides resilience to support static loads. Furthermore, to facilitate its 
implementation in the FE model, Dong et al. [16] proposed a method to use the modulus and damping 
of the peripheral boundary element to replace the springs and dampers on nodes. The modulus and 
damping (use Rayleigh damping proportional to stiffness) of the equivalent element can be calculated 
by Eq (1). 

ቐ
E ൌ αேℎ ீ

ோ

𝛽 ൌ ఘோ

ଶீ
ቀ ௖ೞ

ఈ೅
൅ ௖ು

஑ಿ
ቁ
                              (1) 

where: h   is the thickness of equivalent element; G   and    represent the shear modulus and 

material density respectively; R  is the distance from the vibration source to the boundary; sc  and 

pc  represent the shear and dilatational wave velocity respectively; T  and N  are the correction 

coefficients, which were taken as 0.5 and 1.0. 

 

Figure 2. Principle of viscoelastic artificial boundary. 
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2.1.3. Roadbed structure and meshing 

The vibration wave velocity during vibration compaction of the roadbed is calculated to be 150.9 
m/s. The wavelength corresponding to the highest frequency can be calculated according to Eq (5). 
The wavelength of vibration wave during vibratory compaction is calculated to be λ = 4.31 m. 

 

Figure 3. Finite element numerical simulation grid division diagram. 

The selection of grid density is also an important aspect in numerical simulation. The selection of 
grid density should ensure both the accuracy of numerical simulation and sufficient computational 
efficiency. Related studies have shown [17] that the grid size is related to the computational accuracy, 
and to ensure the computational accuracy, the grid size needs to meet the requirements of Eq (2). Most 
of the excitation frequency of rollers in field tests is in the range of 25 to 35 Hz, corresponding to the 
highest frequency of about 35 Hz. Related studies have shown [18] that soil parameters can be known 
in this study object elastic modulus of 78.7 MPa, the initial density of the roadbed is 1330 kg/m3, 
substituted in Eq (3) can be calculated to obtain the roadbed soil shear modulus. The shear modulus of 
the roadbed is calculated to be 30.3 MPa. The vibration wave speed during the vibration compaction 
of the roadbed can be calculated according to Eq (4) [19]. The vibration wave velocity during vibration 
compaction of the roadbed is calculated to be 150.9 m/s. The wavelength corresponding to the highest 
frequency can be calculated according to Eq (5). The wavelength of vibration wave during vibratory 
compaction is calculated to be λ = 4.31 m. 
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where, λ is the wavelength corresponding to the highest frequency. G is shear modulus (MPa); E is 
modulus of elasticity (MPa); μ is Poisson’s ratio; cs is vibration wave velocity (m/s); f is maximum 
frequency (Hz). The mesh size for the finite element numerical simulation is thus determined as: 

∆𝑙 ൑ ሺ0.43~0.54ሻ𝑚 

In this paper, taking the calculation efficiency and accuracy into account, the grid size is 0.02 m 
in the center area of load application and 0.4 m at the boundary, and the fine grid and coarse grid are 
connected by gradient grid, as shown in Figure 3. 

2.1.4. Loading and modeling 

For the loading, the common medium and large YZZT39 roller parameters were selected, as 
shown in Table 1. During the simulation, once to four times compaction were applied and data were 
extracted, respectively. 

Table 1. Numerical simulation input parameter. 

Total operating weight 
(kg) 

Static load on front 
drum (kg) 

Eccentric force (kN) 
Excitation frequency 
(Hz) 

19,500 19,500 850 22–28 

2.1.5. Constitutive model and parameter selection 

The ideal elastoplastic model uses the Mohr-Coulomb model extended by Abaqus software to 
reflect the plastic properties of the soil [20], and the plastic potential surface of the traditional Mohr-
Coulomb model on the stress space is an equilateral unequal hexagonal cone, whose plastic flow 
direction on the prism is not unique, which may cause the non-convergence of the calculation results, 
while the extended Mohr-Coulomb Coulomb model has a hyperbolic plastic potential surface in the 
meridional plane (Figure 4) and a segmentally symmetric ellipse in the π-plane (Figure 5), with the 
corner points removed, i.e., this plastic potential surface is smooth and the plastic flow direction is 
unique everywhere. 

For the constitutive relations of the soil model, two constitutive models, linear elastic as well as 
ideal elastoplastic, are considered in this paper in order to accommodate nonlinear analysis [21]. The 
ideal elastic-plastic model uses the Mohr-Coulomb model extended by ABAQUS software to reflect 
the plastic properties of the soil. The plastic potential surface of the traditional Mohr-Coulomb model 
in stress space is a hexagonal cone with unequal sides, and its plastic flow direction is not unique on 
the prism, which may cause the non-convergence of calculation results. In contrast, the extended Mohr-
Coulomb model has a hyperbolic plastic potential surface in the meridional plane (Figure 4) and a 
segmentally symmetric ellipse in the π-plane (Figure 5), with the corner points removed, this plastic 
potential surface is smooth and the plastic flow direction is unique everywhere [22]. 
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Figure 4. Projection of plastic potential surface on meridian plane. 

 

Figure 5. Intersection line between plastic potential surface and π plane. 

2.2. Finite element secondary development 

2.2.1. Establishing the relationship between “field” and roadbed strain 

The following assumptions are made for the simulation model [23]: 
 The strain in the horizontal and vertical directions during compaction of the roadbed is 

negligible compared to the model dimensions, and the model shape during compaction is 
considered rectangular; 

 The roadbed is continuous, uniform and isotropic in the initial state and during compaction. 
 Water will not seep during the calculation process. 

The width of z-direction is set to 1 in the model and no deformation occurs, i.e., strain ε3 = 0. The 
initial compaction degree K0 is set to 80%. The calculation process and expression of the volume of 
the roadbed model during compaction, as shown in Eq (6). The real-time compaction degree K can be 
calculated by Eq (7). The density ρ and the maximum dry density ρmax are calculated by Eq (8) as follows: 

   𝑉ଵ ൌ 𝑥𝑦𝑧ሺ1 ൅ 𝜀ଵሻሺ1 ൅ 𝜀ଶሻሺ1 ൅ 𝜀ଷሻ ൌ 𝑉଴ሺ1 ൅ 𝜀ଵሻሺ1 ൅ 𝜀ଶሻ                (6) 

 𝐾 ൌ ఘ

ఘ೘ೌೣ
                              (7) 

  𝜌 ൌ ௠

௏
, 𝜌௠௔௫ ൌ ௠

௏೘೔೙
                          (8) 

where: x is the length of the model (m), the length of the model in this paper is 10 m; y is the thickness 
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of the layer to be compacted by the model (m), the thickness of the layer to be compacted in this paper 
is 0.3 m; z is the model width (m), since the model is a two-dimensional model, z = 1 m; ε1 is strain in 
x-direction; ε2 is strain in y-direction; ε3 is strain in z-direction, ε3 = 0 ; V0 is initial volume of the model; 
K—real time compaction degree; ρ is density (kg/m3) under the real time compaction degree 
corresponding to K; ρmax is the maximum dry density (kg/m3); m is weight (kg) corresponding to 
density ρ; V is volume (m3) corresponding to density ρ; Vmin is the volume corresponding to the 
maximum dry density ρmax (m3). During compaction, the weight of soil m is constant, the maximum 
dry density ρmax of the soil is unchanged, the Vmin corresponding to the maximum dry density ρmax is 
unchanged, and only V and ρ change in real time. Combining Eqs (6)–(8), Equation (9) can be 
obtained. From the initial setting of compaction ρ1 as 80%, the final relationship between real-time 
compaction degree K and strain can be obtained by substituting Eq (9) as shown in Eq (10). At this 
point, the relationship between the real-time compaction degree K and strain ε is determined by 
mathematical modeling. 

 𝐾 ൌ ௏೘೔೙

௏బሺଵାఌభሻሺଵାఌమሻ
                          (9) 

  𝐾 ൌ ଴.଼

ሺଵାఌభሻሺଵାఌమሻ
                          (10) 

2.2.2. Establishing the relationship between “field” and shear strength of roadbed 

Table 2. Shear strength of loess. 

Moisture content (%) 
Compaction degree 
(%) 

Cohesive force (kPa) Friction angle (°) 

10.3 

85 104.55 26.6 
90 142.42 28.8 
93 155.64 29.4 
95 173.79 32.8 

11.3 

85 74.12 23.6 
90 87.23 24.1 
93 134.1 29.4 
95 110.44 31.3 

12.3 

85 70.65 21.8 
90 73.89 22.1 
93 107.14 23.3 
95 101.59 24.8 

14.3 

85 39.92 19.8 
90 61.10 19.7 
93 64.09 23.4 
95 68.30 20.6 

Based on existing studies [18], the relationship between the shear strength indexes 
corresponding to different moisture contents and compaction degrees of loess can be obtained, as 
shown in Table 2. By fitting, the relationship between compaction degree and shear strength index 
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corresponding to 10.3%, 11.3%, 12.3% and 14.3% of moisture content were obtained by Eq (11). The 
set initial compaction degree K0 is 80% and the maximum compaction degree Kmax is 100%. By 
fitting the equation and taking 2% as the step size, the “field” real-time compaction degree K can be 
generated to correspond to the soil shear strength as shown in Table 3. The data in Table 3 can be 
added to the Abaqus finite element numerical simulation to achieve real-time changes in the shear 
strength of the roadbed with compaction in the numerical simulation, thus improving the accuracy 
of the numerical simulation.  

Table 3. The “field” compaction degree K corresponds to the shear strength of soil. 

Compaction 
degree/K 
(%) 

Moisture content ω 
= 10.3% 

Moisture content ω 
= 11.3% 

Moisture content ω 
= 12.3% 

Moisture content ω
= 14.3% 

Cohesive 
force c 
(kPa) 

Friction 
angle φ 
(°) 

Cohesive 
force c 
(kPa) 

Friction 
angle φ 
(°) 

Cohesive 
force c 
(kPa) 

Friction 
angle φ 
(°) 

Cohesive 
force c 
(kPa) 

Friction 
angle φ 
(°) 

80 72.0  23.5  48.3  20.2  28.2  18.7  48.5  18.5  
82 85.4  24.6  55.7  20.7  33.8  19.1  58.4  20.1  
84 98.8  25.7  63.2  21.3  39.4  19.5  68.2  21.7  
86 112.2  26.8  70.6  21.9  45.0  19.9  78.1  23.3  
88 125.7  27.8  78.0  22.4  50.7  20.4  87.9  24.9  
90 139.1  28.9  85.5  23.0  56.3  20.8  97.8  26.5  
92 152.5  30.0  92.9  23.5  61.9  21.2  107.6  28.1  
94 165.9  31.1  100.4  24.1  67.5  21.6  117.5  29.7  
96 179.4  32.2  107.8  24.7  73.1  22.0  127.3  31.3  
98 192.8  33.3  115.3  25.2  78.7  22.4  137.2  32.9  
100 206.2  34.4  122.7  25.8  84.3  22.8  147.0  34.5  

൜
𝑐 ൌ 671.1𝐾 െ 464.9

𝜑 ൌ 54.6𝐾 െ 20.2    𝜔 ൌ 10.3%

൜
𝑐 ൌ 372.1𝐾 െ 249.4

𝜑 ൌ 28.2𝐾 െ 2.4    𝜔 ൌ 11.3%

൜
𝑐 ൌ 280.4𝐾 െ 196.1

𝜑 ൌ 20.4𝐾 ൅ 2.4    𝜔 ൌ 12.3%

൜
𝑐 ൌ 492.5𝐾 െ 345.5

𝜑 ൌ 80.0𝐾 െ 45.5    𝜔 ൌ 14.3%

                  (11) 

2.3. Intelligent compaction index 

CMV is easy to calculate and it is relatively accurate. Therefore, it is now widely used as an 
intelligent compaction index [24]. When the intelligent roller compacts the roadbed at a certain rolling 
speed, its vibrating wheel generates an excitation force under the action of the continuous rotation of 
the eccentric block. The excitation force and the weight of the roller act together on the roadbed, 
making the compacted soil from a static state to a vibrating state. The soil also gradually becomes 
dense from loose, in this process, the compaction quality and stiffness of the soil will be improved with 
the compaction. The calculation method of CMV is shown in Eq (12). 
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𝐶𝑀𝑉 ൌ 𝐶 ஺మഘ

஺ഘ
                            (12) 

where: AΩ is fundamental corresponding to the amplitudes. A2Ω is second harmonic corresponding 
amplitude. C is the constant, and 100 is employed in this paper. 

In the initial stage of compaction, the soil is in a relatively loose state, and the compaction quality 
and stiffness are small. Therefore, the resistance of the soil to the vibrating wheel is also relatively 
small, as shown in Figure 6(a). As compaction proceeds, the compaction quality and stiffness of the 
soil increases, and the accompanying reaction force of the roadbed on the vibrating wheel also 
gradually increases, as shown in Figure 6(b). 

  

Figure 6. (a) The interaction between the vibration wheel and soil in the initial stage; (b) 
The interaction between vibration wheel and soil during compaction. 

Studies have shown [25] that the stiffness of the roadbed is closely related to the vertical 
acceleration signal of the vibrating wheel. In the initial stage of compaction, the soil is in a relatively 
loose state, and the compaction quality and stiffness are small. Therefore, the resistance of the soil to 
the vibrating wheel is also relatively small, as shown in Figure 6(a). As compaction proceeds, the 
compaction quality and stiffness of the soil increases, and the accompanying reaction force of the 
roadbed on the vibrating wheel also gradually increases, as shown in Figure 6(b). 

In the initial stage of compaction, because the resistance of the soil to the vibrating wheel is small 
and the eccentric block of the vibrating wheel is in the initial position (phase angle is 0), the excitation 
force generated by the vibrating wheel is a standard sinusoidal function, and the acceleration signal of 
the vibrating wheel collected is also a sinusoidal function, as shown in Figure 7(a). When the roadbed 
is in this stage of compaction process, with the increase of the resistance of the roadbed, the vibration 
wheel acceleration signal is no longer a single sinusoidal function, but a complex signal composed of 
multiple sinusoidal functions, due to the superposition of multiple sinusoidal functions, the amplitude 
also increases accordingly, as shown in Figure 7(b). 

In the initial stage of compaction, the acceleration time domain signal of the vibrating wheel is 
a single sinusoidal function, and the acceleration frequency domain signal is obtained after the 
discrete Fourier transform, with only the amplitude of the first harmonic (fundamental), as shown in 
Figure 8(a). Additionally, as the compaction proceeds, the frequency domain signal of acceleration of 
the vibrating wheel appears as the second harmonic, as shown in Figure 8(b). At this time, the current 
compaction state is judged by the relationship between the ratio of the second harmonic to the 
amplitude of the primary harmonic. 

Initial stage:smaller reaction force Initial stage:larger reaction force
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Figure 7. (a) Initial vibration wheel acceleration time domain signal; (b) Time domain 
signal of acceleration of vibrating wheel during compaction. 

 

Figure 8. (a) Frequency domain signal of acceleration of vibration wheel in initial stage; 
(b) Frequency domain signal of acceleration of vibration wheel during compaction. 

3. Results and discussion 

3.1. Dynamics response analysis 

Through the established numerical simulation model of the intelligent compaction process of the 
roadbed, the dynamic response of the roadbed during compaction, including the vertical displacement 
and vertical acceleration can be obtained, as shown in Figure 9. From Figure 9, it can be seen that: 1) 
the vertical displacement mainly occurs in the static compaction stage. In the first 0.5 s of contact 
between the vibration wheel and the roadbed, the vertical displacement changes sharply. In the 
subsequent compaction process, the growth of vertical displacement is smaller. 2) When the water 
content is 14.3%, the amplitude of vertical displacement curve is much larger than the amplitude of 
vertical displacement corresponding to other water contents. This is because the vertical displacement 
can reflect the soil compaction quality, when the soil compaction quality is larger, the vertical 
displacement under the same load is smaller, and vice versa. The moisture content of 14.3% is much 
larger than the optimal moisture content of 11.3%, which corresponds to the shear strength of the 
roadbed is less than the shear strength of the roadbed under other moisture content. At this time, the 
ability of the roadbed to resist deformation is reduced, when the same load acts on the roadbed, there 
is a sharp increase in the amplitude of the vertical position. 3) The amplitude of vertical acceleration 
is almost not affected by the water content. Comparing the vertical displacement under different water 
content, when the water content is 14.3%, the amplitude of vertical displacement changes sharply, and 
the amplitude of vertical acceleration does not show significant difference. 
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Figure 9. (a) Vertical displacement curve with time; (b) Vertical acceleration curve with time. 

3.2. Correlation analysis of compaction degree and intelligent compaction index 

The vertical displacement change of the roadbed in the compaction process can be calculated to 
obtain the compaction degree by the initial compaction degree K0. The process of calculating 
compaction degree by vertical displacement is as follows: set the initial roadbed compaction degree as 
K0, the thickness of roadbed loosened as U, the maximum roadbed compaction degree as Kmax = 1, in 
the theoretical maximum vertical displacement xmax as shown in Eq (13), the theoretical maximum 
vertical displacement xmax corresponds to the compaction degree growth space as (1-K0). In the 
compaction growth space, the relationship between the current vertical displacement x and compaction 
degree can be established, as shown in Eq (14). In this paper, the initial compaction degree K0 = 0.8, 
and the thickness U of the top layer of the roadbed is 0.3 m. The real-time compaction degree and the 
vertical displacement can be calculated from (15) as follows: 

𝑥௠௔௫ ൌ 𝑈ሺ1 െ 𝐾଴ሻ                            (13) 

𝐾 ൌ 𝐾଴ ൅ ሺ1 െ 𝐾଴ሻ ௫

௎ሺଵି௄బሻ
ൌ 𝐾଴ ൅ ௫

௎
                      (14) 

𝐾 ൌ 0.8 ൅ ௫

଴.ଷ
                                (15) 

where, x is vertical displacement (m). 
When the water content is 14.3%, the resistance to deformation of the roadbed decreases, and the 

law of vertical displacement amplitude during compaction is not obvious, so if the correlation is 
established with the intelligent compaction index, the wrong results will be obtained. Therefore, this 
paper selects the vertical displacement corresponding to water content of 10.3%, 11.3% and 12.3% to 
calculate the compaction degree, and the obtained compaction degree is shown in Figure 10. 

From Figure 10, it can be seen that: 1) the roadbed with high shear strength is more difficult to be 
compacted. As the moisture content increased from 10.3% to 12.3%, the shear strength of the roadbed 
also increased. After the roadbed experienced four compaction passes, the compaction degree of the 
roadbed with water content of 10.3% increased the least. This is because the higher the shear strength 
of the soil, the more difficult it is to be compacted. In the same time, the compaction degree increase 
becomes smaller under the same excitation force. 2) Soil with the moisture content of 12.3% showed 
a compaction degree of more than 100% during compaction. At the beginning of each vibratory 
compaction pass, as the vibratory wheel starts the moment of vibration contact with the roadbed, in 
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addition to the excitation force, there is also an impact load, which is known from the structural 
dynamics [26], and the value of the impact load is double of the static load. When the excitation force 
and impact load act together on the roadbed, while the roadbed with a moisture content of 12.3% has 
a low resistance to deformation, so the compaction degree exceeds 100%. 
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Figure 10. Compaction degree curve. 

Table 4. The results of compaction degree and CMV. 

 
Moisture content ω = 
10.3% 

Moisture content ω = 
11.3% 

Moisture content ω = 
12.3% 

Compaction pass n = 1 91.68% / 9.87 95.34% / 12.24 97.41% / 13.45 
Compaction pass n = 2 91.86% / 10.02 95.65% / 12.87 98.13% / 14.51 
Compaction pass n = 3 91.87% / 9.89 95.66% / 12.39 98.16% / 14.66 
Compaction pass n = 4 91.87% / 9.76 95.66% / 12.56 98.17% / 14.53 

The compaction degree of the same vibration compaction process is averaged as the compaction 
degree of the current compaction pass, and the acceleration signal of each vibration compaction 
process is discrete Fourier transformed to calculate the CMV, and CMV of the current compaction pass 
is obtained. The calculation results of compaction degree and CMV are obtained as shown in Table 4. 
Based on Table 4, the relationship between compaction degree and CMV is obtained as shown in 
Figure 11. From Figure 11, it can be seen: 1) the main stage of the increase in the compaction 
quality of the roadbed is before the end of the first compaction. At the end of the first compaction, 
the compaction of the roadbed increased rapidly from the initial compaction of 80% and stabilized 
to 91.68%, 95.34% and 97.41%, respectively. CMV also increased from 0 at the beginning of 
compaction to 9.87, 11.24 and 13.45. 2) After the end of the first compaction, the influence of 
compaction passes on the compaction degree and CMV is small. Since the second rolling, the 
compaction degree and CMV of the roadbed tend to level off and almost stop increasing. 3) The 
compaction degree has a good positive correlation with CMV. From the fitted relationship between 
compaction degree and CMV, it is known that their correlation coefficient R2 ˃ 0.9, which indicates 
that CMV has a good correlation with compaction, so CMV index can be used for continuous testing 
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of intelligent compaction quality. 
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Figure 11. Curve between compactness and CMV. 

3.3. Analysis of the effect of moisture content on intelligent compaction index 

 

Figure 12. Cloud diagram of the relationship between moisture content and compaction 
pass and CMV. 

In each compaction pass, the acceleration signals of roadbed with different water content are 
subjected to discrete Fourier transform to calculate the CMV, and the CMV corresponding to the 
current water content and compaction pass is obtained. In turn, the relationship between water content 
and number of compaction passes and CMV is obtained, as shown in Figure 12. From Figure 12, it can 
be seen that: 1) the CMV gradually increases with the increase of water content. This is because as the 
water content increases, the shear strength of the soil decreases, the resistance to deformation decreases, 
and the deformation under the same load increases, bringing about an increase in the growth of 
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compaction degree. 2) At the end of the second compaction, CMV increased slightly compared with 
that at the end of the first compaction and stabilized at the end of the second compaction. 3) From the 
perspective of improving the compaction quality of the roadbed, the water content of the roadbed 
should be considered to be set slightly higher than the optimal water content of the roadbed. When the 
moisture content of the roadbed is about 1% greater than the optimal moisture content, the compaction 
quality of the roadbed grows fastest and the compaction effect is better. If the moisture content of the 
roadbed is less than the optimal moisture content, the roadbed is difficult to be compacted; if the 
moisture content of the roadbed is greater than the optimal moisture content of more than 1%, the 
roadbed in the compaction process there is the possibility of damage. 

4. Conclusions 

In this paper, through the secondary development of Abaqus finite element numerical simulation 
software, the refined simulation model is constructed to design the numerical simulation conditions of 
roadbed compaction under different water content. The correlation between compaction degree and 
intelligent compaction index CMV is established, and the correlation between water content and CMV 
is analyzed. The conclusions obtained in this paper are as follows:  
 The vertical displacement mainly occurs in the static compaction stage. The vertical displacement 

changes sharply in the first 0.5s when the vibrating wheel is in contact with the roadbed. In the 
subsequent compaction process, the growth of vertical displacement is smaller. When the moisture 
content is 14.3%, the amplitude of the vertical displacement curve is much larger than the 
amplitude of vertical displacement corresponding to other moisture contents. 

 The amplitude of vertical acceleration is almost not affected by the water content. Comparing the 
vertical displacement under different water contents, when the water content is 14.3%, the 
amplitude of vertical displacement changes sharply and the amplitude of vertical acceleration does 
not show a significant difference. 

 The main stage of the increase in the compaction quality of the roadbed is before the end of the 
first compaction. At the end of the first rolling, the compaction degree of the roadbed increases 
rapidly from 80% to 91.68%, 95.34% and 97.41%, respectively. CMV also increases from 0 at the 
beginning of compaction to 9.87, 11.24 and 13.45. After the end of the first rolling, the influence 
of rolling passes on the compaction and CMV is small. From the beginning of the second rolling, 
the compaction degree and CMV of the roadbed level off and almost stop increasing. 

 With the increase of water content, CMV gradually increases. At the end of the second compaction, 
CMV increases slightly compared with that at the end of the first compaction and stabilizes at the 
end of the second compaction. In addition, from the perspective of improving the compaction quality 
of the roadbed, the water content of the roadbed should be considered to be set slightly higher than 
the optimal water content of the roadbed by about 1% within the assumptions of this paper. 
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