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Abstract: In intelligent compaction, a critical issue is determining the combination of construction
parameters (e.g., the rolling speed and the number of passes) for achieving optimal compaction results.
In this paper, a finite element model was developed based on the Mohr-Coulomb elasto-plastic model
to simulate the field compaction process of subgrade, which was validated by field compaction tests.
Nonlinear multiple regression was used to match the impacts of construction factors on compaction
quality based on the model simulation. Then, the linear search approach was used to find the ideal
combination of construction parameters that optimizes the compaction quality. The findings indicated
that the ideal combination of construction parameters for reaching the ideal compaction degree is a
rolling speed of 1.3 m/s with 4 roller passes.

Keywords: intelligent compaction; construction parameters; finite element method; feedback
regulation mechanism; optimization

1. Introduction

Compaction is an important part of road construction [1]. Road compaction that meets the target
compaction degree can significantly improve its strength [2], stiffness [3], and stability [4], thus
ensuring the service life of the road. In the past 50 years, the traditional compaction has made an
important contribution to the road infrastructure construction [5]. However, traditional compaction has
the following problems [6]: i) the construction parameters of the compaction process, such as the
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number of roller passes and the rolling speed, are usually empirically determined according to the
operator’s experience [7]; ii) the compaction quality detection methods are typically destructive [8],
local [9] and non-real-time [10].

The advancement in intelligent compaction (which integrates computer, sensing, and automation
technology into compaction technology [11]) has provided the opportunity to solve the drawbacks of
traditional road compaction technology and compaction quality control [12]. The remaining problems
are mainly related to the complex material behavior during compaction, and the feedback control in
intelligent compaction. The complexity of material behavior is primarily due to the large plastic
deformation in compaction, which leads to the dramatic change in material properties [13], for example,
the change of yield condition with the increase in the material’s density. In the literature on intelligent
compaction simulation, subgrade parameters are mostly assumed as fixed parameters without
considering their changes during compaction [14], which can be a primary source of errors. Research
on the intelligent compaction feedback adjustment method is still in its early stages [15]. It is still not
clear what is the optimal combination of construction parameters [16]. A reliable mechanism for
adjusting the construction parameters in real-time, according to the actual compaction state, is still
lacking, which affects the construction quality and efficiency, and causes a waste of resources [17].

Travel parameters, excitation parameters, and material parameters are the three main construction
parameters of intelligent compaction. Since the material parameters are relatively consistent for the
same site in the compaction process, when the model of the vibratory roller is determined, its excitation
parameters usually only have 2 or 3 options with a low range of variation. In contrast, travel parameters
are more controllable by roller operators, and thus exhibit a much wider range of variation [18]. In this
paper, we focus on the travel parameters of intelligent compaction, which include the rolling speed
and the number of roller passes. A finite element model is developed to simulate the effects of these
travel parameters on compaction quality. The Mohr-Coulomb elasto-plastic model is used to simulate
the compaction behavior of the subgrade material, considering the change of the material parameters
with the increase in compaction degree. The model is further validated by the results of field tests.
Based on the simulation results, the optimal combination of travel parameters for maximizing the
compaction quality is obtained by the linear search method. Based on this, the feedback adjustment
method of the input parameters is discussed.

2. Methodology
2.1. Finite element simulation of subgrade compaction

The ABAQUS finite element software is employed for the finite element simulation. The most
fundamental and essential part of the finite element model is selecting the material model and
determining the model parameters. In this paper, the Mohr-Coulomb elasto-plastic model is used for
representing the subgrade material. In the Mohr-Coulomb model, the plastic deformation of the soil is
expressed by the shear strength indices (cohesion c, internal friction angle ¢). The established model
needs to reflect the change of shear strength indices during the compaction of the subgrade. To this
end, the real-time compaction degree K is chosen as a “field variable”, and its effects on the shear
strength indices are considered in this study. The relationship between K and soil shear strength indices
are then established through laboratory experiments. In the numerical method, the relationship between
K and shear strength indices is captured through a UMAT subroutine of the ABAQUS software. Since
the strain of the soil body can be obtained in real-time in the finite element program, the shear strength
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indices can be updated in real-time by the above method. More details of this material model are
described in Sections 2.1.1 and 2.1.2.

2.1.1. Relationship between K and subgrade strain

The simulation model is built with the following assumptions [19]:
1) The dimensions in the horizontal and vertical directions during the compaction of the subgrade is
negligible compared to the model dimensions, and the model shape during compaction is considered
rectangular.
2) The subgrade soil is continuous, uniform and isotropic in the initial state and during compaction.
The width in the z-direction is set to 1 in the model, and no deformation occurs, i.e., strain 3 = 0. The
initial compaction degree Ko is set to 0.8. The calculation process and expressions for the volume of
the subgrade soil model in the compaction process are shown in Eq (1):

Vi=xyz (1+g) (1+&)(1+e3)
=xyz (1+g) (1+&)(1+0)
=xyz (1+g) (1+&)
=Vo (1+&) (1+&,)

1)

where: x - the length of the model (m); y - the thickness of the layer to be compacted by the model
(m); z - the width of the model (m), since the model is a two-dimensional model, z=1m; &1 -
strain in x-direction; &2 - strain in y-direction; &3 - strain in the z-direction, ¢ 3= 0; Vo - the initial
volume of the model.

The real-time compaction degree K can be calculated by Eq (2):

K=-"~ ()
Pmax

The density p and the maximum dry density pmax are calculated according to Eq (3):

v’ - V min (3)

where: K -- real-time compaction; p -- density under real-time compaction K corresponding to (kg/m®);
pmax -- maximum dry density (kg/m3); m --mass (kg) corresponding to density p; V --volume (m?®)
corresponding to density p; Vmin --volume (m®) corresponding to maximum dry density pmax.

During compaction, the soil mass m is a constant value, the maximum dry density pmax of the soil
remains unchanged, the volume Vmin corresponding to the maximum dry density pmax remains
unchanged, and only the volume V and density p change in real-time. Combining Eqgs (1)—(3), Eq (4)
can be obtained as follows:

_ V min
Vo(l+g) (1+5) @)

From the initial setting of compaction p1 of 0.8, the final relationship between real-time
compaction K and strain can be obtained by substituting Eq (4), as shown in Eq (5):
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0.8
(1+g) (1+5) 5)

So far, the relationship between real-time compaction K and strain ¢ has been established.
2.1.2. Relationship between K and shear strength indices of subgrade soil

In a previous study by the authors [20], direct shear tests were carried out on yellow-pan chalk
soil specimens, cylindrical specimens with compaction degrees of 80, 85, 90, 93, 94, 96 and 100%

were prepared for direct shear testing in the laboratory tests. The test results are shown in Table 1.

Table 1. Test results of compaction degree, cohesion, and internal friction Angle.

Compaction Degree/ K Cohesion/ c(kPa) Internal Friction Angle/ ¢(9)
0.8 121 27

0.85 41.2 28.8

0.9 58.6 31.2

0.93 61.6 305

0.94 62.8 32.4

0.96 63.6 34.3

1 74.9 36.9

By fitting, the equations for the relationship between real-time compaction degree K and cohesion
¢ and compaction and internal friction angle ¢ are obtained as:

¢ =-1248K? +2532.8K —1213.3
p=46.7K -11.1 (6)

These relationships are then used in the finite element model. The initial compaction degree
Ko is 0.8, and the maximum compaction degree Kmax is 1. By Eq (8) and choosing 0.01 as the
step size of K, the tabulated relationship between K and the shear strength indices is generated, as
shown in Table 2.

The data in Table 2 are added in the Abaqus software to achieve the real-time updating of the
shear strength indices of the subgrade material during the compaction simulation, thus improving the
accuracy of the numerical simulation.
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Table 2. The “field” compaction degree K corresponds to the shear strength of soil.

Compaction Cohesion/ '”t.erf‘a' Compaction Cohesion/ Int_erpal
Degree / K c(kPa) Friction Degree / K c(kPa) Friction
Angle/ (9 Angle/ (9
0.8 26.4 14.2 0.91 31.5 58.1
0.81 26.9 19.5 0.92 32.0 60.6
0.82 27.3 24.4 0.93 32.5 62.8
0.83 27.8 29.2 0.94 32.9 64.8
0.84 28.3 33.7 0.95 33.4 66.5
0.85 28.7 37.9 0.96 33.9 68.0
0.86 29.2 41.9 0.97 34.3 69.3
0.87 29.7 45.6 0.98 34.8 70.3
0.88 30.1 49.1 0.99 35.3 71.0
0.89 30.6 52.4 1 35.7 71.5
0.9 311 55.3
2.1.3.  Subgrade structure and meshing

: 3m !
—

Figure 1. Subgrade structure.

Compaction forward

direction
Compaction area
4m

Subgrade 3.7m

L.

" Uncompacted layer 0.3m i

A previous study [21] showed that the influence range of the vibrating wheel in the horizontal
direction during compaction is about 3-5 m. Therefore, when establishing the numerical simulation
model, the horizontal direction is defined as 10 m, which eliminates the influence of the boundary. In
actual construction, each layer of the subgrade is around 20-30 cm in thickness in its loose state.
Therefore, in this paper, the loose thickness of the upper layer is defined as 30 cm, and the lower
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foundation is defined as 3.7 m thick. The schematic diagram of the subgrade structure is shown in
Figure 1. Table 3 gives the parameters of the initial compaction state of the subgrade soil.

Table 3. Parameters of initial compaction state of subgrade soil [20].

Density/
. P Elasticity Cohesion/ Internal Friction  Poisson's
Location .
Modulus/ E(MPa) c(kPa) Angle/ ¢(°) ratio
(kg/m3)
Upper 1634 15 11.88 27 0.33
Substrat
HRS ra.um 1859 30 55.8 31.15 0.35
foundation

The size of elements is a key to the numerical simulation, which should be selected to ensure both
the accuracy and efficiency of the numerical. Related studies have shown [22] that the grid size is
related to computational accuracy, and to ensure computational accuracy, the grid size needs to satisfy:

Al < [E_ijl
8 10 (7)
where, 4 -- the highest frequency corresponding to the wavelength.

The excitation frequency of vibratory rollers is around 25-40 Hz. from Table 3 in the subgrade
soil parameters calculated according to Eq (8) to obtain the subgrade soil shear modulus:

G- E
2(1+ ) (8)

where, G -- shear modulus (MPa); E -- elastic modulus (MPa); x — Poisson’s ratio. The shear modulus
of the subgrade soil is calculated to be 5.64 MPa.
The initial density of the subgrade soil can be calculated according to Eq (9):

0= pmax- Ko 9)

where, po -- initial density (kg/m?®). The initial density of the subgrade soil is calculated to be 1472 kg/m®.
The vibration wave velocity during vibratory compaction of the subgrade soil can be calculated
according to Eq (10) [23]:

G
Cs= |—
o (10)

where, cs -- vibration wave velocity (m/s). The vibration wave speed during the vibration compaction
of the subgrade soil is calculated to be 61.9 m/s.

The wavelength corresponding to the highest frequency (40 Hz) can be calculated according to
Eq (11), which yields:
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f (11)

where, f -- the highest frequency (Hz). The wavelength of the vibration wave during the vibration
compaction is calculated to be 4 = 1.55 m.
The mesh size for the finite element numerical simulation is thus determined as follows:

Al <(0.16 ~ 0.19)m

In this paper, considering the calculation efficiency and accuracy, the grid size is 0.05 m in the
center area of the load application and 0.2 m at the boundary. The fine grids are connected with the
coarse grids by gradient grids, as shown in Figure 2.

Compaction forward
direction
Compaction area
4m

Subgrade:3:7m

Figure 2. Finite element numerical simulation grid division diagram.
2.1.4. Boundary and loading conditions

The boundary conditions do not significantly affect the simulation results because the model size
chosen is sufficiently large. Therefore, the horizontal sides and the ground are set as fixed constraints.
ZhongdaYZ32 machine is a common brand of road roller, so its parameters are chosen as the

basic parameters for numerical simulation in this paper. The standard medium and large YZ32 roller
were used in this study, whose loading parameters are shown in Table 4. In the simulation, 1-4 roller
passes were applied.

Table 4. Numerical simulation input parameter.

Weight of Vibrating Frame Weight Excitation Force Frequency
Wheel (kg) (k) (kN) (Hz)
16,000 16,000 45,000 28

2.2. Travel parameters of the simulation

The travel parameters are the most adjustable and variable in the intelligent compaction process.
Therefore, the travel parameters, i.e., the number of passes and the rolling speed, are considered the
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main variables in this study. Finite element simulations with different travel parameters are performed

to study their effects on the final compaction degree.

In real practice, the rolling speed ranges from 1 to 4 m/s, and the number of roller passes ranges
from 2 to 4 passes. Given these ranges, the combinations of travel parameters for the finite element
simulations are listed in Table 5.

Table 5. Finite element numerical simulation conditions.

Number  Speed (m/s) Zionr:ar;action Pass Number  Speed (m/s) E:g?;f;gn
NO.1 1 2 NO.12 2.5 4
NO.2 1 3 NO.13 3 2
NO.3 1 4 NO.14 3 3
NO.4 1.5 2 NO.15 3 4
NO.5 1.5 3 NO.16 3.5 2
NO.6 1.5 4 NO.17 3.5 3
NO.7 2 2 NO.18 3.5 4
NO.8 2 3 NO.19 4 2
NO.9 2 4 NO.20 4 3
NO.10 2.5 2 NO.21 4 4
NO.11 2.5 3

By performing the designed 21 simulations, the effects of the travel parameters on the compaction
quality can be analyzed, as will be discussed in Section 2.3.
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2.3. Field test of subgrade compaction

To verify the accuracy of the numerical simulations, field tests of subgrade compaction were
carried out. The site of the field test is the Binzhou section of Zhanlin Expressway in Shandong
Province, China. The starting and ending piles of the compaction section are K371 + 000~K371 + 200,
a two-way 8-lane expressway, running from north to south. Each lane is divided into two stripes for
compaction. Each compaction stripe includes one pre-compaction pass, one leveling pass, four
vibration compaction passes, and one static compaction pass. Because the vibratory compaction stage
represents the most critical stage of compaction, the numerical simulation and field tests were mainly
focused at this stage. The vibratory compaction process is shown in Figure 3.

80m

wg

Stripe 1

Compaction forward direction
—p

<+————  Stripe 2
| | Compaction backward direction

wig

= B— > Stripe 2 5 7 ° 4

- -

o ”  Stripe3 e
-2 ’ QS

Stripe 3

wg

Figure 3. Subgrade vibration compaction field test.

The vibratory roller is Zhongda Machinery YZ32, and the detailed parameters are shown in
Table 6.

Table 6. Vibratory roller parameters.

Frequency Nominal Amplitude Exciting Force Total Weight
Roller Brand :

(Hz) (mm) Amplitude (KN) (t)
YZ32 28/33 1.8/1.1 590/450 32
Front/Rear Speed Rated Speed Roller Width Roller Radius
Wheel Weight(t)  (km/h) (rad/min) (mm) (mm)
21/11 0~8 2200 2000 600

In order to ensure the relative accuracy of the test results, the same construction parameters were
used in the three compaction stripes, and the degree of dispersion is further compared with the
numerical simulation results. The loading parameters of the field test were kept as consistent as
possible with the numerical simulation input parameters. The values of the loading parameters are
listed in Table 7.
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Table 7. Field test parameters.

Roller Weight Exciting Force Compaction
(kg) Amplitude (kn) T reduency (Hz) - Speed (m/s) Pass (time)
32,000 45,000 28 2 4

It is seen that the travel parameters of the field test are the same as that of the NO.9 simulation
(as shown in Table 5). Therefore, the field test results are compared with the NO.9 simulation to
validate the finite element model.

In field tests, the compaction degree was determined by the ring knife method, where densities at
three points are measured for each stripe at the end of each roller pass. The average of the three
measures was used to represent the compaction degree of the stripe.

2.4. Multiple nonlinear regression analysis

Regression models [24] are used to quantitatively correlate the rolling speed and the number of roller
passes with the final compaction degree. A binary nonlinear regression is applied for this purpose [25]. In
this study, the binary regression model is assumed to have a binary parabolic function form [26]:

K = ao+ain+azn® +asv +aav? (12)

where: n -- number of rolling passes (times); v -- rolling speed (m/s); ai -- coefficient to be determined.
In this paper, the accuracy of the regression is determined by the coefficient of
determination r? [27], which is defined as:

> (v 9)?
i
2 (- y)*

r2

(13)

The closer r? is to 1, the higher the predictability of the regression model is. When r? = 1, it means
that the regression model is completely correlated with the real data, that is, a functional relationship;
when r? > 0.7, it means that the regression model has a strong correlation with the real data; when r?
=0, it means that the regression model has no correlation with the real data [27].

3. Results and discussion
3.1. Numerical simulation results

Through finite element simulation, the variation of vertical displacement corresponding to
different construction parameters during road compaction is obtained, and then the trend of compaction
degree can be calculated. The relationship between the vertical displacement x and the real-time
compaction degree K of the subgrade soil is derived as follows:

Let the initial compaction of the subgrade soil be Ko, the thickness of the subgrade soil loosened
is U, and the maximum compaction of the subgrade soil Kmax = 1. In theory, the maximum vertical
displacement xmax is as follows:
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XmaXZU(l—KO) (14)

The theoretical maximum vertical displacement xmax corresponds to a compaction growth space
of (1-Ko), in which the relationship between the current vertical displacement x, and the compaction
can be established as follows:

X

K=Ko+(1-Ko)

In the research process of this paper, the initial compaction degree Ko= 0.8 is set for the subgrade
soil, the thickness U of the top layer of the subgrade is 0.3 m, and the real-time compaction degree and
vertical displacement variation can be calculated from Eq (16) as follows.

K=0.8+0.2——
0.06 (16)

where: X -- vertical displacement (m).

The simulation results of the NO.9 parameter set are shown in Figure 4. It is seen from Figure
4(a) that the most significant compaction occurred at the initial roller pass, which causes a vertical
displacement of about 3.5 cm (over 70% of the total vertical displacement). The vertical displacement
occurs instantaneously when the roller contacts the soil, which, therefore, represents the static
compaction due to the self-weight of the roller. During each roller pass, the vertical displacement
fluctuates with a small amplitude (around 3 mm) around a stable value. The fluctuation is due to the
vibration of the roller. As the number of roller passes increases, the vertical displacement gradually
increases, causing the increase in compaction degree as shown in Figure 4(b). It is noticed that the
growth rate of the compaction degree becomes slower as the number of roller passes increases, which
captures the fact that soil becomes more difficult to compact as the compaction degree increases.
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Figure 4. (a) Vertical displacement versus time curve; (b) Trend of compaction degree.
3.2. Comparison between simulation and field tests

In the field compaction tests, the compaction degree was measured by the ring knife method.
Three measurements were taken for the three comparison stripes. The average and variability of the
compaction degree are shown in Figure 5. As mentioned in the previous section, the NO.9 parameter
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set is consistent with the field test conditions. Therefore, the simulation results of the NO.9 parameter
set are compared with the field measurements, as shown in Figure 5.

974

—o— Field Test
—o— Numerical Simulation

96

Compaction Degree (%)

1 2 3 4
Compaction Pass (times)

Figure 5. Error bar of compaction variation in field test versus numerical simulation of
compaction variation.

Figure 5 shows that the variation of compaction degree shares a similar trend in field tests
and simulation. However, the compaction degree of field tests is generally higher than the
simulation results by about 1%. This is because, in field compaction, a static compaction and
leveling were carried out before the four vibratory compaction, which brought a certain growth in
compaction degree of the subgrade. The compaction degree before the vibratory compaction and
after leveling is roughly between 80 to 90%, due to the variability of the compaction degree. This is higher
than the initial compaction degree used in the finite element numerical simulation Ko = 0.8. It is expected
that if a higher Ko were used in the numerical simulation, the simulation results would match the
field results better.

For field tests, the variability in compaction degree was indicated by the error bar in Figure 5.
The length of the error bar represents the standard deviation or standard error of the compaction degree.
It is seen that the variability in test compaction is relatively small, with standard deviation or standard
error of the four roller passes being 0.33, 0.42, 0.32 and 0.57, respectively. The main source of error
is the stripe 1, which is located at the outermost boundary and has a smaller compaction degree than
stripes 2 and 3. The compaction degree of stripes 2 and 3 are relatively consistent.

3.3. Final compaction degree

By the 21 sets of numerical simulation, the final compaction degrees under different compaction
parameters were obtained, as shown in Table 8.
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Table 8. The final compaction degree corresponding to each parameter.

Compaction
pass
2 3 4
Speed
(mfs)
1 0.933 0.948 0.955
1.5 0.931 0.941 0.949
2 0.939 0.948 0.954
2.5 0.922 0.934 0.944
3 0.904 0.924 0.937
3.5 0.887 0.902 0.918
4 0.878 0.896 0.903

Electronic Research Archive

The relationships of compaction degree with the number of roller passes and compaction speed
are shown in Figure 6.
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Figure 6(a) shows that the final compaction degree is gradually decreasing with the increase of
the rolling speed. This is because that with the increase in rolling speed the time of compaction for a
local part by the vibratory roller decreases, which reduces compaction effort of each roller pass. It is
noticed that, when the rolling speed is in the range of 1-2 m/s, the final compaction degree is relatively
stable. This is because the work done by the vibratory roller on the subgrade at a speed of 2 m/s is
close to the upper limit of energy that the subgrade can withstand. Even if the speed is reduced, it is
difficult to further compact the subgrade under the condition of other compaction parameters (e.g.,
excitation force, excitation frequency) as they remain unchanged.
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Figure 6(b) shows that as the number of passes increases, the final compaction degree increases,
but the growth of compaction decreases gradually. This is because the subgrade become more difficult
to compact with the increase in the compaction degree.

After analyzing the single effect of compaction speed or number of roller passes, the coupled
effect of two factors on the compaction degree is characterized through a multiple nonlinear regression
model, as shown in Eq (17):

K =0.88+1.7x1072v - 7.2x1073v?
+2.56x1072n—2.3x10"3n? (17)

The coefficient of determination was calculated to be r?> = 0.93, according to Eq (15). Since
r2> 0.7, it indicates that the regression model achieves a sufficient accuracy. Therefore, it can be used
to further analyze the optimal combination of marching parameters.

3.4. Optimization of travel parameters for intelligent compaction

Through Eq (17), the optimal combination of travel parameters can be further solved. The
interpolation interval of rolling speed is [1,4] with interpolation step of 0.1 m/s, and the interpolation
interval of rolling passes is [2,4] with interpolation step of 1 m. The resultant compaction degree
corresponding to different rolling speed and number of passes is shown in Figure 7.
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Figure 7. Contour plot of final compaction degree.

Figure 7 shows that, when the rolling speed is 1-1.7 m/s, the number of rolling passes becomes
the main control factor affecting the final compaction degree of the subgrade. Within this range of
rolling speed, the variation in rolling speed does not have a significant impact on the final compaction
degree. This indicates that the rolling speed 1.7 m/s probably represents a the upper limit of the energy
input that the soil can absorb in each roller pass. Thus, decreasing rolling speed to lower than 1.7 m/s
would not further increase the rate of compaction.

By contrast, when the speed of rolling is 1.7-4 m/s, both the number of passes and the rolling
speed have significant effects on compaction. When rolling speed is > 1.7 m/s, the work done by the
subgrade on the roller cannot be completely absorbed, so the increase in the rolling speed would
decreases the compaction energy, and decreases the final compaction degree.

An optimization is carried out by the linear search method to maximize the final compaction
degree. The optimal control parameters are: the optimal rolling speed = 1.3 m/s, and the optimal
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number of rolling passes = 4 times. It is seen in Figure 7, at this point, the final compaction degree
reaches the maximum.

3.5. Discussion on intelligent compaction feedback adjustment mechanism

The feedback adjustment mechanism is the core research area of intelligent compaction. Its
goal is to improve the efficiency of intelligent compaction and guarantee construction quality. The
feedback adjustment mechanism can be divided into two parts: the determination of the optimal
parameters, and the real-time adjustment of parameters when the current compaction quality does
not match the expected compaction quality. This paper focuses on the first part of the feedback
adjustment mechanism.

The optimal parameters of the intelligent compaction have been obtained in Section 3.4 based on
numerical simulation, which can provide the initial setting for the intelligent compaction feedback
adjustment mechanism. The subsequent feedback adjustment part can be carried out on this basis.

3.5.1. Optimal combination of travel parameters and optimal construction efficiency

In practical projects, construction efficiency is usually one of the important factors. In the actual
construction process, often the target compaction requirements of the subgrade do not need to reach
the maximum. For example, in the construction of the subgrade, the target compaction degree is 95%,
while the maximum compaction degree obtained through theoretical calculations is 97%. A variety of
parameter combinations can achieve the corresponding 95% compaction degree. Under such
circumstance, the construction efficiency must be considered, which can be defined as the total time
of the compaction process, Eq (18) is used as a method for construction efficiency evaluation:

T :z.nzx.ﬂ
\Y \% (18)

where x = Stripe length, v = speed of compaction, and » = compaction pass. The optimum combination
of number of passes and speed is determined by minimizing the total construction time 7.

3.5.2.  Feedback adjustment mechanism

When the current compaction quality does not match the expected compaction quality, the feedback
adjustment mechanism is needed to control the compaction quality and efficiency in real time.

A feedback adjustment mechanism based on the idea of extreme difference is proposed in this
study, but of course, if the amount of data is large enough, the feedback adjustment mechanism can
also be calculated by machine learning or deep learning methods. The proposed adjustment mechanism
can be demonstrated through an example of field compaction. The target compaction degree at the
second and third roller passes are 0.927 and 0.941 respectively. However, during the compaction, the
measured the compaction degree is 0.925, which is lower than the target (0.927), and thus can be
referred to as “under-compaction”. Given the detected under-compaction at the second roller pass,
adjustment must be made to ensure achieving the target compaction degree at the third roller pass.
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The difference between the actual and the target compaction degree after the second roller pass
is AK =0.925-0.927 = -0.002. Substituting AK =-0.002 and n = 3 into Eq (17), the rolling speed v
can be obtained by solving the following equation:

K =0.878+1.7x10%v-7.2x103v? +
2.56x1072x3-2.3x103x3? (19)

The process of calculating the rolling speed v can also be shown graphically in Figure 8.
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Figure 8. Relation curve of compaction degree versus rolling speed.

It can be seen from Figure 8 that by adjusting the rolling speed from 2 to 1.74 m/s, the target
compaction degree of 0.941 can be achieved after the completion of the third rolling, i.e., the target
compaction degree requirement is satisfied.

4. Conclusions

In this paper, through the finite element simulation and nonlinear regression of the simulation
results, the optimal combination of travel parameters of intelligent compaction of the subgrade is
obtained. The conclusions obtained in this paper are as follows:

1) Compaction happens instantaneously as the roller wheel and soil make contact. The initial
roller pass has the most significant compaction effect (over 70% of the total compaction). The
compaction effect decreases as the increase in the number of roller passes. The compaction degree
fluctuates due to the roller vibration, but the amplitude of the fluctuation is generally small
compared to the static compaction.

2) The final compaction degree gradually decreases with the increase of the rolling speed.
However, when the rolling speed is in the range of 1-1.7 m/s, the final compaction degree does not
change significantly.

3) In this paper, the optimal combination of rolling speed and number of rolling passes for the
compaction of subgrade soil are 1.3 m/s and 4 times, respectively.

In this paper, a specific soil type, the yellow-pan chalk, was studied. Future studies are suggested
to cover a wider range of soil types. The optimal combination of travel parameters should also be
calculated for different soil types to extend the applicability of the approach proposed in this study.
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