
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/172998                              
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions.  
 
Copyright © and all moral rights to the version of the paper presented here belong to the 
individual author(s) and/or other copyright owners. To the extent reasonable and 
practicable the material made available in WRAP has been checked for eligibility before 
being made available. 
 
Copies of full items can be used for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge. Provided that the authors, title and full 
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata 
page and the content is not changed in any way. 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/172998
mailto:wrap@warwick.ac.uk


SI-2022PMTGE:  1 

Evaluation of heavy roller compaction on large thickness 2 

layer of subgrade with full-scale field experiments 3 

Shu-jian WANG1,3, Hong-guang JIANG1, Zong-bao WANG2, Yu-jie WANG1, Yi-xin LI1,4, Xue-yu 4 

GENG4, Xin-yu WANG1, Kai WANG5, Yi-yi LIU1, Yan-kun GONG1 5 

1School of Qilu Transportation, Shandong University, Jinan 250002, China 6 

2Shandong Hi-Speed Engineering Test Co., Ltd., Jinan 250002, China 7 

3Shandong High-Speed Jiqing Middle Line Highway Co., Ltd., Gaomi 261599, China 8 

4School of Engineering, University of Warwick, Coventry CV48UW, UK 9 

5Shandong Hi-speed Group Co., Ltd, Jinan 250002, China 10 

Abstract: Subgrade construction is frequently interrupted due to the precipitation, soil shortage and environmental 11 

protection. Therefore, increasing the thickness layer is necessitated to reduce construction costs and allow highways 12 

to be placed into service earlier, thus reducing the required operating time and fuel consumption, which implies 13 

lower costs and environmental impact. This paper presented a series of full-scale field experiments to evaluate the 14 

compaction quality of gravel subgrade with large thickness layers of 65 cm and 80 cm via heavy vibratory rollers. 15 

Improved sand cone method was first proposed and calibrated to investigate the distributions of soil compaction 16 

degree along the full subgrade depth. Dynamic soil stresses, accumulative settlement, indicators of subgrade bearing 17 

capacity were measured with the roller passes, and their correlations with compaction degree were then analyzed to 18 

provide criterions to evaluate the compaction quality. Results showed that dynamic soil stresses caused by the heavy 19 

vibratory rollers were 2.4~5.9 times larger than those of traditional rollers, especially at deeper depths, which were 20 

large enough to densify the soils in the full depth. A unified empirical formula was proposed to determine the vertical 21 

distribution of dynamic soil stresses caused by roller excitation. It was demonstrated that soils were effectively 22 

compacted in a uniform fashion with respect to the full depth to 96%~97.2% and 94.1%~95.4% for the large 23 

thickness layers of 65 cm and 80 cm within limited 6~7 passes. Moreover, heavy roller compacted subgrade with 24 

large thickness layers had equivalent even better bearing capacity than that of conventional compaction thickness. 25 

Empirically linear formulae were finally established between soil compaction degree and subgrade reaction modulus, 26 

dynamic modulus of deformation, dynamic deflection and relative difference of settlement to conveniently evaluate 27 

the compaction qualities. Therefore, increasing thickness layer via heavy rollers could significantly reduce the cost 28 

and time burdens involved in construction while ensuring overall subgrade quality. 29 

Key words: Highway subgrade; Heavy vibratory roller; Thickness layer; Dynamic soil stress; Compaction degree; 30 

Compaction quality control 31 
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1 Introduction 33 

Subgrade should have sufficient compaction degree and bearing capacity to support the upper 34 

structures and vehicles. However, the subgrade construction is frequently interrupted due to the 35 

precipitation, soil shortage and environmental protection in China. Consequently, the remaining 36 

time is quite limited for the subgrade engineering which is commonly compacted in layers with 30 37 

cm thick or less. Therefore, it is imperative to accelerate the construction schedule of subgrade 38 

engineering. Although rollers of more than 30 tons have gradually been utilized in the field work, 39 

making it possible to compact soil layers thicker than 30 cm, efficient technologies and credible 40 

detection methods are still ambiguous to guarantee the soil compaction quality of the full depth of 41 

subgrade. 42 

To increase the thickness layer of subgrade compaction, construction machineries with large 43 

excitation force were first manufactured. Kim et al. (2016) inferred that the impact rollers seemed 44 

to have more potential for use in final compaction of thicker layers. Through rapid impact 45 

construction (RIC), Mohammed et al. (2013) found that the compaction degree of silt sand was 46 

improved from 45% to 70% with the maximum thickness of 5.0 m. Ghanbari et al. (2014) showed 47 

that RIC strongly improved the soil up to 2 m in depth and commonly influenced the soil up to 48 

depths of 4 m. However, RIC method generates discrete tamping points, which is difficult to ensure 49 

the uniformity of subgrade compaction. Xu et al. (2013) validated the performance of the IR 50 

technology, in order to compact subgrade continuously, impact roller compaction (IRC) was 51 

successfully applied to subgrade compaction due to the larger impact force. Although the IRC 52 

method is capable to compact deeper soils, the compaction degree of soils within the upper 0.5 m is 53 

always non-uniform. Chen et. al. (2021) validated the developed numerical scale model against a 54 

field study using the full-size Rolling dynamic compaction (RDC) module. Nowadays, heavy-55 

weight (more than 26 tons) vibratory roller compaction (VRC) has been widely used in subgrade 56 

construction. With larger eccentric force and deeper reinforcement depth, it is possible to compact 57 

subgrade with greater thickness layer. Mooney et. al. (2007) pointed out that the influencing depth 58 

of VRC was affected by soil stiffness and the coupled dynamic effect of roller and soil. Moreover, 59 

Wersaell et al. (2013) conducted 85 small-scale tests and found that there was a distinct frequency 60 

dependence, implying a significantly improved compaction effect close to the compactor–soil 61 

resonant frequency. Wersaell et al. (2017) conducted a full-scale test and found that lower 62 

compaction frequency significantly reduced the required engine power and thus fuel consumption 63 

and environmental impact, while increasing the lifespan of the roller. Wersaell et al. (2018) 64 

confirmed that the lower frequency was more efficient for compaction and that utilizing resonance 65 

in the roller-soil system could reduce the number of passes. Moreover, Wersaell et al. (2020) 66 

proposed that crushed gravel of 100 cm thick could be dramatically better compacted by vibratory 67 

roller under the resonant frequency of the coupled compactor-soil system, while the efficiency 68 

increased by about 20%. Chen et al. (2019) studied the construction technology of rock materials 69 

using a roller of 32 tons and pointed out that it was effectively compacted within the depth of 90 70 
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cm. Furthermore, the automatic frequency conversion compaction technology was successfully 71 

applied on the construction site, and a vibratory roller of 20.9 tons could effectively reinforce 72 

crushed rock of 1 m.  73 

Since the maximum detection thickness of compaction degree is less than 400 mm as stipulated 74 

in the Chinese specification (JTG 3450- 2019), it is necessary to propose a reliable testing method 75 

to suit the large thickness layer. Cui (2010) found that the pore pressure and soil stress were 76 

stabilized with the number of compactions, and correlated well with the compaction state. Xu (2021) 77 

combined the geological radar with sand filling method, and detected the compaction state along 78 

the depth. Based on the analysis of dynamic impact and vibration waves, Zhang et al. (2021) 79 

proposed that the layered interface settlement (LIS) of subgrade changed significantly at the 80 

bounded depth of 0.9m. Li at al. (2020) proposed that the resistivity method could be used for 81 

moisture detection, while the polarizability method was suitable for compaction measurement. Yuan 82 

et al. (2020) conducted the electrical measuring in laboratory and found the exponential/logarithmic 83 

relationship among the water content, compaction degree or the polarizability. Generally, falling 84 

weight deflectometer (FWD) system could reflect the compaction state of soil by measuring its 85 

impact load and the deflection of the plate. Sulewska (2012) pointed out that the compaction degree 86 

of non-cohesive soil could be well detected by the light falling weight deflectometer (LFWD) 87 

method. Furthermore, Vennapusa et al. (2009) provided a review of basic principles, different 88 

manufacturer LWD equipment. Fujyu et al. (2004) introduced the techniques used in the load and 89 

the deflection measurements in the FWD-light system. Vennapusa et al. (2012) proposed that the 90 

influence depth of Falling Weight Deflectometer (FWD) and Light Weight Deflectometer (LWD) 91 

were 60 cm and 30 cm, respectively.  92 

Current researches were mainly focused on the construction technology of VRC and the 93 

measurement of modulus or deflection at subgrade surface. Although the VRC method could 94 

increase the subgrade thickness layer, the uniformity of the compaction degree along subgrade depth 95 

was rarely evaluated as well as its relationships with other indices. In this paper, a series of full-96 

scale field experiments were carried out on the thickness layers of 65 cm and 80 cm with heavy 97 

roller compaction, in comparison to the traditional thickness layer of 30 cm. The sand cone method 98 

was improved to determine the soil compaction degree for the full subgrade depth. Soil pressure 99 

sensors were embedded at different depths to record the dynamic soil stresses caused by moving 100 

rollers. An empirical formula was proposed to determine the distribution of dynamic soil stresses 101 

along soil depths. In order to assess the compaction quality, the subgrade settlement (S), subgrade 102 

reaction modulus (K30), dynamic modulus of deformation (Evd) and dynamic deflection (L) were 103 

also measured after each roller pass. Relationships between these indices were further analyzed to 104 

reliably evaluate the effects of heavy roller compaction on large thickness layer of subgrade. 105 

2 Full-scale field experiment 106 

2.1 Materials 107 

To evaluate the influence of thickness layer on the compaction effect of the subgrade soil, a full-108 
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scale field experimental program was designed and tested in the Weifang-Qingdao Expressway in 109 

Shandong Province, China. Sieve tests were carried out to determine the particle distribution 110 

characteristics of the subgrade filling material as shown in Fig. 1. The filling material was poor-111 

graded gravel (GP) with coefficient of uniformity Cu=107.7 and coefficient of curvature Cc=0.15.  112 

Due to the dimension limitation of the testing tube relative to the maximum particle size of the 113 

filling material, the maximum dry density (bulk density) was determined by the similar gradation 114 

method with four different particle-size ratios of 2, 3, 6 and 12 as specified in the Chinese Standard 115 

of Test Methods of Soils for Highway Engineering (JTG 3430-2020). Each group of the dry filling 116 

material was prepared by the vibration compaction method to reach its maximum dry density as 117 

shown in Fig. 2(a) according to the Standard. Then a logarithmic formula could be fitted based on 118 

the experimental values of the maximum dry density with four different particle-size ratios. Based 119 

on this empirical formula as shown in Fig. 2(b), the maximum dry density of the field filling material 120 

was determined to be 2.216 g/cm3 as the particle-size ratio equal to 1.0. 121 
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Fig. 1 Particle distribution characteristics of the subgrade filling 123 
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 124 
(a) Surface vibration compaction instrument               (b) Similar gradation method 125 

Fig. 2 Maximum dry density test of the subgrade filling 126 

2.2 Program of full-scale field experiment 127 
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The full-scale field experiment was carried out in three test sections with different thickness 128 

layers. Two large thickness layers of 65 cm (TS-65) and 80 cm (TS-80) were selected to evaluate 129 

the subgrade compaction quality, and the conventional thickness layer of 30 cm (TS-30) was used 130 

as the control group. Each test section was 200 m long and 50 m wide, which was compacted with 131 

the same subgrade filling material (GP). Two types of smooth-drum vibration rollers (XuGong 132 

XS263J and ZhongDa YZ362) were adopted to optimize the compaction technology combination. 133 

The main roller technical parameters are shown in Table 1. The total weight of the XuGong XS263J 134 

roller is 26 t with a drum width of 3.28 m, which can provide vibration frequencies of 27 Hz and 32 135 

Hz, corresponding to the exciting forces of 290 kN and 405 kN. The roller of ZhongDa YZ362 has 136 

a large-tonnage weight of 36 t with a drum width of 3.4 m. Since this roller is equipped with the 137 

stepless frequency modulation hydraulic system, it can provide vibration frequencies from 0 to 28 138 

Hz. During the field compaction, two commonly used frequencies of 21 Hz and 24 Hz were selected 139 

to output 500 kN and 700 kN excitation force, respectively.  140 

Table 1 Main roller technical parameters 141 

Parameter 
Value 

XuGong XS263J ZhongDa YZ362 

Total operation mass (kg) 26000 36000 

Static load (N/cm) 582 1040 

Excitation frequency (Hz) 27/32 0~28 

Excitation amplitude (mm) 1.9/0.95 2.0 

Eccentric force (kN) 405/290 360~800 

Drum width (mm) 3280 3400 

In order to satisfy the required thickness layer of each compaction layer, the volume of subgrade 142 

filling material was first estimated per unit grid of 1 m×1 m. Therefore, the test section was gridded 143 

and filled with the required volume of subgrade filling material. Steel bars were embedded around 144 

the boundaries of the subgrade as a reference to the target thickness, which was implemented by the 145 

grader machine. The rolling process was then carried out to compact the subgrade filling material 146 

with certain excitation forces and rolling passes. Table 2 lists detailed compaction parameters of the 147 

three test sections. For the cases of TS-65 and TS-80, the soil layer was first pre-compacted by a 148 

XS263J Roller to provide a relatively firm working surface, otherwise the roller with higher 149 

excitation force was likely to be trapped in the thick uncompacted soil layer. Then the soil layer was 150 

compacted by two passes of YZ362 Roller of 700 kN, followed by two passes and three passes of 151 

500 kN excitation forces for the TS-65 and TS-80 at the speed of 1.0 m/s, respectively. For 152 

comparison, the soil layer of TS-30 was first compacted by two passes of YZ362 Roller of 500 kN, 153 

followed by three passes of XS263J Roller of 290 kN. Finally, the rolling surface was flattened by 154 

the grader machine and complementally compacted by XS263J Roller without vibration.  155 

Table 2 Compaction process of each test section 156 

Test 

Section 

Thickness 

layer 
1st Pass 2nd Pass 3rd Pass 4th Pass 5th Pass 6th Pass 7th Pass 
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TS-65 65 cm 

XS263J 

Roller 

0 Hz/ 

260 kN 

YZ362 

Roller 

700 kN/ 

24 Hz 

YZ362 

Roller 

700 kN/ 

24 Hz 

YZ362 

Roller 

500 kN/ 

21 Hz 

YZ362 

Roller 

500 kN/ 

21Hz 

XS263J 

Roller 

0 Hz/ 

260 kN 

- 

TS-80 80 cm 

XS263J 

Roller 

0 Hz/ 

260 kN 

YZ362 

Roller 

700 kN/ 

24 Hz 

YZ362 

Roller 

700 kN/ 

24 Hz 

YZ362 

Roller 

500 kN/ 

21 Hz 

YZ362 

Roller 

500 kN/ 

21 Hz 

YZ362 

Roller 

500 kN/ 

21 Hz 

XS263J 

Roller 

0 Hz/ 

260 kN 

TS-30 30 cm 

YZ362 

Roller 

500 kN/ 

21 Hz 

YZ362 

Roller 

500 kN/ 

21 Hz 

XS263J 

Roller 

405 kN/ 

27 Hz 

XS263J 

Roller 

405 kN/ 

27 Hz 

XS263J 

Roller 

405 kN/ 

27 Hz 

XS263J 

Roller 

0 Hz/ 

260 kN 

- 

Soil pressure caused by rollers is considered as a direct parameter to reflect the compaction 157 

influencing depth. During rolling compaction, dynamic soil stresses along the layer depth were 158 

measured by soil pressure transducers, which were calibrated in laboratory before installation in the 159 

full-scale field experiment. Fig. 3 illustrates the configurations of the embedded soil pressure 160 

transducers at different depths with a spacing of 0.5 m in the longitudinal direction. As shown in 161 

Fig. 4, the periphery of soil pressure transducers was filled with compacted standard sand to 162 

uniformly transmit the roller induced dynamic soil stresses. A data acquisition instrument was 163 

adopted to record the time-history information of dynamic soil stresses with the sampling frequency 164 

of 1000 Hz. 165 

 166 
Fig. 3 General view of test sections: cross section and longitudinal section 167 
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 168 

Fig. 4 Installation of soil pressure transducers 169 

In order to assess the compaction quality, the subgrade settlement (S), compaction degree (K), 170 

subgrade reaction modulus (K30), dynamic modulus of deformation (Evd), and dynamic deflection 171 

(L) of each compacted layer were measured after each roller pass, respectively. The test methods, 172 

formulae, type of instrument and boundary requirements of S, K and L refer to the Chinese 173 

specification (JTG 3450- 2019), while those of K30 and Evd refer to the Chinese specification (TB 174 

10751 - 2018). The compactness tests for each compacted layer were conducted with an improved 175 

sand cone method. Details about the improved sand cone method are described in the attachment. 176 

In order to investigate the distribution of soil compactness along the compacted layer for the 177 

thickness layers of 65 cm and 80 cm in the field experiments, the sand cone tests were conducted at 178 

three different depths of the compacted layer for each roller pass, i.e., the upper layer (0~1/3 depth 179 

from the compacted layer surface), middle layer (1/3~2/3 depth) and bottom layer (the remaining 180 

1/3 depth from the compacted layer bottom). Fig. 5 illustrates the test procedures of the sand cone 181 

method. To facilitate the field measurement, the soil compactness at three different depths was 182 

implemented within the same testing pit. And the soil compactness can be calculated by the 183 

following formulae: 184 

𝐾i =
𝑚fd,i

𝑚s,i

𝜌s,i
−
𝑚s,i−1

𝜌s,i−1

⋅
1

𝜌d,max
× 100%                         (1) 185 

𝑚s,0 = 0                                     (2) 186 

where i = 1, 2 and 3, represents the upper, middle and bottom layer, respectively; 𝒎𝐟𝐝,𝐢 is the dry 187 

mass of the subgrade filling at ith layer; 𝝆𝐝,𝐦𝐚𝐱 is the maximum dry density of the subgrade filling; 188 

𝒎𝐬,𝐢 is the mass of falling sand at ith layer; 𝝆𝐬,𝐢 is the density of falling sand at ith layer, which is 189 

detailed in the attachment. 190 
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 191 
Fig. 5 Test procedures of the sand cone method in the field experiment 192 

The static rigidity of the compacted subgrade was evaluated by the subgrade reaction modulus 193 

K30 via a rigid plate of 30 cm in diameter as shown in Fig. 6(a). The applied stress and induced 194 

displacement were recorded during the staged loading. And the K30 value was determined by the 195 

applied stress by the following formula: 196 

𝐾30 =
𝜎s

∆𝑙
                                  (3) 197 

where 𝜎s is the applied stress on the rigid plate corresponding to the displacement of 1.25 mm, 198 

MPa; ∆𝑙 is the displacement valued 1.25 mm here. Besides, the dynamic rigidity of the compacted 199 

subgrade was further evaluated by the dynamic deflection L using the Falling Weight Deflectometer 200 

(FWD, see Fig. 6(b)) and the dynamic modulus of deformation using the Portable Falling Weight 201 

Deflectometer (PFWD, see Fig. 6(c)). 202 

 203 

(a) K30 test                    (b) FWD test              (c) PFWD test 204 

Fig. 6 In situ measurement 205 

3 Test Results and Analysis 206 

3.1 Dynamic soil stress  207 

Typical time history and frequency spectrum curves of measured dynamic soil stresses caused by 208 

the moving roller are illustrated in Fig. 10, taking the YZ362 Roller vibrating at 24 Hz at the depth 209 
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of 37 cm as an example. Two main peaks in Fig. 7(a) correspond to the vibratory drum and the 210 

followed non-vibratory wheel, with the maximum values of 0.46 MPa and 0.07 MPa, respectively. 211 

Considering the peak value of 24 Hz from the frequency spectrum analysis in Fig. 7(b), it can be 212 

found that the compaction energy is mainly contributed from the drum vibration rather than its static 213 

weight.  214 
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 (a) Time history curve                        (b) Frequency spectrum curve 216 

Fig. 7 Dynamic soil stress caused by moving roller 217 

Fig. 8 presents the maximum dynamic soil stresses at different depths with the number of roller 218 

passes. For the test section TS-65 with thickness layer of 65 cm as shown in Fig. 8(a), the maximum 219 

dynamic soil stress at the depth of 15 cm increased from 0.50 MPa to 1.18 MPa, caused by the static 220 

compaction of 260 kN (by XS263J Roller) and dynamic compaction of 700 kN (by YZ362 Roller 221 

at 24 Hz) in the first two passes, respectively. Then the maximum dynamic soil stress decreased to 222 

0.91 MPa and 0.55 MPa as the exciting force reduced to 500 kN (by YZ362 Roller at 21 Hz) and 223 

260 kN (by XS263J Roller). It is obviously indicated that increased drum weight and vibratory 224 

frequency resulted in larger dynamic soil stresses. Besides, the dynamic soil stresses were observed 225 

to increase by 8.54% and 4.47% for the second compaction at the exciting forces of 700 kN and 500 226 

kN, indicating that soils became densification to support more loads. Similar phenomenon also 227 

appeared in other soil depths as well as in the test section TS-80 with thickness layer of 80 cm as 228 

shown in Fig. 8(b). The maximum dynamic soil stresses at the depth of 18 cm were 0.46 MPa, 1.19 229 

MPa and 0.89 MPa as the exciting forces varied from 260 kN to 700 kN and 500 kN consecutively. 230 

Increased roller passes led to the increments of dynamic soil stresses by 7.87% and 8.46% at the 231 

exciting force levels of 700 kN and 500 kN, respectively. 232 
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(a) TS-65                                (b) TS-80 234 

Fig. 8 Maximum dynamic soil stresses under different exciting forces 235 

To further investigate the influencing depths of roller compaction, Fig. 9 presents the distributions 236 

of dynamic soil stresses along subgrade layers at different exciting forces. It can be found that 237 

dynamic soil stresses caused by the heavy vibratory rollers were 2.4~5.9 times larger than those of 238 

traditional rollers of 260 kN, especially at deeper depths. Dynamic soil stresses attenuated fast in 239 

the upper depth of 0.4~0.45 m, and then decreased slowly along subgrade depths. Although dynamic 240 

soil stresses reduced to only 0.032~0.107 MPa at the bottom of the compaction layer, they always 241 

located above the line of self-weight stress as shown in Fig. 9(a), which helped to ensure that the 242 

energy propagated by the vibratory roller penetrated through the entire thickness layer. It is stated 243 

that when dynamic soil stresses are lower than 20% of the subgrade self-weight stress, soils present 244 

almost elastic behavior and don’t generate plastic deformation. On the contrary, subgrade soils could 245 

be densified in the full depth by all the three exciting forces. Meanwhile, dynamic soil stresses 246 

decreased from 0.50 MPa to 0.091 MPa within the depth of 0~0.45 m, with the reduction of almost 247 

81.8% for the test section of TS-65. When the roller vibratory frequency increased to 21 Hz and 24 248 

Hz with the exciting forces of 500 kN and 700 kN, dynamic soil stresses decreased from 0.91 MPa 249 

and 1.18 MPa to 0.19 MPa and 0.22 MPa with the reduction of 79.1% and 81.4%, respectively. It 250 

is interesting to notice that the attenuation rates of dynamic soil stresses were approximately similar 251 

for different exciting forces.  252 

Fig. 9(b) shows the normalized stress 𝝈 𝑷⁄  decaying with subgrade depth, which presents 253 

independent relationship with the exciting forces. When the drum moves along the subgrade surface, 254 

the interface could be approximately assumed as a rectangular load with a length of 240 cm (l) and 255 

width of 15 cm (b). The Boussinesq’s model is used to describe the distribution of dynamic soil 256 

stress as shown in Eq. (4) and Fig. 9(b). Since the surface pressure by the drum is distributed 257 

nonuniformly and the limited compaction thickness dose not satisfy the assumption of semi-infinite 258 

space, a dynamic stress attenuation coefficient k is introduced here to modify the Boussinesq’s 259 

equation to describe the dynamic soil stress caused by roller loading: 260 

𝝈𝐳

𝑷
(𝒛) = 𝒌 ⋅

𝟏

𝟐𝝅𝒃𝒍
⋅ [

𝒎𝒏

√𝟏+𝒎𝟐+𝒏𝟐
⋅ (

𝟏

𝒎𝟐+𝒏𝟐
+

𝟏

𝟏+𝒏𝟐
) + 𝒂𝒓𝒄𝒕𝒈(

𝒎

𝒏√𝟏+𝒎𝟐+𝒏𝟐
)]          (4) 261 
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where, m=l/b, n=z/b. The lower and upper boundaries of dynamic soil stresses are provided at 262 

k=1.07 and 1.17 based on the 95% confidence analysis as shown in Fig.9 (b), which presented a 263 

good correlation with measured data. 264 
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(a) Absolute values of dynamic soil stress                (b) Normalized soil stress 266 

Fig. 9 Distributions of dynamic soil stresses along subgrade layers  267 

3.2 Compaction degree and settlement 268 

Since the thickness layers of 65 cm and 80 cm were much larger than the traditional compaction 269 

layer, it is important to investigate the uniformity of compaction degree along the full subgrade 270 

depth. Based on the improved sand cone testing, Fig. 10 illustrates the results of compaction degree 271 

at three different layers for both TS-65 and TS-80, i.e., upper layer (first 1/3 depth), middle layer 272 

(middle 1/3 depth) and bottom layer (last 1/3 depth). Generally, soils were effectively compacted in 273 

a uniform fashion with respect to the full depth to 96%~97.2% and 94.1%~95.4% for the large 274 

thickness layers of 65 cm and 80 cm within limited 6~7 passes. However, the compaction degree at 275 

different soil depths exhibited quite different development characteristics with roller passes. For the 276 

test section of TS-65, it can be found that soils at the middle and bottom layers were densified 277 

quickly from initial values of 78.4%~78.5% to 93%~93.5% during the first three passes, especially 278 

under the exciting force of 700 kN. Then their compaction degree increased slowly to 96%~97.2% 279 

during the last three passes, where the compaction degree of the middle layer was 1.2% larger than 280 

that of the bottom layer. Although the dynamic soil stresses at the upper layers were much larger 281 

than those at deeper depths, the growth of soil compaction degree at upper layers lagged behind that 282 

at deeper subgrade depths, which kept linear increasing trend to 87.1% during the first three passes 283 

and then to 96.8% during the last three passes. It can be inferred that the dynamic stress level of 284 

0.19 MPa at the bottom of thickness layer of 65 cm, caused by the exciting force of 500 kN, had the 285 

ability to compact soils to the desired compaction degree up to 96%. While for the upper layers, 286 

rollers with 260 kN exciting forces could compact soils to the desired compaction degree, which 287 

was consistent with the results of the test section of TS-30 by the traditional rollers. Moreover, soils 288 

at upper layers were difficult to be densified until the deeper layers were rigidly compacted. This 289 

phenomenon is similar to the compaction of hot asphalt mixtures introduced by Yan et al. (2021). 290 
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Therefore, it is important to provide enough support from the bearing layer before carrying out 291 

subgrade compaction.  292 

In contrast, the growth characteristic of compaction degree of three different depths were 293 

approximately synchronous for the test section of TS-80, where the values of compaction degree 294 

increased quickly to 88.6%~90.3% during the first three passes under the exciting force of 700 kN 295 

and then grew slowly to 94.1%~95.4% during the three passes of 500 kN and one pass of 260 kN. 296 

Although the dynamic soil stresses at the upper and middle layers were close for sections of TS-65 297 

and TS-80, the stress value at the bottom of TS-80 was only 0.079 MPa, about half of that for TS-298 

65, which led to the corresponding compaction degree 1.9% lower than that of TS-65. Such 299 

insufficient compaction at the bottom layer further resulted in the relatively lower compaction 300 

degree at shallower depths. If the thickness layer increased larger than 80 cm, the full depth of 301 

subgrade might not be densified to the desired compaction degree.  302 
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Fig. 10 Compaction degree of each layer with roller passes 304 

The elevation measuring points were arranged every 5 m×20 m spacing in the test sections. Fig. 305 

11 illustrates the accumulative settlement (S) and the relative difference (RD) of settlement between 306 

adjacent roller passes for test sections of TS-30, TS-65 and TS-80. The accumulative settlement 307 

presented an exponential growth trend, and their final values were 51.92 mm, 112.72 mm and 129.4 308 

mm after 7, 6 and 7 roller passes for those three test sections. Considering the initial thickness layers 309 

of 30 cm, 65 cm and 80 cm, the coefficients of loose paving were determined to be 1.21, 1.21 and 310 

1.19 in sequence. Larger coefficients represented better compaction quality for the same loose-311 

paving subgrade. Therefore, the compaction effects of TS-30 and TS-65 were slightly better than 312 

that of TS-80, which was consistent with the results of compaction degree as shown in Fig. 10. 313 

Meanwhile, the relative difference (RD) of settlement decreased gradually with the roller passes, 314 

which was always considered as an index of stopping rolling with a critical value of 5 mm. 315 

According to this criterion, the recommended roller passes seemed to be 5, 4 and 5 for the thickness 316 

layers of 30 cm, 65 cm and 80 cm. However, the actual proper roller passes should be 5 and 6 based 317 

on the results of compaction degree as shown in Fig. 10. Therefore, for the subgrade filled with such 318 

poor-graded gravel (GP), the critical value of RD should be adjusted to 4 mm to satisfy the soil 319 
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compaction degree along the full subgrade depth. 320 
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Fig. 11 Accumulative settlement and relative difference of settlement 322 

3.3 Bearing capacity of compacted subgrade 323 

Subgrade reaction modulus K30 is commonly used to evaluate the static bearing capacity of 324 

compacted soils. Fig. 12 plots the measured subgrade reaction modulus with roller passes for two 325 

large thickness layers in comparison to the conventional thickness of 30 cm. The K30 values 326 

increased approximately linearly with the roller passes, which reached about 188.2 MPa/m after six 327 

passes in TS-65 and 157.9 MPa/m after seven passes in TS-80, respectively. Since soils experienced 328 

better compaction in TS-65 than TS-80 as illustrated in Fig. 10, they presented stronger static 329 

bearing capacity in TS-65. As a contrast, the K30 value of TS-30 was about 160.7 MPa/m after seven 330 

passes, which was similar to that of TS-80. It can be inferred that heavy roller compacted subgrade 331 

with large thickness layers of 65 cm and 80 cm had equivalent even better static bearing capacity to 332 

that of conventional compaction thickness. Therefore, increasing thickness layer via heavy rollers 333 

is effective to replace the conventional technology to accelerate the construction earthworks.  334 
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Fig. 12 Subgrade reaction modulus (K30) 336 

Dynamic modulus of deformation Evd is considered as an indicator to evaluate the dynamic 337 

bearing capacity of subgrade. Fig. 13 gives the measured dynamic modulus of deformation with 338 

roller passes for the three thickness layers. The Evd values also increased approximately linearly 339 

with the roller passes as that of the K30 indicator, which finally reached about 62.8 MPa, 57.7 MPa 340 
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and 67.3 MPa for TS-65 (six passes), TS-80 (seven passes) and TS-30 (seven passes), respectively. 341 

Different from the subgrade reaction modulus as shown in Fig. 12, the dynamic modulus of 342 

deformation of TS-65 was close to that of TS-30, both of which were larger than the values of 80 343 

cm thick subgrade. Actually, the compacted subgrade exhibited high dynamic bearing capacities 344 

according to the criterions of 40 MPa required for the subgrade in high-speed railways.  345 
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Fig. 13 Dynamic modulus of deformation (Evd) 347 

The dynamic deflection L is the currently used acceptance indicator in highway subgrade. Fig. 348 

14 presents the calculated dynamic deflection based on the Falling Weight Deflectometer (FWD) 349 

test, which decreased linearly to about 1.453 mm, 1.561 mm and 1.447 mm for TS-65, TS-80 and 350 

TS-30, respectively. According to the designed demand of 1.764 mm, the recommended roller 351 

passes would be 5, 6 and 6 for the thickness layers of 65 cm, 80 cm and 30 cm, which were in 352 

complete agreement with the results of compaction degree as shown in Fig. 10. Therefore, the 353 

indicator of dynamic deflection is more reliable to evaluate the compaction quality for large 354 

thickness layers than the indicators of subgrade reaction modulus and dynamic modulus of 355 

deformation.  356 
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 357 
Fig. 14 Dynamic deflection based on the FWD test 358 

3.4 Relationships between compaction degree and testing indicators 359 

Although the compaction degree is the design index to directly judge the compaction quality, it 360 

is quite time-consuming to operate in the field measurement, especially for the subgrade with large 361 
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thickness layers. Therefore, to establish the relationships between compaction degree and testing 362 

indicators, such as subgrade reaction modulus K30, dynamic modulus of deformation Evd, dynamic 363 

deflection L and relative difference of settlement RD, will be practical and convenient for the 364 

evaluation of roller compactions. Fig. 15 plots the relationships between soil compaction degree and 365 

these testing indicators for thickness layers of 65 cm and 80 cm, which could be empirically 366 

expressed by the following linear formulae as Eqs. (5)- (12).  367 

Thickness layer of 65 cm:  𝑲𝟑𝟎 = 𝟐𝟎.𝟕𝟗 ± 𝟐. 𝟒𝟗𝑲− 𝟏𝟖𝟐𝟔.𝟕𝟏 ± 𝟐𝟑𝟒. 𝟑𝟗,𝑹𝟐 = 𝟎. 𝟗𝟐𝟏 (5) 368 

𝑬𝐯𝐝 = 𝟑.𝟏𝟏 ± 𝟎. 𝟒𝟗𝑲− 𝟐𝟑𝟖. 𝟓𝟖 ± 𝟒𝟔. 𝟒𝟎,𝑹𝟐 = 𝟎. 𝟖𝟔𝟗     (6) 369 

𝑳 = −𝟏𝟒. 𝟑𝟏 ± 𝟏.𝟖𝟔𝑲+ 𝟏𝟓𝟐𝟕.𝟗𝟑 ± 𝟏𝟕𝟔. 𝟐𝟏,𝑹𝟐 = 𝟎. 𝟗𝟐𝟐 (7) 370 

𝑹𝑫 = −𝟎.𝟕𝟒 ± 𝟎. 𝟎𝟕𝑲+ 𝟕𝟒.𝟐𝟓 ± 𝟔. 𝟐𝟓,𝑹𝟐 = 𝟎. 𝟗𝟓𝟒     (8) 371 

Thickness layer of 80 cm: 𝑲𝟑𝟎 = 𝟏𝟗. 𝟏𝟖 ± 𝟏. 𝟖𝟒𝑲 − 𝟏𝟔𝟖𝟐.𝟑𝟓 ± 𝟏𝟕𝟎. 𝟕𝟓,𝑹𝟐 = 𝟎. 𝟗𝟑𝟐 (9) 372 

𝑬𝐯𝐝 = 𝟑.𝟒𝟒 ± 𝟎. 𝟐𝟐𝑲− 𝟐𝟔𝟗. 𝟓𝟓 ± 𝟐𝟎. 𝟒𝟔,𝑹𝟐 = 𝟎. 𝟗𝟓𝟖     (10) 373 

𝑳 = −𝟐𝟔. 𝟖𝟕 ± 𝟏.𝟖𝟓𝑲+ 𝟐𝟕𝟎𝟓.𝟑𝟔 ± 𝟏𝟕𝟐. 𝟑𝟎,𝑹𝟐 = 𝟎. 𝟗𝟔𝟑 (11) 374 

𝑹𝑫 = −𝟎.𝟓𝟏 ± 𝟎. 𝟎𝟔𝑲+ 𝟓𝟏.𝟑𝟎 ± 𝟓. 𝟑𝟕,𝑹𝟐 = 𝟎. 𝟗𝟎𝟒      (12) 375 

Therefore, according to the designed target of compaction degree at 93%, the corresponding 376 

criterions of K30, Evd, L and RD are 107 MPa/m, 49 MPa, 1.97 mm and 5.1 mm for the thickness 377 

layer of 65 cm, and 122 MPa/m, 50 MPa, 1.92 mm and 3.8 mm for the thickness layer of 80 cm. If 378 

the designed targets of compaction degree increase to 94% or 96%, the corresponding criterions 379 

could also be determined from the proposed empirical formulae. 380 

89 90 91 92 93 94 95 96 97
0

40

80

120

160

200

107 MPa/m

Compaction degree(%)

            Experimental       Fitting

TS-65                      

TS-80        

122 MPa/m

        

K
3

0
（

M
P

a
/m
）

89 90 91 92 93 94 95 96 97
35

40

45

50

55

60

65

            Experimental       Fitting

TS-65                      

TS-80        

Compaction degree(%)

E
v

d
(M

P
a)

        

49 MPa

50 MPa

 381 
(a) K30 versus compaction degree             (b) Evd versus compaction degree 382 
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(c) Dynamic deflection versus compaction degree (d) Relative difference of settlement versus compaction 384 

degree 385 

Fig. 15 Relationships between compaction degree and indicators 386 
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4 Conclusions 387 

Full-scale field experiments were carried out to evaluate the compaction quality of gravel 388 

subgrade with large thickness layers of 65 cm and 80 cm via heavy vibratory rollers. The falling 389 

height in the sand cone test indeed influenced the measured sand density, which would 390 

underestimate the compaction degree at deeper soil depths for large thickness layers. Improved sand 391 

cone method was proposed and calibrated to investigate the distributions of soil compaction degree 392 

along the full subgrade depths. Dynamic soil stresses, accumulative settlement, indicators of 393 

subgrade bearing capacity were also measured with the roller passes, and their correlations with 394 

compaction degree were further analyzed to provide criterions to evaluate the compaction quality. 395 

Accordingly, the following conclusions can be drawn: 396 

(1) Dynamic soil stresses caused by the heavy vibratory rollers at 21 Hz (500 kN) and 24 Hz (700 397 

kN) were much larger than those of traditional rollers of 260 kN. The dynamic soil stresses in 398 

compacted layers could reach 0.19~1.18 MPa and 0.079~1.19 MPa for the thickness layers of 65 399 

cm and 80 cm, which were large enough to densify the soils in the full depth. The attenuation of 400 

normalized stresses along soil depths was found independent on the exciting forces, and a unified 401 

empirical formula was proposed to determine the vertical distribution of dynamic soil stresses 402 

caused by roller excitation.  403 

(2) Soils of the full subgrade depth could be compacted to 96%~97.2% and 94.1%~95.4% for the 404 

large thickness layers of 65 cm and 80 cm, which satisfied the design targets of 93%. However, the 405 

compaction degree at different soil depths exhibited quite different development characteristics with 406 

roller passes, which was mainly contributed to the compactness of deeper layers. Although the 407 

dynamic soil stresses at the upper layers were much larger than those at deeper depths, soils at upper 408 

layers were difficult to be densified until the deeper layers were rigidly compacted for the thickness 409 

layer of 65 cm. In contrast, the growth of compaction degree at three different depths were 410 

approximately synchronous for the thickness layer of 80 cm, but stayed in a relatively lower 411 

compaction state due to the insufficient compaction at the bottom layer. Therefore, it is important 412 

to provide enough support from the bearing layer to better densify the upper subgrade.  413 

(3) Based on the comparisons of subgrade reaction modulus, dynamic modulus of deformation 414 

and dynamic deflection, heavy roller compacted subgrade with large thickness layers of 65 cm and 415 

80 cm had equivalent even better bearing capacity to that of conventional compaction thickness. 416 

Therefore, increasing thickness layer via heavy rollers is effective to replace the conventional 417 

technology to accelerate the construction earthworks. Moreover, the indicator of dynamic deflection 418 

is more reliable to evaluate the compaction quality for large thickness layers than the indicators of 419 

subgrade reaction modulus and dynamic modulus of deformation. 420 

(4) A series of empirically linear formulae were established between soil compaction degree and 421 

subgrade reaction modulus, dynamic modulus of deformation, dynamic deflection and relative 422 

difference of settlement to conveniently evaluate the compaction qualities. Corresponding 423 

compaction criterions of K30, Evd, L and RD were suggested for the designed targets of compaction 424 
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degree at 93% for the thickness layers of 65 cm and 80 cm. It can be concluded that increasing 425 

thickness layer via heavy rollers could significantly reduce the cost and time burdens involved in 426 

construction while ensuring overall subgrade quality. And these relationships are beneficial to the 427 

quality control of intelligent compaction in the future research.  428 
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