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Abstract 10 

The cyclic loading frequency (fcyc) effects on the resilient modulus (Mr) of freezing–thawing coarse–11 

fine mixtures geomaterials (FTCFG) have always been a research hotspot. A series of long–term cyclic 12 

triaxial tests were conducted on FTCFG having different fines content (FC) under different number of 13 

freeze–thaw cycles (NFT) to investigate the effect of fcyc and deviator stress amplitude (qcyc) on the Mr 14 

of FTCFG. The freezing–thawing cyclic was found to improve the Mr of FTCFG. Additionally, Mr of 15 

FTCFG shown an obviously rate–dependent characteristics. Then three kinetic effects (rate effect, 16 

piston effect, and fatigue effect) are discussed in systemically which are related to qcyc, fcyc and moisture 17 

holding capacity (wh). Finally, a rate dependent model of long–term resilient modulus was developed 18 

to predict FTCFG materials’ resilient moduli as a function of qcyc, fcyc and wh. The comparisons between 19 

the calculation and experimental results reveal that the present model describes the Mr of FTCFG well.  20 



KEYWORDS: freezing–thawing cycle; kinetic effect; coarse–fine mixtures; cyclic loading frequency; 21 

rate dependent model 22 

Introduction 23 

Subgrade fillers having different content of fine matrix form the substructure of the high–speed rail. 24 

The coupling effect of freezing–thawing cycle and cyclic loading on the dynamic characteristics of 25 

coarse–fine mixtures geomaterials is a key factor which severely restricts the running speed of high–26 

speed railway in cold regions. The resilient modulus, Mr, is widely used to characterize the dynamic 27 

performance of coarse–fine mixtures[1–7].  28 

Currently, there are two different effects of number of freeze–thaw cycles (NFT) on the Mr of FTCFG. 29 

On the one hand, freezing–thawing cycles weaken the Mr of FTCFG, and the degree of influence 30 

mainly depends on the moisture content of FTCFG, fine matrix content and compactness of the coarse 31 

grain[8–15]. With the increase of NFT, the Mr of FTCFG tend to stabilize after the test specimen undergoes 32 

10 freezing–thawing cycles. When the fine particle content is less than 1%, the freezing–thawing cycle 33 

has no significant effect on coarse–fine mixtures. On the other hand, it was found that the freezing–34 

thawing cycle has no negative effect on the Mr of FTCFG[16,17]. It was found that the Mr of FTCFG 35 

increases after a freezing–thawing cycle. Moreover, although the strength of coarse–fine mixtures would 36 

decrease significantly after freezing and thawing, part of the water would be discharged, and the strength 37 

of coarse–fine mixtures would recover during thawing[18]. The effect of low frequency (fcyc ≤ 10 Hz) on 38 

the Mr was negligible in studies where the coarse–fine mixtures did not undergo freezing–thawing 39 

cycles[19–22]. But the effect of high frequency (fcyc＞10 Hz) on the Mr was not negligible[23–26]. 40 



Furthermore, a clear influence was observed on the Mr of freezing–thawing geomaterials in studies where 41 

a low frequency range was simulated, that is, 0.5 Hz ≤ fcyc ≤ 3 Hz[14]. In addition, a proven conclusion 42 

is that the fines contents significantly influenced the Mr of coarse–fine mixtures that did not undergo 43 

freezing–thawing cycles[5–7,27–29]. Although studies on the effects of freezing–thawing cycles on the Mr 44 

of coarse–fine mixtures are really mature[14,30–32], the Mr of FTCFG under high frequency are yet 45 

unknown. 46 

Based on a large number of experimental data and phenomena, a series of phenomenological models 47 

of Mr are proposed. Uzan[33] proposed a model to present the relationship between Mr and confining 48 

pressure and cyclic deviator stress, whereas it does not consider the effect of fcyc on Mr, as it ignores 49 

geomaterials suction. It can be modified only by adopting two stress state variables. Ng and Yung[34] 50 

proposed a semi–empirical equation for shear modulus, G0, of unsaturated geomaterials. The semi–51 

empirical incorporates net confining pressure and matric suction. To completely describe Mr of 52 

unsaturated geomaterials, a model is proposed by employing the advantages of each equation[35]. It can 53 

describe the influence of net stress, cyclic deviator stress and suction on Mr of unsaturated geomaterials. 54 

The rate dependent properties of materials have been widely studied in the fields of concrete and 55 

crystalline metallic materials[36,37]. Since that the FTCFG material is unbound geomaterials, it is very 56 

difficult to control the test under freezing–thawing cyclic and high cyclic loading frequency. Hence, 57 

the effect of cyclic loading frequency on Mr of unbound geomaterials has been poorly considered in 58 

previous phenomenological model, especially for the FTCFG with different fine content (FC) and 59 

suffer long–term cyclic loading.  60 

The purpose of this paper is to put forward a rate dependent prediction model of Mr that is suitable for 61 



FTCFG materials under high cyclic loading frequency. Firstly, four types of specimen were fabricated 62 

by mixing different FC (6% ≤ FC≤ 21%) and coarse particles and undergoing the freezing–thawing 63 

cycle (NFT=10). A series of long–term dynamic triaxial loading tests (5 Hz ≤ fcyc ≤ 20 Hz, 50 kPa ≤ qcyc 64 

≤ 125 kPa) were conducted using the aforementioned specimens. Then, the effects of cyclic loading 65 

frequency on the Mr of FTCFG with different fine contents were systematically analyzed and discussed. 66 

Finally, a rate dependent model of long–term resilient modulus was developed to predict FTCFG 67 

materials’ resilient moduli as a function of qcyc, fcyc and wh.  68 

Materials and methodology 69 

Material properties 70 

The materials of the test specimens were obtained from the subgrade of the Harbin–Dalian high–speed 71 

railway after operation. The maximum fine matrix content of the upper layer of the subgrade was found 72 

to be approximately 21.1%[38]. Therefore, the FC of present test were set as 6%, 11%, 16%, and 21%. 73 

FC2 is the content of fines less than 2 mm, which is used to calculate the water–holding moisture 74 

content (wh). Specimen with different FC shown different wh, different optimal water content (wopt), 75 

and different dry density (ρd). All the specimens (Diameter = 100 mm, Height = 200 mm) were prepared 76 

with the same total water content (w=6.19%) and dry density (ρd =2.12Mg/m3). Table 1 lists the details 77 

of the experimental materials. Further details regarding the specimen preparation were displayed in our 78 

early work[14].  79 

Table 1. Summary of materials 80 

Features Information 

FC, % 6 11 16 21 

FC2, % 27.79 32.10 35.81 39.40 

wh, % 21.01 19.31 17.35 15.71 



wopt, % 5.94 6.19 7.51 8.49 

ρd, Mg/m3 1.798 1.895 1.956 2.012 

Fig. 1 shows the gradation curve of the specimens and the results of XRD test. According to previous 81 

research, the specimen would attain a stable state after undergoing 10 freezing–thawing cycles[14]. 82 

Therefore, we focused on the specimens that underwent 10 freezing–thawing cycles at present test. 83 

Further details regarding the freezing–thawing cycle of the specimen are stated in Tian[14].  84 
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Figure 1. Grain size distribution of the samples: (a) focusing on the grain size more than 0.075 mm; (b) focusing on 87 

fines matrix and showing the XRD test results  88 

Test equipment  89 

The tests were conducted using the temperature controlled dynamic and static triaxial equipment of 90 



Harbin Institute of Technology’s college of civil engineering, as illustrated in Fig. 2. The major technical 91 

parameters of the test equipment are as follows: the maximum axial force is 50 kN; the maximum 92 

confining pressure is 2 MPa; the operating temperature is -30 – 30 °C; the axial and circumferential 93 

extensometer resolutions are ± 4 mm and − 2.5 to 8 mm, respectively; and the measurement accuracy is 94 

0.5%. The sample size is 100 mm in diameter and 200 mm in height. Further details on the cyclic triaxial 95 

test were displayed in our early work[14]. 96 

 97 
Figure 2. Test equipment 98 

Cyclic triaxial tests 99 

Fig. 3 shows the loading paths in cyclic triaxial tests. Table 2 lists the details of the experimental program. 100 

Characteristic frequencies (fc) have a significant influence on the modulation amplitude of embankment 101 

vibration. The fc was calculated by considering the train speed and the distance of the wheel base[39,40]. 102 

Therefore, four different fcyc (5 Hz, 10 Hz, 15 Hz, and 20 Hz) were considered to simulate the fc caused 103 

by high–speed train operation. The lateral confinement (q3) provided by the track board, Cement Asphalt 104 

(CA) mortar, concrete base, and subgrade bed was mainly in the vicinity of 60 kPa, as indicated by the 105 

Tian[14]
. The qcyc was increased from 50 to 125 kPa, in increments of 25 kPa[14]. For each qcyc, 90,000 106 
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loading cycles were applied. This was considered sufficient for stabilizing the permanent deformation at 107 

the ending cycles of a given stress level[27–29,41]. The total times of load applications is 360 000, which 108 

reflect the long– term cyclic loading.  109 

 110 

Figure 3. Loading paths: (a) focusing on qcyc; (b) schematic diagram of stress path on sample; (c) 111 

focusing on fcyc 112 

Table 2. Summary of cyclic triaxial tests 113 

Test name 

Cycle loading 

frequency, fcyc 

(Hz) 

Freezing–
Thawing 

Cycle, NFT 

Fines matrix 
content, FC 

(%) 

Confining 
pressure, q3 

(kPa) 

Deviator stress 
amplitude, qcyc 

(kPa) 

Number of 

load 

applications, N 

UFT1/FT2 20 0/10 21 

60 50/75/100/125 
90,000*4=360,

000 
FT3/ FT4/ FT5 5/10/15 10 21 

FT6/ FT7/ FT8 20 10 6/11/16 

Resilient modulus results 114 

Fig. 4 presents the relationship between Mr and number of load applications (N). The calculation of Mr 115 

were displayed in our early work[22]. The effect of NFT, fcyc and FC on Mr were shown in Fig. 4(a), (b) 116 

and (c) respectively. Certain fluctuations were observed in the results of the specimens’ Mr in the long–117 

term load applications. Therefore, the mean value (M̅r) and standard deviation of resilient modulus were 118 

calculated for subsequent analysis. The Mr value from the 50 to 150 times, 500 to 1500 times, 5000 to 119 

10000 times and 80,000 to 90,000 times were averaged and shown in Fig. 5(a). In order to analysis the 120 
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effect of qcyc on Mr, the mean value of Mr under each qcyc is calculated and shown in Fig. 5(b), Fig 6 to 121 

Fig 7. The mean value of Mr was denoted as M̅r. 122 
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Figure 4. Relationship between Mr and number of load applications: (a) focusing on the effect of NFT; 124 

(b) focusing on fcyc; (c) focusing on FC 125 



Freezing–thawing cyclic 126 

Figs. 5a and 5b show the variation in the M̅r of the specimens under cyclic loading at a frequency of 127 

20 Hz. After the freezing–thawing cycles of 10 (NFT=10), the M̅r of specimen was larger than that of 128 

the specimen that did undergo freezing–thawing cyclic, thus indicating that the freezing–thawing effect 129 

promoted the resistance to deformation of the coarse and fine matrix mixture geomaterials. With an 130 

increase in the number of cycles of cyclic loading (N), the M̅r of the specimens gradually increased 131 

(as shown in Fig. 5a). This was because the specimen underwent the cyclic compaction process at the 132 

initial stage of loading, which was similar to the results obtained in previous studies[24]. Additionally, 133 

with an increase in qcyc, the M̅r of the specimens decreased significantly, thus indicating that the 134 

increase in qcyc degraded the strength of the coarse and fine mixture geomaterials, as shown in Fig. 5b. 135 
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Figure 5. Relationship between M̅r and N, qcyc: focusing on NFT: (a) focusing on the effect of N; (b) 137 

focusing on qcyc; 138 

Cyclic loading frequency 139 

Fig. 6 shows the variation in the M̅r of the specimens with a fine matrix content of 21%, after 10 140 

freezing–thawing cycles. Although the increase in fcyc (from 5 Hz to 10 Hz) improved the strength of 141 

the specimens, when the loading frequency exceeded 10 Hz, the M̅r of the specimens decreased with 142 



increasing of fcyc (from 10 Hz to 20 Hz). Compared with the loading frequency of 20 Hz, the qcyc has 143 

a certain effect on the strength of the specimens at low fcyc (from 5 Hz to 15 Hz), which is reflected in 144 

that the M̅r  of the specimens increases with the increase of the qcyc (from 50 kPa to 75 kPa). 145 

Furthermore, the strength degradation of the specimen gradually appeared in the third stress amplitude 146 

(qcyc=100 kPa). Low fcyc under low qcyc promoted the compactness of the specimen. Whereas, high fcyc 147 

under high qcyc significantly degraded the strength of the specimen. In addition, the loading frequency 148 

duration of 5 Hz was 4 times that of 20 Hz under the same number of cycles. Therefore, the fatigue 149 

effect on the specimen was reflected in the fourth stage of loading (qcyc=125 kPa), where the strength 150 

deteriorated rapidly. 151 
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Figure 6. Relationship between �̅�r and qcyc: focusing on fcyc 153 

Fine matrix content 154 

Fig. 7 shows the variation in the M̅r of the specimens having different FC (from 6% to 21%), after 10 155 

freezing–thawing cycles under dynamic loading, at a cyclic loading frequency of 20 Hz. The M̅r 156 

increased with the increase in FC indicating that the fine matrix clearly improved the strength of the 157 

specimen. The fine matrix played a significant role in filling the pores of the specimens dominated by 158 

coarse particles, which resulted in the specimen having good compactness. Additionally, with an 159 



increase in qcyc and N, the strength of the specimen deteriorated. However, the strength of the 160 

specimens with higher fine matrix content slightly increased under long–term cyclic loading. This 161 

behavior was similar to that of the coarse and fine mixed interlayer formed in French railways, which 162 

indicated that the relative size of the coarse and fine matrix in the coarse and fine mixed filler has a 163 

crucial influence on the strength of the filler. 164 

40 50 60 70 80 90 100 110 120 130
180

200

220

240

260

280

300

 FC=21%

 FC=16%

 FC=11%

 FC=6%

fcyc=20Hz, NFT=10

M
r,
 M

P
a

qcyc, kPa
 165 

Figure 7. Relationship between M̅r and qcyc: focusing on FC 166 

Discussion 167 

Freezing–thawing effects 168 

There are two different results about the influence of freeze–thaw cycles on M̅r  of coarse–fine 169 

mixtures as mentioned in introduction part. The result of present work is consistent with previous 170 

work[16,17]. To the best of our knowledge, both the rate of freezing–thawing cycle and particle 171 

composition must be considered as key factors contributing to the differences in the aforementioned 172 

research results.  173 

In the present study, the temperature of the specimens throughout the entire freezing–thawing cycle 174 



was continuously tested, as shown in Fig. 8a. The freezing and thawing times of the specimen were 175 

both 6 h. Specifically, the freezing and thawing rates were 10℃/h and 8℃/h, respectively. Table 3 lists 176 

the data of the freezing–thawing cycle temperatures from previous studies[14,42–45]. We observed that 177 

the specimens in the present test underwent a rapid freezing–thawing cycle. In the process of rapid 178 

freezing and thawing, there is a negligible difference in temperature gradient inside the specimen. 179 

Hence the physical process of water migration does not have sufficient time to occur. The state of the 180 

specimen is uniform and stable during the freezing–thawing cycle. This was one of the important 181 

reasons for the present test being different from previous studies; particularly, the rapid freezing–182 

thawing cycle rate did not degrade the strength of the coarse and fine matrix mixture.  183 

Table 3. Summary of freezing and thawing temperature and holding time from previous work 184 

References 
Freezing 

temperature: ℃ 
Freezing time: h 

Thawing 

temperature: ℃ 
Thawing time: h 

Oztas [42] –4/–18 24 5 24 

Wang [43] –15 12 5 12 

Tan [44] –16 12 25 12 

Chang [45] –5 12 20 12 

Tian [14] –20 12 20 12 

Present study –35 6 15 6 



 185 

Figure 8. The process of fine matrix clusters under freezing–thawing cyclic and cyclic loading: (a) 186 

focusing on the temperature change during freezing–thawing, (b) Schematic diagram of fine matrix 187 

clusters filling pores before and after freezing and thawing  188 

Additionally, the coarse particles used in present test were unweathered granite, and there was no 189 

evident initial crack on its surface. Therefore, the coarse particles were not damaged during the 190 

freezing–thawing cycle. The phenomenon of fine matrix clusters in the freezing–thawing cycle was 191 

discussed in detail by examining Fig. 8b. X–ray diffraction (XRD) test results of the fine matrix of the 192 

specimen indicated that it contained a large amount of montmorillonite, albite and minerals which 193 

possessed strong water–holding capacity, as shown in Fig. 1b. Therefore, liquid water and fine matrix 194 

on the surface of coarse particles will be absorbed by the cluster body in the process of repeated 195 

freezing and thawing, thus resulting in an increase of the rate of clusters[38]. The pores formed by the 196 

coarse and fine matrix skeleton were filled with the cluster body, which improved the resistance to 197 

deformation of the specimen. Furthermore, under the condition of a low content of fine matrix, liquid 198 

water was discharged from the bottom of the specimen after 10 freezing–thawing cycles. This was 199 

consistent with the work from previous work, where in the liquid water discharge undoubtedly 200 
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enhanced the strength of the specimen [18]. However, the effect of the liquid water discharge on the 201 

strength of the specimen was much less evident than that of fine matrix clusters filling the pores. The 202 

dynamic loads of the specimens were borne by the coarse–particle skeleton and clusters. Fig. 8b shows 203 

the schematic diagram of the force chain inside the specimen. Therefore, at present work, specimens 204 

with a higher fine matrix exhibited higher strength after freezing–thawing than those with a lower fine 205 

matrix. 206 

Kinetic effects of rate dependent 207 

The strength variation rule of FTCFG under the influence of freeze–thaw cycle is deeply analyzed. 208 

Three kinetic effects of FTCFG materials under the influence of fcyc will be discussed in the next 209 

section. In Fig. 9, the ordinate is the M̅r and FC, and the abscissa includes the fcyc and the wh. Three 210 

typical kinetic effects of FTCFG, namely rate effect, fatigue effect, and piston effect, were observed 211 

under the effect of fcyc. When the fcyc increased from 5 Hz to 10 Hz, the specimen clearly exhibited the 212 

rate effect. The M̅r increased by 14.3%, 9.9%, 4.9%, and 6.8% under the different qcyc, respectively, 213 

and this was consistent with previous work[18]. The rate effect is related to the particle composition and 214 

deformation mechanism[46]. A certain physical and chemical connection was observed at the contact 215 

point of the specimen formed by coarse and fine mixture geomaterials. However, the weak connection 216 

resulted in a constant adjustment of the specimen particle arrangement under dynamic cyclic loading[46]. 217 

When the loading frequency increased in the range below 10 Hz, the adjustment of particle arrangement 218 

could not be fully completed in the short time, and the deformation was not fully developed. Therefore, 219 

theM̅r of the specimens increased with the increase in loading frequency. Additionally, the test results 220 

revealed the fatigue effect on the specimens under long–term dynamic load. The coarse particles were 221 

broken under long–term loading, which led to the destruction of the original stable skeleton and pore 222 

structure of the geomaterials, and the M̅r of the specimen continued to decrease[46]
. 223 



The M̅r of the specimens decreased rapidly with the increase in fcyc (10 Hz ≤ fcyc ≤ 20 Hz). Moreover, 224 

the geomaterials with particle size less than 2 mm demonstrated water holding capacity. The wh of the 225 

specimens with different FC (21%, 16%, 11%, and 6%) were calculated to be 15.7%, 17.35%, 19.31%, 226 

and 21.01%, respectively, as shown in Table 1. Analogously, the M̅r of the specimens having lower 227 

fine matrix content clearly decreased with the increase in wh. The phenomenon of the M̅r decreasing 228 

with the increase in fcyc and wh was described as the piston effect. Under high–frequency cyclic loading, 229 

excessive pore pressure was generated in the specimen. In this situation, if the saturation of the 230 

specimen is higher, the excess pore pressure in the specimen is more difficult to dissipate[47]. The 231 

existence of excess pore pressure leads to the decrease in M̅r  of the specimen, and the same 232 

phenomenon appears in the study of saturated sand[48]. In this study, the threshold value of the loading 233 

frequency that caused the piston effect in the FTCFG was 10 Hz. The test results showed that the effect 234 

of the vibration piston on the deterioration of the specimen strength was stronger than that of the rate 235 

effect on the improvement of the specimen strength. 236 
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Figure 9. Evolution of kinetic effect based on the experimental data: focusing on the effect of fcyc, wh 238 

or FC on �̅�r 239 

Furthermore, the piston effect could cause the capillary water at the bottom of the specimen to migrate 240 

upwards. The specimen was cut from top to bottom into 4 pieces of equal mass, and the water content 241 



(w) of every pieces specimen was tested using the drying method, as shown in Fig. 10. After 10 242 

freezing–thawing cycles, the specimen with a less fine matrix exhibited evidently poor water–holding 243 

characteristics, which led to the water in the specimen accumulating at the bottom of the specimen due 244 

to gravity stress. Contrarily, the specimen with 21% fine matrix content did not demonstrate evident 245 

water field redistribution after 10 freezing–thawing cycles, as shown in Fig. 10a. Additionally, for the 246 

specimen with 21% fine matrix content, the water content at the top of the specimen increased, 247 

compared with that at the bottom, after cyclic loading, as shown in Fig. 10b. Similarly, for the specimen 248 

with a loading frequency of 20 Hz, the water content at the top of the specimen with different fine 249 

matrix contents was higher than that at the bottom, after cyclic loading, as shown in Fig. 10c. Therefore, 250 

the results indicated that the piston effect had a significant effect on the water redistribution in the 251 

specimens. These conclusion are of great significance to practical engineering. 252 
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Figure 10. Variations in specimen height with w in different work conditions (a) focusing on 254 

freezing–thawing cyclic; (b) focusing on FC; (c) focusing on fcyc. 255 

Resilient Modulus Rate Dependent Model 256 

Numerous efforts have been devoted to establish the relationship between Mr and stress level. One of 257 



the most widely used formulations was proposed by Uzan[33] as follows: 258 

𝑀𝑟 = 𝑎 (𝑞1+𝑞2+𝑞3𝑝𝑎𝑡𝑚 )𝑏 ( 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚)𝑐
                                1 259 

where 𝑞1, 𝑞2 and 𝑞3 are principal stresses; qcyc is deviator stress amplitude; 𝑝𝑎𝑡𝑚 is atmospheric 260 

pressure; a, b and c are regression coefficients.  261 

Clearly, Eq. (1) only can descript the effect of initial volume stress and qcyc on 𝑀𝑟 , as it ignores 262 

geomaterials suction, especially for unsaturated geomaterials. A new equation is proposed by Ng[35] to 263 

descript the effect of geomaterials suction as follows: 264 

𝑀𝑟 = 𝑀0 ( 𝑞𝑝𝑎𝑡𝑚)𝑘1 ( 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚)𝑘2 (1 + 𝑠𝑝)𝑘3
                             2 265 

where net mean stress, q, is defined as [(𝑞1+𝑞2+𝑞3)3 − 𝜇a]; s is matric suction (𝜇a − 𝜇w), 𝜇a and 𝜇w 266 

are pore air pressure and pore water pressure, respectively; 𝑝  = 𝑝𝑎𝑡𝑚 ; 𝑘1 , 𝑘2  and 𝑘3  are 267 

regression exponents. 268 

Eq. (2) allows for a smooth transition between an unsaturated geomaterials and a saturated 269 

geomaterials. When matric suction is zero, the fourth term reduces to 1.0. Then this equation can be 270 

applied to determine Mr of a saturated geomaterials from effective confining pressure and cyclic stress.  271 

However, when qcyc approaches 0 (i.e., at very small strains), a very large Mr can be predicted because 272 

the exponent k2 is negative. The second term on the right–hand side of Eq. (3) is optimized to more 273 

accurately evaluate the 𝑀𝑟 under the condition of small stress amplitude. The limitation of Eq. (2) 274 

can be simply overcome by replacing the term ( 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚 ) by (1 + 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚 ). Then, this equation can be 275 

rewritten as Ng[35]: 276 

𝑀𝑟 = 𝑀0 ( 𝑞𝑝𝑎𝑡𝑚)𝑘1 (1 + 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚)𝑘2 (1 + 𝑠𝑝)𝑘3
                        3 277 

According to explore and discuss the experiment results systematically, the influence factors of 𝑀𝑟 278 



of the FTCTG include 𝑓𝑐𝑦𝑐 and 𝑤ℎ except stress level (𝑝, 𝑞𝑐𝑦𝑐). Hence, based on the Eq. (3), a long–279 

term resilient modulus rate dependent model was developed which can consider the complexity of the 280 

nonlinear influence process of 𝑓𝑐𝑦𝑐 and qcyc on 𝑀𝑟 and the advantage of 𝑤ℎ in representing the state 281 

of FTCTG. Eq. (4) is a new expression for the 𝑀𝑟 consisting of stress level (net mean stress and 282 

dynamic stress), cyclic loading frequency and material state parts, and more details about the new 283 

equation of 𝑓(𝑝, 𝑞𝑐𝑦𝑐), 𝑔(𝑓𝑐𝑦𝑐) and ℎ(𝑤ℎ) were displayed in the next section. 284 𝑀𝑟 = 𝑓(𝑝, 𝑞𝑐𝑦𝑐) ∙ 𝑔(𝑓𝑐𝑦𝑐) ∙ ℎ(𝑤ℎ)                             4 285 

where 𝑓(𝑝, 𝑞𝑐𝑦𝑐)  is the equation to express two stress state variables; 𝑔(𝑓𝑐𝑦𝑐)  is the equation to 286 

express the effect of 𝑓𝑐𝑦𝑐  on 𝑀𝑟 ; ℎ(𝑤ℎ)  is the equation to express the effect of water–holding 287 

capacity on 𝑀𝑟. 288 

Dynamic stress level correction function 289 

The first term on the right–hand side of Eq. (4) is systematically improved to evaluate the effect of qcyc 290 

at different loading frequencies on 𝑀𝑟  of FTCFG. Both net mean stress and dynamic stress are 291 

included in Eq. (5), which related to initial volume stress and deviator stress amplitude respectively. 292 

𝑓(𝑝, 𝑞𝑐𝑦𝑐) = 𝑀0 ( 𝑝𝑝𝑎𝑡𝑚)𝑘1 (1 + 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚)𝑘2
                         5 293 

The first term on the right–hand side of Eq. (5) denotes the equation of net mean stress. 𝑀𝑟  is 294 

proportional to the net mean stress at Cam–clay model[35]. In addition, previous work investigated the 295 

relationship between G0 and net mean stress, and the results show that the value of 𝑘1 is between 0.75 296 

and 1[49]. Therefore, To simplify the model parameters, where 𝑘1 = 1, 𝑝𝑎𝑡𝑚 = 1kPa, and 𝑝 = 60kPa.  297 

Then, the second term on the right–hand side of Eq. (5) quantifies the influence of 𝑞𝑐𝑦𝑐  on 𝑀𝑟 . 298 



According to the experiment results and discussion, the second term needs to be optimized to consider 299 

the effect of 𝑓𝑐𝑦𝑐 and loading history on 𝑀𝑟 especially, for long– term cyclic loading application. 300 

When 𝑓𝑐𝑦𝑐 is more than threshold of cyclic loading frequency (𝑓T), the increase of 𝑞𝑐𝑦𝑐 deteriorates 301 

the 𝑀𝑟 of FTCFG significantly. Therefore, the second term on the right–hand side of Eq. (5) can be 302 

used to describe the relationship between qcyc and 𝑀𝑟, as shown in Eq. (6). 303 𝑓(𝑞𝑐𝑦𝑐) = (1 + 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚)𝑘2
                             6 304 

where 𝑘2  is regression exponent, also the exponent 𝑘2  is negative because 𝑀𝑟  decreases with 305 

increasing qcyc. 306 

When 𝑓𝑐𝑦𝑐 is not more than 𝑓T, the increase of 𝑞𝑐𝑦𝑐 has a certain improvement effect on 𝑀𝑟. Since 307 

the 𝑀𝑟  does not increase monotonically with the qcyc, the amplitude–frequency coordination 308 

coefficient ( 𝑘2𝑝  and  𝑘2𝑛 ) and referenced deviator stress amplitude ( 𝑞𝑟𝑒𝑓 ) are introduced to 309 

characterize the strengthening and deterioration effect of the increase of qcyc on the 𝑀𝑟. Therefore, the 310 

second term on the right–hand side of Eq. (5) can be rewritten as follows: 311 

𝑓(𝑞𝑐𝑦𝑐) = (1 + 𝑞𝑐𝑦𝑐𝑝𝑎𝑡𝑚)𝑘2𝑝        𝑞𝑐𝑦𝑐 ≤ 𝑞𝑟𝑒𝑓               7 312 

𝑓(𝑞𝑐𝑦𝑐) = (1 + (𝑞𝑐𝑦𝑐−𝑞𝑟𝑒𝑓)𝑝𝑎𝑡𝑚 )𝑘2𝑛 + 𝑓(𝑞𝑖𝑛𝑖)    𝑞𝑐𝑦𝑐 ≥ 𝑞𝑟𝑒𝑓               8 313 

where amplitude–frequency coordination coefficient, 𝑘2𝑝 should be positive because 𝑀𝑟 increase 314 

with increasing 𝑞𝑐𝑦𝑐 in Eq. (7). Also, 𝑘2𝑛 should be negative because 𝑀𝑟 decrease with increasing 315 𝑞𝑐𝑦𝑐 in Eq. (8); where this term, (𝑞𝑐𝑦𝑐–𝑞𝑟𝑒𝑓), represents the elimination of loading history in Eq. (8); 316 

where 𝑓(𝑞𝑖𝑛𝑖) considers the cumulative effect of low amplitude loading, which is related to 𝑞𝑖𝑛𝑖, as 317 

shown in Eq. (9). 318 𝑓(𝑞𝑖𝑛𝑖) = (1 + 𝑞𝑖𝑛𝑖)𝑑                                  (9) 319 



where d is regression exponents; the exponent d is negative because the cumulative strengthening 320 

effect increase with the 𝑞𝑖𝑛𝑖 of decrease.  321 

The above equation can be illustrated in Figure 11, which shown the effect of 𝑞𝑐𝑦𝑐 on the 𝑀𝑟 of 322 

FTCFG.  323 

0.85

0.90

0.95

1.00

1.05

1.10

0 10 20 30 40 50 60 70
0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30 40 50 60 70 80 90 100 110 120

Eq.(9)Eq.(8)

Eq.(7)

qcyc, kPa

f 
(q

cy
c)

 fcyc ≤ fT, qcyc＞qref

Eq.(6)

 fcyc ≤ fT, qcyc ≤ qref

the value at present work

f 
(q

in
i)

qini, kPa
 fcyc ＞fT

 324 

Figure 11. Dynamic stress level correction function: focusing on different qcyc and fcyc 325 

Cyclic loading frequency correction function 326 

The second term on the right–hand side of Eq. (4) is deduced to evaluate the effect of 𝑓𝑐𝑦𝑐 on 𝑀𝑟 of 327 

FTCFG. As previously discussed, there are two different effects on the 𝑀𝑟 of FTCFG under long–328 

term cyclic loading. The reference frequency (𝑓𝑟𝑒𝑓) was introduced to characterize the behaviours of 329 

resilient modulus rate dependent under cyclic loading application. The equation of rate dependent be 330 

proposed as: 331 

𝑔(𝑓𝑐𝑦𝑐) = 1.1𝑒−(𝑓𝑐𝑦𝑐−𝑓𝑟𝑒𝑓)22∗𝑓𝑐𝑜𝑟2                                  10 332 

where 𝑓𝑐𝑜𝑟 is resilient modulus affects coefficient, which determines the degree of influence of long–333 

term cyclic loading on 𝑀𝑟 of FTCFG; 𝑓𝑟𝑒𝑓 is reference frequency; Based on results of present work, 334 



the 𝑓𝑟𝑒𝑓 is 10 Hz. 335 

Figure 12 illustrates the modified result with different values of 𝑓𝑐𝑜𝑟. When 𝑓𝑐𝑦𝑐 is not more than 336 𝑓ref, the cyclic loading application is not enough to cause the increase of pore pressure of FTCFG. 337 

Therefore, due to the rate effect caused by long–term cyclic loading, the 𝑀𝑟 of FTCFG has a certain 338 

increase, and the equation of rate dependent shows a monotonic increasing trend. When 𝑓𝑐𝑦𝑐 is more 339 

than 𝑓ref, the deterioration effect of the increase of pore pressure which caused by the long–term high 340 

frequency cyclic loading on the modulus has exceeded the strengthening effect which caused by the 341 

rate effect, and the equation of rate dependent shows a monotonic decreasing trend. 342 
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Figure 12. Cyclic loading frequency correction function: focusing on fcyc  344 

Furthermore, Eq.11 is obtained by differentiating fcyc in Eq. 10. 345 

𝜕𝑔(𝑓𝑐𝑦𝑐)𝜕𝑓𝑐𝑦𝑐 = 1.1𝑒−(𝑓𝑐𝑦𝑐−𝑓𝑟𝑒𝑓)22∗𝑓𝑐𝑜𝑟2 (𝑓𝑐𝑦𝑐−𝑓𝑟𝑒𝑓)𝑓𝑐𝑜𝑟2                           11 346 

where parameters in Eq.11 are the same as Eq.10. 347 

Figure 13 illustrates the result of Eq. 11 with different values of 𝑓𝑐𝑜𝑟, which can be used to characterize 348 

the influence of different fcyc on 𝑀𝑟 of FTCFG. The positive value indicates the strengthening effect 349 



of long–term cyclic loading on 𝑀𝑟 of FTCFG, and the negative value indicates the deterioration effect 350 

of long–term cyclic loading on 𝑀𝑟 of FTCFG. The influence of long–term cyclic loading on 𝑀𝑟 of 351 

FTCFG is reflected in the superposition of strengthening and deterioration effects. The strengthening 352 

effect of long–term cyclic loading on 𝑀𝑟 of FTCFG always exists, but the deterioration effect caused 353 

by the increase of frequency exceeds the strengthening effect, and finally shows the deterioration effect.  354 
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Figure 13. Enhancement and degradation degree of 𝑀𝑟 effected by fcyc 356 

Moisture holding capacity correction function 357 

The effect of matric suction on 𝑀𝑟 of unsaturated coarse and fine particle mixture was expressed in 358 

the fourth term on the right–hand side of Eq. (3)[35]. To the best of our knowledge, the influence of 359 

matric suction on 𝑀𝑟 depends on water content of FTCFG. The drying curve and wetting curve in 360 

soil–water characteristic curve (SWCC) constitute a hysteretic cycle[50]. Since that the geomaterials 361 

with the same water content has two different matric suction values in SWCC, the application of Eq. 362 

(3) is controversial. In addition, since that water content is easier to obtain than matric suction for 363 

geomaterial, water content is used to quantify the effect of geomaterial state on 𝑀𝑟. Furthermore, 364 



considering the fact that coarse particles in FTCFG (particle size more than 2mm) do not hold water, 365 

if mass or volume water content of FTCFG is directly used to evaluate the 𝑀𝑟 of FTCFG, it will 366 

undoubtedly be overrated. Therefore, the water–holding moisture content (𝑤ℎ ) is introduced to 367 

characterize the influence of material state on its 𝑀𝑟. The 𝑤ℎ is defined as the ratio of the mass of 368 

water to the mass of fine particle (particle size less than 2mm). A new parameter, 𝑤ℎ , is used to 369 

evaluate the variation of 𝑀𝑟 of FTCFG instead of matrix suction, which is not only more valuable in 370 

engineering application but more intuitive in reflecting the state of FTCFG.  371 

Therefore, the third term on the right–hand side of Eq. (4) is developed to characterize the effect of 372 

water–holding capacity on 𝑀𝑟  of FTCFG. Combined with SWCC, the equation considering the 373 

variation of water holding capacity can be proposed as: 374 

ℎ(𝑤ℎ) = 𝑒−(𝑤ℎ−𝑤𝑜𝑝𝑡)22∗𝑤𝑙𝑖𝑞2                              12 375 where 𝑤𝑜𝑝𝑡 is the optimum water content which depends on the grain composition; 𝑤𝑙𝑖𝑞 is liquid 376 

limit of fine particle. 377 

Figure 14 illustrates the result of Eq. (12). When the 𝑤ℎ of FTCFG is less than the 𝑤𝑜𝑝𝑡, the 𝑀𝑟 of 378 

FTCFG increases with the increase of 𝑤ℎ under cyclic loading application. On the contrary, with the 379 

increase of 𝑤ℎ, the 𝑀𝑟 of FTCFG decreases rapidly under cyclic loading. 𝑤𝑜𝑝𝑡 in Eq. (12) is the 380 

threshold value that determines the influence of 𝑀𝑟 of FTCFG to be strengthened or deteriorated. 381 𝑤𝑙𝑖𝑞  in Eq. (12) can be used to characterize the deterioration rate of 𝑀𝑟  of FTCFG. When the 382 

geomaterials reaches saturation, its strength is almost lost. Considering that the 𝑤ℎ of the sample in 383 

this study is greater than the 𝑤𝑜𝑝𝑡, the 𝑀𝑟 of FTCFG gradually deteriorates with the increase of 𝑤ℎ. 384 
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Figure 14. Moisture holding capacity correction function 386 

Verification of the proposed modeling 387 

Fig. 15 compares the predicted 𝑀𝑟 of FTCFG using Eq. (4) with experimental 𝑀𝑟 of FTCFG from 388 

the laboratory tests. A coefficient of determination (R2) of 0.885 indicated a good correlation between 389 

predicted and measured results for the FTCFG. The parameter values are summarized in Table 4.  390 

 391 

Figure. 15 Predicted versus measured resilient modulus 392 
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Table 4. Summary of regression coefficients of proposed resilient modulus rate dependent model 394 

Eqs Parameter value Unit 

Eq. (5) 

𝑀0 4.6 / 𝑝 60 kPa 𝑝𝑎𝑡𝑚 1 kPa 𝑘1 1 / 

Eq. (6) 𝑘2 –0.0235 / 

Eq. (7) 𝑘2𝑝 0.02 / 

Eq. (8) 
𝑘2𝑛 –0.05 / 𝑞𝑟𝑒𝑓 50 kPa 

Eq. (9) d –0.48 / 

Eq. (10) 
𝑓𝑟𝑒𝑓 10 Hz 𝑓𝑐𝑜𝑟 10, 15, 25, 30 / 

Eq. (12) 
𝑤𝑙𝑖𝑞 18.8 % 𝑤𝑜𝑝𝑡 Table 1 / 

Conclusion 395 

A long–term resilient modulus rate dependent model for freezing–thawing coarse–fine mixtures 396 

geomaterials was developed by conducting the cyclic triaxial test which could aid in understanding the 397 

effects of cyclic loading frequency on the Mr of FTCFG. The following conclusions were drawn. 398 

The strengthening effect of Mr of geomaterials after freezing–thawing cyclic was explored by the cyclic 399 

triaxial test. There are two reason could explain why the Mr of geomaterials is increase underwent the 400 

freezing–thawing cyclic. Rapid freezing–thawing can improve the fine matrix cluster rate and fill the 401 

coarse particle pores. Coarse particles in FTCFG do not hold water that results in the discharge of 402 

liquid water. 403 

The three kinetic effect of the influence of fcyc on Mr of FTCFG was revealed by the discussion of 404 



experiment results. The rate effect of the geomaterial comes into play and intensifies the Mr of FTCFG, 405 

when the fcyc lower than 10Hz. The piston effect of the geomaterial comes into play and degrades the 406 

Mr of FTCFG, when the fcyc more than 10Hz. In addition, the degradation of Mr of FTCFG by piston 407 

effect is more obvious in geomaterial with high 𝑤ℎ. Fatigue effect gradually shows deterioration of 408 

Mr of FTCFG after Long–term cyclic loading application. 409 

A long–term resilient modulus rate dependent model describing the effect of qcyc, fcyc and wh on Mr of 410 

FTCFG is proposed. The effect of qcyc and fcyc on Mr of FTCFG is coordinate with each other. Using 411 𝑤ℎ  to characterize the influence of geomaterial state change on Mr is not only of clear physical 412 

significance but also beneficial to engineering application. This new model is able to capture the 413 

variation of Mr of FTCFG with both dynamic stress level and saturation of geomaterial. For the four 414 

FTCFG with different FC verified, the Mr of FTCFG values predicted using this equation are generally 415 

consistent with the measured results. 416 
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