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Abstract 21 

Resilient modulus (Mr) is a fundamental mechanical property vital for assessing the resistance of pavement 22 

structures to cyclic vertical loads. It has played a pivotal role in pavement design and has been instrumental in 23 

predicting pavement responses and fatigue life. The Mr of subgrade soil is affected by a multitude of factors, 24 

including stress, moisture, and temperature conditions, all of which interact to define the response of the soil. 25 

This research investigated the effect of complex climatic conditions on Mr with a particular focus on areas 26 

experiencing significant seasonal changes in snowy cold regions like Hokkaido, Japan. Previous studies have 27 

proposed predictive models for Mr, incorporating the concept of matric suction, to account for moisture 28 

conditions. However, these models have rarely considered suction hysteresis in the soil-water characteristic 29 

curve (SWCC) or the effects of wheel loading on frost-susceptible subgrade soil during different seasons. In 30 

this study, a series of Mr tests were conducted on two types of subgrade soil under various climatic and wheel 31 

loading conditions. The test results promise to enhance our understanding of the complex interplay of climatic 32 

and stress conditions on Mr of standard sand and frost susceptible subgrade soil along different drying and 33 

wetting paths, particularly in regions with significant seasonal variations. 34 

 35 

Keywords: Resilient modulus; Unsaturated subgrade soil; Suction hysteresis; Freeze-thaw; Wheel load; 36 

Predictive model.  37 
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1 Introduction 38 

Resilient modulus, Mr, originally defined as the ratio of the cyclic deviator stress to the resilient axial strain 39 

during cyclic loading by Seed et al. (1955), is a crucial mechanical characteristic used to assess the resistance 40 

of pavement structures to cyclic vertical loads. It has been widely used in pavement design works since the 41 

publication of the AASHTO Guide for Design of Pavement Structures (AASHTO, 1986), and plays a major role 42 

in determining pavement responses and fatigue life (Li & Selig, 1994; Brown, 1996; Kim & Kim, 2007). 43 

Furthermore, the Mr of subgrade soil is affected by many factors, including stress, moisture, and temperature 44 

conditions, which comprehensively interact to define the response of the soil (Johnson et al., 1978; Cole et al., 45 

1981; Berg et al., 1996; Simonsen and Isacsson, 2001; Simonsen et al., 2002). 46 

The current Mechanistic-Empirical Pavement Design Guide (MEPDG) utilizes a universal model for 47 

predicting Mr under different stress conditions and considers the effect of moisture fluctuation by estimating the 48 

ratio of Mr to Mr at optimum moisture content (NCHRP, 2004; AASHTO, 2020). Many researchers also 49 

proposed Mr predictive models by incorporating the concept of matric suction based on the universal model of 50 

MEPDG to capture the effect of moisture conditions (Lytton, 1996; Heath et al., 2004; Gupta et al., 2007; Liang 51 

et al., 2008; Khoury et al., 2009; Oh et al., 2012; Ng et al., 2013; Sahin et al., 2013; Gu et al., 2015). In addition, 52 

MEPDG also estimates the climatic effects on pavement materials, responses, and distress of climate using the 53 

Enhanced Integrated Climatic Model (EICM) in an integrated manner (AASHTO, 2020). However, as this 54 

model only estimates the climatic effects by adjusting the overall magnitude of the universal Mr predictive 55 

model, it lacks theoretical explanations for the effects of freeze-thaw action. Therefore, the comprehensive effect 56 

of the complex climatic conditions on the Mr of subgrade soils needs to be further studied. 57 

In areas with significant seasonal changes in snowy cold regions such as Hokkaido, a northern island in 58 

Japan, the effect of complex climatic conditions on Mr cannot be ignored (Ishikawa et al., 2019; Lin et al., 2022). 59 

To investigate the effect of climatic conditions including moisture and temperature changes, Lin et al. (2022) 60 

conducted Mr tests under different combinations of the conditions and proposed a modified Mr predictive model 61 

able to capture the effects of moisture and freeze-thaw action comprehensively based on the Ng model (Ng et 62 

al., 2013). However, the effect of the suction hysteresis of SWCC and the difference between the drying and 63 

wetting paths were not considered, and the effects of wheel loading during different seasons also need to be 64 
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further understood. In this study, a series of Mr tests for two types of subgrade soil with different frost 65 

susceptibility under different climatic and wheel loading conditions were conducted to investigate the effect of 66 

complex climatic and stress conditions on the Mr of subgrade soils, especially under the effect of suction 67 

hysteresis. 68 

2 Mr predictive model 69 

MEPDG (AASHTO, 2020) recommends the test protocol of the AASHTO T 307 (AASHTO, 2017) to 70 

measure the Mr and fit the results by the generalized predictive model shown as follows: 71 
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where k1, k2, and k3 are regression parameters; σ1, σ2, and σ3 are major principal stress, intermediate principal 75 

stress, and minor principal stress, respectively; pa is atmospheric pressure and set as 101 kPa in this study; θ is 76 

bulk stress; τoct is octahedral stress. 77 

Guide for Mechanistic-Empirical Design of New and Rehabilitated Pavement Structures reported the 78 

estimation method for the effect of changing moisture content as shown in the following equation (NCHRP, 79 

2004): 80 

 log
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 (2) 81 

where S is the degree of saturation in decimals; Sopt is the degree of saturation at optimum moisture content in 82 

decimals; a is the minimum of log (Mr/Mropt); b is the maximum of log (Mr/Mropt); km is regression parameter. 83 

However, Eq. 2 lacks the mechanical explanation of unsaturated soil, and its applicability to other regions 84 

may not be good because the empirical equation is based on the field data in the USA. Han & Vanapalli (2016) 85 

summarized a series of predictive models for unsaturated subgrade soils and indicated that the Ng model (Ng et 86 

al., 2013) shown in Eq. 3 has a relatively high accuracy: 87 
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where k4 is regression parameter; σnet is net mean stress, defined as (θ/3-ua); ψ is matric suction. It should be 89 

noted that the octahedral shear stress τoct is used in Eq. 3 instead of the cyclic deviator stress qcyc in the original 90 

form of the Ng model. According to the definition of octahedral shear stress, when σ2 = σ3, 𝜏௢௖௧ ൌ
√ଶ

ଷ
ሺ𝜎ଵ െ 𝜎ଷሻ. 91 

Considering the regression parameters, using the octahedral shear stress or the deviator stress does not affect 92 

the fitting result. Furthermore, since MEPDG uses octahedral shear stress in its predictive model, the Ng model 93 

is converted to the current form to keep the consistency. 94 

Based on Eq. 3, Lin et al. (2022) proposed a modified model to capture both the effects of moisture content 95 

and freeze-thaw action by incorporating a new parameter Fclim multiplying k1 to k4: 96 
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where Fclim is the climatic factor. This model not only captures the effect of freeze-thaw action on the overall 98 

magnitude of the Mr surface in the σd-σc-Mr 3D space but also reflects the change of the surface shape, which 99 

will be employed to investigate the effect of complex climatic and stress conditions on Mr in the later sections 100 

of this paper. 101 

3 Test materials 102 

Two types of soil are used in this study: Toyoura sand (Japanese standard sand) and subgrade soil sampled 103 

from the site. The subgrade soil is sampled from an experimental road located at Tomakomai, Hokkaido, Japan 104 

(hereinafter referred to as Tomakomai soil), which is a kind of volcanic soil with a relatively small density. 105 

According to the Unified Soil Classification System of ASTM (2017), Toyoura sand is classified as SP, poorly 106 

graded sand; and Tomakomai soil is classified as SM, silty sand. The physical properties and the grain size 107 

distribution curves are shown in Table 1 and Fig. 1, respectively. It should be noted that according to the 108 

standard of AASHTO T 307-99 (AASHTO, 2017), the particles exceeding 25% of the available largest mold 109 

diameter should be removed in this study to fit the test apparatus size. The specimens are compacted to reach a 110 

degree of compaction of 95%, corresponding to a dry density of 1.54 g/cm3 for Toyoura sand and 1.21 g/cm3 111 

for Tomakomai soil to satisfy the quality control of the subgrade layer in asphalt pavement provided by Japan 112 

Road Association (2019). Tomakomai soil is a type of frost susceptible soil, also named SFG subgrade material. 113 

According to the frost susceptibility test of JGS 0172 (Japanese Geotechnical Society, 2018), the frost 114 
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susceptibility of Tomakomai soil is at a medium level (Yasuoka et al., 2021). On the other hand, Toyoura sand 115 

is non-frost susceptible. 116 

Table 1 Physical properties of Toyoura sand and Tomakomai soil 117 

Material 
Soil particle 

density (g/cm3) 
Maximum dry 
density (g/cm3) 

Optimum water 
content (%) 

Mean particle 
size (mm) 

Fine fraction 
content (%) 

Toyoura sand 2.65 1.62 14.0 0.19 0.7 
Tomakomai soil 2.64 1.27 32.0 0.68 21.0 

 118 
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Fig. 1. Grain size distribution curves 120 

The water retention test based on the concept of the pressure plate method is conducted in this study to 121 

obtain the soil-water characteristic curve (SWCC) of the test materials. Generally, the testing time is very long 122 

to obtain both the drying path and wetting path of the SWCC. To improve the experimental efficiency, a 123 

continuous pressurization water retention test method developed by Hatakeyama et al. (2015) as shown in Fig. 124 

2 is used in this study. This apparatus is based on the axis-translation method (Hilf, 1956) and has been 125 

confirmed by studies to have the same accuracy as the traditional stage pressurization method (Kato et al., 2015; 126 

Alowaisy et al., 2020; Kim et al., 2020). 127 

 128 

Fig. 2. Water retention test apparatus by continuous pressurization method 129 
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Fig. 3 shows the SWCCs of Toyoura sand and Tomakomai soil, fitted by the VG model (VanGenuchten, 130 

1980). It can be found that the drying and wetting paths of SWCCs are different, namely “suction hysteresis”, 131 

which is due to the ‘ink bottle effect’ induced by the differences in pore sizes of soils (Lu & Likos, 2004; 132 

Fredlund et al., 2012). Besides, for one certain suction value, the degree of saturation Sr differs along different 133 

scanning curves. However, the field SWCC may have experienced complicated drying and wetting cycles in 134 

history. To find the path closest to the current field condition, several scanning curves shown in Fig. 3 (b) are 135 

measured in this study to compare with the moisture condition of the field tests. According to the long-term 136 

field measurement data (Ishikawa et al., 2019), the average Sr of the subgrade soil is 38%. Furthermore, by 137 

calculating the corresponding suction of the base course (C-40), the estimated groundwater level at the site is 138 

approximately 2 m (Lin et al., 2021). Considering the thickness of the pavement surface and base course layers, 139 

the suction at the subgrade soil surface is approximately 12 kPa. For Tomakomai soil, it can be found that the 140 

wetting scanning curve with the maximum suction ψmax of 70 kPa agrees well with the field condition as shown 141 

in Fig. 3 (b). As a result, this curve is employed in this study to represent the wetting SWCC of the Tomakomai 142 

soil. For Toyoura sand, the main drying and main wetting paths are used because the SWCC reaches the residual 143 

state when ψmax = 8 kPa based on the fitting by the VG model (VanGenuchten, 1980). In this case, ψ = 3.75 kPa 144 

corresponding to Sr = 38% along the drying path is selected as the field condition for Toyoura sand to keep the 145 

consistency of the previous study (Lin et al., 2022). Furthermore, corresponding Sr and ψ along drying and 146 

wetting paths as shown in Table 2 are selected to investigate the effect of suction hysteresis on Mr in the later 147 

chapter. It is noted that the difference of the Sr between the triaxial test and SWCC may be ± 2% ~ 4% due to 148 

the random error and the different apparatus. 149 
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Fig. 3. SWCC of Toyoura sand and Tomakomai soil 151 

Table 2 Sr and ψ used to investigate the effect of suction hysteresis 152 

 ψ (kPa) Sr (%) SWCC Path 

Toyoura sand 
3.75 

38 Drying 

10 
Wetting 

6.10 
Drying 

6 Wetting 

Tomakomai soil 
15 

75 Drying 

38 
Wetting 

50 
Drying 

28 Wetting 
 153 

4 Test method 154 

4.1 Test sequence 155 

As shown in Fig. 4, the freeze-thaw cyclic loading triaxial test apparatus is used to measure the resilient 156 

modulus under different climatic conditions. The air cylinder can apply cyclic axial loads through computer 157 

control. Three low-temperature baths are connected to the cap, pedestal, and cell to control the temperatures 158 

separately. The apparatus can also apply a specific matric suction by controlling the pore-air pressure from the 159 

cap and the pore-water pressure from the pedestal as shown in Fig. 4 (b) and (c). The size of the specimen is 160 

70mm in diameter and 170mm in height. 161 

Fig. 5 shows the schematic diagram of the combinations of the test conditions conducted in this study. U 162 

means “unfrozen”, FT means “freeze-thaw”, and W means “wheel loading”. By combining different freeze-163 

thaw and wheel-loading conditions, the MR tests in this study consist of five types under both saturated and 164 

unsaturated conditions: unfrozen test (hereinafter referred to as ‘U test’), unfrozen wheel loading test 165 

(hereinafter referred to as ‘UW test’), freeze-thaw test (hereinafter referred to as ‘FT test’), Freeze-thaw-wheel 166 

loading test (hereinafter referred to as ‘FTW test’), and Freeze-wheel loading-thaw test (hereinafter referred to 167 

as ‘FWT test’). U test corresponds to the normal season without wheel loading, UW test corresponds to wheel 168 

loading during the normal season, FT test corresponds to the thawing season without wheel loading, FTW test 169 

corresponds to wheel loading during the thawing season, and FWT test corresponds to wheel loading during the 170 

frozen season, respectively. Moreover, to investigate the effect of the suction hysteresis of SWCC, the 171 

unsaturated tests are divided into the drying path and the wetting path at the same suction value. The tests go 172 
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through the following processes as shown in Table 3 after the specimen is saturated by applying a back pressure 173 

of 200kPa to reach a B value of greater than 0.96. 174 

Antifreeze path 
in cap (out)

Antifreeze path 
in cap (in)

Differential pressure 
gauge connection port

Load cell 
connection port

Temperature gauge 
connection port

Exhaust port
Cell pressure 
supply path

Front

Pore-air pressure 
supply path

O-ring

Inner cell Volume 
change measurementAntifreeze path 

in cell (out)

Antifreeze path 
in cell (in)

Pore-water pressure 
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Cell water supply / 
drain pathInner cell water 

supply / drain path

Antifreeze path 
in copper pipe 

(out)

Antifreeze path in 
copper pipe (in)

Antifreeze 
path in cell

Antifreeze path 
in pedestal

Front

(a) Schematic diagram of test apparatus (c) Structural design of pedestal

(b) Structural design of cap

Low Temperature 
bath 

Frost heave cell

Thermometer (Pt)

Thermometer (Pt) 

L-T bath （A）

L-T bath （B）

L-T bath （C）

Inner cell

Weight

Displacement 
transducer

Air cylinder

Transducers for pore 
water, pore air, and 

cell pressure

 175 

Fig. 4. Freeze-thaw cyclic loading triaxial test apparatus 176 

 177 

Fig. 5. Schematic diagram of combinations of test conditions 178 

Table 3 Test sequence 179 

Test 
types 

Consolidation 
process 

Unsaturation 
process 

Freezing 
process 

Wheel 
loading 
process 

Thawing 
process 

Wheel 
loading 
process 

MR test 

U  ○ → ○/× → × → × → × → × → ○  
UW  ○ → ○/× → × → × → × → ○ → ○  
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FT  ○ → ○/× → ○ → × → ○ → × → ○  
FTW  ○ → ○/× → ○ → × → ○ → ○ → ○  
FWT  ○ → ○/× → ○ → ○ → ○ → × → ○  

Note: → means the direction of the test sequence; ○ means applying this progress; × means skipping this progress. 
 180 

4.2 Cyclic loading conditions 181 

The loading steps are conducted referring to the AASHTO standard T 307-99 (AASHTO, 2017). However, 182 

as shown in Fig. 6 (a) and (b), the loading frequency in this test is 0.2 Hz due to the limitation of this test 183 

apparatus, which is different from the loading frequency of 10 Hz in the AASHTO standard. For the details, Lin 184 

et al. (2022) discussed the estimation of this limited loading frequency. However, since more study on the effect 185 

of loading frequency is necessary, the Mr results under the loading frequency of 0.2 Hz in this test are directly 186 

used without conversion. According to the AASHTO standard, there are 11 steps from MR-0 to MR-10. MR-0 187 

is the pre-loading step to make sure the cap completely reaches the top end of the specimen. In this study, the 188 

loading number of MR-0 is determined as 2000 cycles to get a stable residual strain. Besides, since the maximum 189 

deviator stresses in MR-4, 5, 9, and 10 are larger than the field condition in Japan (Kishikawa et al., 2017), this 190 

study skips MR-4, 5, 9, and 10 and inserts MR-1.5, 2.5, 6.5, and 7.5 to keep the total number of loading step as 191 

11. Table 4 shows the detailed loading steps and conditions in this study. 192 
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 193 

(a) Loading wave in this study (b) Loading wave in AASHTO standard 194 

Fig. 6. Loading waves in this test and AASHTO standard 195 

Table 4 Loading steps in MR tests 196 
 σc (kPa) qmax (kPa) qcont (kPa) qcyclic (kPa) Nc 

MR-0 41.4 27.6 2.76 24.84 2000 
MR-1 41.4 13.8 1.38 12.42 100 

MR-1.5 41.4 20.7 2.07 18.63 100 
MR-2 41.4 27.6 2.76 24.84 100 
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MR-2.5 41.4 34.5 3.45 31.05 100 
MR-3 41.4 41.4 4.14 37.26 100 
MR-6 27.6 13.8 1.38 12.42 100 

MR-6.5 27.6 20.7 2.07 18.63 100 
MR-7 27.6 27.6 2.76 24.84 100 

MR-7.5 27.6 34.5 3.45 31.05 100 
MR-8 27.6 41.4 4.14 37.26 100 

Note: σc is confining pressure; Nc is the number of loading cycles. 
 197 

4.3 Moisture, wheel loading, and temperature conditions 198 

To keep the suction constant in different stages except for freeze-thaw, the axis-translation technique is 199 

employed in this study, which was originally introduced by Hilf (1956) and widely used in unsaturated soil tests. 200 

As shown in Fig. 7, a membrane filter paper that is water-permeable but air-impermeable is installed at the 201 

lower end of the specimen, while a PTFE filter paper that is air-permeable but water-impermeable is installed 202 

at the upper end of the specimen. In this way, a certain suction can be determined and controlled by adjusting 203 

the pore air pressure and pore water pressure. The specifications of the filters are shown in Table 5. As 204 

mentioned in Section 4.1, since the initial pore air and pore water pressure are 200 kPa after the specimen is 205 

saturated, the suction can be controlled by adjusting the pore water pressure to a certain value and keeping the 206 

pore air pressure at 200 kPa. As explained in Chapter 3, to investigate the effect of the suction hysteresis of 207 

SWCC on resilient modulus, four groups of unsaturated U tests along both drying and wetting paths are 208 

conducted. Additionally, it should be noted that only the smaller suction values (Toyoura sand: 3.75 kPa; 209 

Tomakomai soil: 15 kPa) along the drying and wetting paths are adopted for other moisture conditions besides 210 

U tests. 211 

 212 

Fig. 7. Installation of PTFE and membrane filters 213 

Table 5 Specification of filters 214 
 Material AEV (kPa) Thickness (μm) Pore size (μm) 
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Membrane filter Acrylic copolymer 100 94 0.45 
PTFE filter PTFE - 135 3 

 215 
The wheel loading condition in the UW, FTW, and FWT tests and the temperature condition in the FT, 216 

FTW, and FWT tests of the previous study (Lin et al., 2022) are adopted in this study. As shown in Fig. 8, the 217 

wheel load on the subgrade layer is caused by a 49-kN wheel load on a typical pavement structure in the Japanese 218 

design guide (Japan Road Association, 2019). When applying the standard 49-kN wheel load to the surface of 219 

the pavement, the stress transmitted to the surface of the subgrade is the cyclic deviatoric stress that should be 220 

applied in the wheel-loading process in the experiment, while the stress caused by the gravity of the pavement 221 

structure above the subgrade is the constant deviatoric stress. The cyclic deviatoric stress caused by the wheel 222 

load is calculated by the General Analysis of Multi-layered Elastic Systems (GAMES), a software to analyze 223 

the stress and strain in multi-layered pavements developed by Maina et al. (2004). As for the boundary 224 

conditions, the bottom is set as a fixed constraint boundary, while the left and right sides are set as roller 225 

constraint boundaries, respectively. Because the subgrade layer is a semi-infinite body where the distal strain 226 

of the bottom should converge to zero, while the left and the right sides of the whole pavement structure are 227 

also infinite where the horizontal distal strain should converge to zero but free in the vertical direction. qcont and 228 

qcyclic are determined as 9.6 and 26.2 kPa in the thawing season, and 9.6 and 24.5 kPa in the frozen season. The 229 

loading frequency and waveform are the same as in the MR test, and the loading number is 1000. 230 

 231 

Fig. 8. Pavement structure and wheel loading conditions 232 

 233 
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According to the Japanese standard JGS 0172 (Japanese Geotechnical Society, 2018), a one-dimensional 234 

freeze-thaw action is conducted in an open system with axial stress of 10 kPa for the FT, FTW, and FWT tests. 235 

The temperature change in the freeze-thaw process is shown in Fig. 9. 236 
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Fig. 9. Temperature change in the freeze-thaw process 238 

4.4 Effect of freeze-thaw and wheel load on moisture change 239 

Fig. 10 and Fig. 11 show the water drainage and frost heave during the freeze-thaw process and the water 240 

drainage during the wheel-loading process, respectively. From Fig. 10, it can be found that although the water 241 

content changes during the freeze-thaw process, especially in the saturated specimens, the final change returns 242 

to about zero. In the unsaturated tests along drying and wetting paths, the change in the water during the freeze-243 

thaw process is insignificant because the water content of the specimen is small. Similarly, it can be found from 244 

Fig. 11 that the change in the water content caused by the wheel loading process is also small. Table 6 shows 245 

the change ratios of water contents by freeze-thaw and wheel load compared to the initial water contents. In 246 

general, the change in the water content caused by the freeze-thaw and wheel-loading processes is less than 2% 247 

compared to the initial water content, which is negligible. 248 
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Fig. 10. Water drainage and frost heave during the freeze-thaw process (FT test) 250 
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Fig. 11. Water drainage during the wheel loading process (UW test) 252 

Table 6 Water content change by freeze-thaw and wheel load 253 
 Moisture 

condition 
Suction 
(kPa) 

Initial water 
content 

Change ratio caused 
by freeze-thaw (%) 

Change ratio caused 
by wheel load (%) 

Toyoura 
sand 

Saturated 0 0.268 0.31 0.015 
Drying path 3.75 0.107 0.78 0.015 
Wetting path 3.75 0.027 1.75 0.073 

Tomakomai 
soil 

Saturated 0 0.448 0.17 0.098 
Drying path 15 0.336 0.20 0.083 
Wetting path 15 0.152 1.07 0.091 

5 Test results and discussions 254 

5.1 U test 255 

Fig. 12 shows the measured resilient moduli of the saturated and unsaturated U tests under different degrees 256 

of saturation and matric suctions. The X-axis is the peak deviator stress applied to the specimen during the 257 

loading process, the Y-axis is the confining pressure, and the Z-axis is the measured resilient modulus. Generally, 258 

resilient modulus increases with the increment of the confining pressure and the matric suction but decreases 259 

with the increment of the deviator stress. 260 
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To compare the test results and analyze the effects under different matric suction values, all the test results 261 

are fitted by regression analysis through Lin’s climatic Ng model shown in Eq. 4. It should be noted that all the 262 

test results under different suction values are fitted together so that one set of parameters can represent various 263 

moisture conditions. The test results with fitting surfaces and parameters of regression analysis are shown in 264 

Fig. 12 and Table 7, respectively. It can be found that although the degrees of saturation under the same matric 265 

suction differ along the drying and wetting paths, the measured resilient moduli are very close. The effect of 266 

suction hysteresis on the Mr at the same suction value along different drying and wetting paths is complicated 267 

and may differ in different materials and mechanical conditions, which can be illustrated as a three-dimensional 268 

relationship with respect to moisture content and suction (Khoury & Zaman, 2004). Khoury et al. (2011) found 269 

that the Mr along the wetting path is higher than that along the drying path at the same suction based on tests 270 

with manufactured soil, which can be explained by the possible water content lubricant effect. Ng et al. (2013) 271 

observed a similar phenomenon with low cyclic stress based on tests with a completely decomposed tuff 272 

sampled from Hong Kong but found the effect becomes less significant with an increase in cyclic stress. A 273 

similar phenomenon can also be observed in this study, especially as shown in Fig. 12 (b). However, since the 274 

difference of Mr between the drying and wetting paths is insignificant under the tested level in this study, the 275 

Mr along the drying and wetting paths can be fitted together with respect to the same matric suction. This is also 276 

consistent with the fact that the Ng model only considers the matric suction ψ but not the moisture content as 277 

the parameter to predict the resilient modulus of partly saturated soils (Ng et al., 2013). 278 

       279 
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Fig. 12. Results of U tests for Toyoura sand and Tomakomai soil 280 

Table 7 Regression analysis results of U tests 281 
 Fclim k1 k2 k3 k4 R2 

Toyoura sand 1 2.089 1.057 -4.437 1.692 0.948 
Tomakomai soil 1 0.526 1.293 -2.650 1.008 0.988 

5.2 UW test 282 

Similar to the results of the U test, the results of the UW test with Lin’s climatic Ng model fitted surfaces 283 

and parameters of regression analysis are shown in Fig. 13 and Table 8, respectively. To compare the resilient 284 

moduli of the U test and UW test, the resilient moduli of the UW/U test for both Toyoura sand and Tomakomai 285 

soil are shown in Fig. 14. It can be found that all the scatters of Toyoura sand are below the 1:1 line but those 286 

of Tomakomai soil are upon the 1:1 line, which indicates that the wheel loading process increases the resilient 287 

modulus of Tomakomai soil but decreases that of Toyoura sand. 288 

To discuss the effect of traffic load on the different results in Toyoura sand and Tomakomai soil, the water 289 

drainage that reflects the volumetric change of the soil sample during the wheel loading process is recorded. 290 

Fig. 11 plots the water drainage after every loading cycle during the wheel loading process for Toyoura sand 291 

and Tomakomai soil. As shown in Fig. 11, the water drainage during the wheel loading process is nearly a 292 

typical consolidation curve. This is because the relatively high qcont of 9.6 kPa will lead to a consolidation of the 293 

soil specimen during the wheel loading process. In the case of Tomakomai soil, the increment of the sample 294 

density indirectly increases the soil strength, which leads to an increment of the Mr. However, the water drainage 295 

of Toyoura sand during the wheel loading process is much less compared with Tomakomai soil, which indicates 296 

that the consolidation effect of Toyoura sand during the wheel loading process is less than Tomakomai soil. 297 

Furthermore, since Toyoura sand is much more poorly graded than Tomakomai soil as shown in Fig. 1, the soil 298 

skeleton may be disturbed by the wheel loading process due to the lack of fine fraction, which leads to a 299 

decrement of the resilient modulus. This kind of decrement in resilient modulus caused by wheel loads is also 300 

explained as the disturbance of soil particle skeleton structure uniformity by Lin et al. (2022). 301 
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       302 

Fig. 13. Results of UW tests for Toyoura sand and Tomakomai soil 303 

Table 8 Regression analysis results of UW tests 304 
 Fclim k1 k2 k3 k4 R2 

Toyoura sand 1 1.750 1.088 -4.916 3.639 0.905 
Tomakomai soil 1 0.568 1.541 -3.658 1.258 0.985 
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Fig. 14. Resilient moduli of UW/U tests 307 

5.3 FT test 308 

As shown in Fig. 15, the results along the drying and wetting paths are significantly different in the case 309 

of FT tests. This is because different moisture contents, although the matric suction is the same, will cause 310 

different freeze-thaw effects, as shown in Fig. 11, where it can be found that the frost heave decreases with the 311 

decrement of the water content. In addition, the frost susceptibility of Tomakomai soil is significantly greater 312 

than that of Toyoura sand. Therefore, the FT test results under different water contents and frost heave amounts 313 

are separately fitted by regression analysis using Lin’s climatic Ng model. It is noted that to keep the consistency 314 
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of the tests with and without the freeze-thaw process, the FT test utilized the same regression parameters of k1 315 

to k4 as the U test. Table 9 shows the regression analysis results of FT tests for Toyoura sand and Tomakomai 316 

soil. As shown in Fig. 16, it can be found that the freeze-thaw process generally decreases the resilient modulus, 317 

which is obvious because the formation of ice disturbs the original soil skeleton. Furthermore, the parameter 318 

Fclim decreases with the decrement of moisture content and is affected by the moisture content, which also 319 

indicates that the effect of freeze-thaw action on resilient modulus is positively correlated with moisture content. 320 

As shown in Fig. 10, the axial strain would increase, and the specimen would drain or absorb a certain amount 321 

of water during the freezing process. Meanwhile, the axial strain and the amount of absorbed water were also 322 

affected by the water content of the specimen. After thawing, the axial strain would decrease but not restore to 323 

the original height, which lead to a rearrangement of the soil skeleton. Furthermore, many researchers have 324 

observed changes in soil structure caused by freeze-thaw actions at the microscopic level using methods such 325 

as X-ray (Starkloff et al., 2017; Wang et al., 2018; Leuther and Schlüter, 2021). Although the frost heave differs 326 

a lot, the average decreasing rates of Mr of Toyoura sand and Tomakomai soil are 6.8% and 5.6%, respectively. 327 

The possible reason why the Mr of Toyoura sand has a greater decreasing rate than Tomakomai soil is that as a 328 

poorly graded sand, the soil skeleton of Toyoura sand is more susceptible to disturbance. From the comparison 329 

of the Mr decreasing rates of Toyoura sand and Tomakomai soil, it can be found that the effect of freeze-thaw 330 

action on the Mr of frost-susceptible soil is not greater than non-frost-susceptible one, which indicates that the 331 

greatest harm of the freeze-thaw action to the pavement with frost-susceptible subgrade soil is the structural 332 

damage to the pavement structure due to the significant frost heave. 333 
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       334 

Fig. 15. Results of FT tests for Toyoura sand and Tomakomai soil 335 
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Fig. 16. Resilient moduli of FT/U tests 337 

Table 9 Regression analysis results of FT tests 338 
Material Moisture condition Fclim k1 k2 k3 k4 R2 

Toyoura sand 
Saturated 0.810 2.089 1.057 -4.437 1.692 0.941 

Unsaturated 
Drying path 0.939 2.089 1.057 -4.437 1.692 0.928 
Wetting path 0.997 2.089 1.057 -4.437 1.692 0.876 

Tomakomai soil 
Saturated 0.908 0.526 1.293 -2.650 1.008 0.961 

Unsaturated 
Drying path 0.962 0.526 1.293 -2.650 1.008 0.984 
Wetting path 0.992 0.526 1.293 -2.650 1.008 0.968 

5.4 FTW test 339 

The results of FTW tests for Toyoura sand and Tomakomai soil are shown in Fig. 17. Fig. 18 shows that 340 

there are certain relationships between the U/UW test and the FTW test. However, in the comparison between 341 

the FTW and U tests in Fig. 18 (a), the scatters of Toyoura sand and Tomakomai soil are located at different 342 

sides of the 1:1 line, making it difficult to determine whether the ‘freeze-thaw-wheel loading’ process increases 343 
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or decreases the resilient modulus. On the other hand, in the comparison between the FTW and UW tests in Fig. 344 

18 (b), the 1:1 line is located at the center of the scatters of both Toyoura sand and Tomakomai soil, indicating 345 

that the results of FTW tests are close to the UW tests. The possible reason for this is similar to the UW test: 346 

the consolidation plays a leading role in increasing the resilient modulus after freeze-thaw in the case of 347 

Tomakomai soil, but the disturbance of the soil skeleton plays a leading role in decreasing the resilient modulus 348 

in the case of Toyoura sand. Therefore, using the same predicting parameters as the UW test for FTW test is 349 

considered to be reasonable. 350 

       351 

Fig. 17. Results of FTW tests for Toyoura sand and Tomakomai soil 352 
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Fig. 18. Resilient moduli of FTW/U and FTW/UW tests 354 
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5.5 FWT test 355 

Fig. 19 shows the results of FWT tests for Toyoura sand and Tomakomai soil. Compared with the results 356 

of FT tests shown in Fig. 15, it can be found that the results of FWT tests and FT tests are nearly identical. As 357 

shown in Fig. 20, the 1:1 line is located at the center of the scatters of both Toyoura sand and Tomakomai soil, 358 

also indicating that the resilient moduli of FWT and FT tests are similar. From these results, it can be inferred 359 

that the effect of the wheel loading process during the frozen season may be minimal because of the extremely 360 

high stiffness of the soil compared to normal seasons due to the freezing of water. Lin et al. (2022) have also 361 

compared the secant Young’s moduli and axial strains of the frozen season and the thawing season during the 362 

wheel loading processes and found that the secant Young’s modulus of the frozen season is far greater than that 363 

of the thawing season, whereas the permanent axial strain and the maximum axial strain of the frozen season 364 

are both far less than those of the thawing season. Therefore, using the same predicting parameters as the FT 365 

test for FWT test is considered to be reasonable. 366 

       367 

Fig. 19. Results of FWT tests for Toyoura sand and Tomakomai soil 368 
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Fig. 20. Resilient moduli of FWT/FT tests 370 

 371 

6 Conclusions 372 

In this study, Mr tests under different moisture, wheel loading, and temperature conditions are conducted 373 

to investigate the effect of complex environmental conditions on the resilient modulus of both non-frost-374 

susceptible and frost-susceptible subgrade soils. Based on the test results and discussions from this study, the 375 

following findings can be mainly drawn: 376 

 Generally, Mr increases with the increment of the confining pressure and the matric suction but decreases 377 

with the increment of the deviator stress. In saturated and unsaturated soils, the matric suction plays a 378 

leading role in the change of Mr under different moisture conditions. The effect of suction hysteresis on 379 

the Mr at the same suction value along different drying and wetting paths is complicated and may differ in 380 

different materials, mechanical conditions, and temperature conditions. 381 

 During the normal season, the effect of wheel load may differ in different materials. In the case of 382 

Tomakomai soil, the increment of the sample density indirectly increases the soil strength, which leads to 383 

an increment of the resilient moduli. However, the water drainage of Toyoura sand during the wheel 384 

loading process is much less compared with Tomakomai soil, which indicates that the consolidation effect 385 

of Toyoura sand during the wheel loading process is less than Tomakomai soil. Furthermore, since Toyoura 386 

sand is much more poorly graded, the soil skeleton may be disturbed by the wheel loading process due to 387 

the lack of fine fraction, which leads to a decrement of the resilient modulus. 388 
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 During the thawing season, since although the matric suction is the same, different moisture contents will 389 

cause different freeze-thaw effects, the Mr along the drying and wetting paths are significantly different. 390 

The freeze-thaw process generally decreases the Mr, which is obvious because the formation of ice disturbs 391 

the original soil skeleton. Furthermore, the effect of freeze-thaw action on resilient modulus is positively 392 

correlated with moisture content. 393 

 Although the frost heave differs a lot, the average decreasing rates of Mr of Toyoura sand and Tomakomai 394 

soil are 6.8% and 5.6%, respectively. It can be found that the effect of freeze-thaw action on the Mr of 395 

frost-susceptible soil is not greater than non-frost-susceptible one, which indicates that the greatest harm 396 

of the freeze-thaw action to the pavement with frost-susceptible subgrade soil is the structural damage to 397 

the pavement structure due to the significant frost heave. 398 

 The effect of combinations of freeze-thaw action and wheel load is more complicated, which 399 

comprehensively depends on the wheel loading sequence and material properties. On the one hand, the 400 

results of FTW tests are close to the UW tests. The possible reason is similar to the UW test: the 401 

consolidation plays a leading role in increasing the resilient modulus after freeze-thaw in the case of 402 

Tomakomai soil, but the disturbance of the soil skeleton plays a leading role in decreasing the resilient 403 

modulus in the case of Toyoura sand. On the other hand, the results of FWT and FT tests are similar. It can 404 

be inferred that the effect of the wheel loading process during the frozen season may be minimal because 405 

of the extremely high stiffness of the soil compared to normal seasons due to the freezing of water. 406 

Therefore, using the same predicting parameters as the UW tests for FTW tests and the same predicting 407 

parameters as the FT tests for FWT tests is considered to be reasonable. 408 
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