
Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)   in press 

www.jzus.zju.edu.cn; www.springer.com/journal/11582 

E-mail: jzus_a@zju.edu.cn 

 

 

 

Investigation on the resilient modulus of soil mixture at various 

water contents and coarse grain contents under train moving loads 
 

Yu SU
1,2

, Yue ZHANG
1
, Junyi DUAN

1, Jianglin GAO
2
, Zhongzheng WANG

3
, Da LIU

2
, Bo HAN

1
, Wenzhe 

ZHU
1 

 
1School of Infrastructure Engineering, Nanchang University, Nanchang 330031, China 
2Jiangxi hydraulic safety engineering technology research center, Jiangxi Academy of Water Science and Engineering, Nanchang 330029, China 
3School of Mechanical, Medical and Process Engineering, Faculty of Engineering, Queensland University of Technology, QLD 4001, Australia 

 

Abstract: Interlayer soil in railway substructures is characterized by a fine/coarse soil mixture. Considering that the resilient 

modulus Mr of the mixture is influenced by the microstructure of fine soil, it appears worthwhile to investigate this aspect further. 

In this work, the microstructure of fines was explored by mercury intrusion porosimetry, and its influence on the Mr of the mixture 

was studied by multi-stage dynamic triaxial tests with varying deviator stress amplitudes σd. The results showed a fine matrix 

fabric obtained at water contents of fine soil wf=17.6% and 13.7% (> the plastic limit of fine soil wp=12%), and a fine aggregate 

fabric identified at wf=10.6% (< wp=12%). Interestingly, the influences of wf and σd on the Mr of the mixture were observed: the 

rise in σd contributed to a decline in Mr when wf>wp but to an increase in Mr when wf<wp. It was concluded that, for the fine matrix 

fabric (wf>wp), increasing σd induced a reduction in Mr, while for the fine aggregate fabric (wf<wp), increasing σd gave rise to the 

growth of Mr. The distinct Mr–σd behaviors for these two fabrics were explained by the competing influences between soil hard-

ening upon loading and soil rebounding upon unloading. For the fine matrix fabric (wf>wp), considering its high deformability, the 

rebounding effect on Mr outweighed the hardening effect, thus a decline in Mr occurred with the growth of σd. Conversely, for the 

fine aggregate fabric (wf<wp), the rebounding effect on Mr was secondary compared with the hardening effect based on the con-

sideration of its low deformability, thus an increase in Mr was observed with rising σd. 
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1  Introduction 

 

An interlayer in the railway substructure com-

monly forms owing to decades of train moving loads. 

In-situ observation shows that this interlayer soil 

consists of ballast grains and subgrade fines. With an 

increasing depth of the interlayer, the ballast grain 

content declines (Trinh, 2011). As a component of the 

railway substructure, the resilient modulus Mr of in-

terlayer soil is a crucial parameter for the performance 

of rail tracks. With the ongoing demand for increased 

axle loads in railway transportation, the deviator 

stress amplitudes σd (determined by the subtraction 

between the maximum and the minimum deviator 

stresses for one loading cycle) increase, which facil-

itates the degradation of the ballast and thus causes a 

reduction in its resilient modulus Mr (Indraratna et al., 

2021). On the other hand, the water level in the field 

varies frequently, which facilitates the variation in Mr 

of the soil mixture. To obtain a thorough under-

standing of Mr of the soil mixture, it is necessary to 

explore this parameter at distinct water contents and 

coarse grain contents under train moving loads. 

The impact of water content on the Mr of railway 

subgrade soil was examined: under saturation, an 

accumulation of pore water pressure was induced by 

traffic loadings, which resulted in a decline in Mr. 

With a reduction in the water content, Mr increased 

because of the suction effect (Duong et al., 2013; 

Charles et al., 2019; Wang et al., 2019; Zheng et al., 

2020; Wan et al., 2020; Bian et al., 2022; Hu and Bian, 

2022).  Lokkas et al. (2021) suggested that soil be-

havior is crucial for the infrastructure. Alamanis et al. 
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(2021) developed the assessment principles for the 

shear strength of clayey soil by experiments. Anag-

nostopoulos et al. (2020) explored the shear strength 

parameters of grouted coarse soil, and found that the 

injectability of cement grouts into coarse soil con-

tributed to an increase in its cohesion. Sun et al. (2018) 

performed dynamic triaxial tests on railway ballast 

and reported that a large reduction of Mr occurred 

with an increasing coefficient of uniformity. Wang et 

al. (2017) carried out dynamic triaxial tests to address 

the influence of coarse grain content fv on the Mr of 

the soil mixture. They identified a characteristic value 

fv-cha; with an increase in fv, a slow rising rate of Mr 

was observed when fv<fv-cha while a fast rising rate of 

Mr occurred when fv>fv-cha. This was because the 

former was characterized by a fine soil-supported 

fabric, while the latter featured a coarse 

grain-supported fabric. Duong et al. (2016) addressed 

the influences of w and fv on the Mr of the soil mixture. 

They reported that the growth of fv facilitated the 

increase in Mr at saturation but a decline in Mr at 

unsaturation. It should be noted that in previous 

studies, a stable dry density of soil mixture ρd was 

controlled for the mixture with different fv values. 

Under this circumstance, the dry density of fine soil 

fraction ρd-f declined with an increase in fv, which 

induced a reduction in suction. As a result, both fv and 

suction changed, rendering the test results difficult to 

analyze.  

Lekarp et al. (2000) reviewed the influence of 

various factors (e.g., confining pressure σ3, deviator 

stress amplitude σd, etc.) on the Mr of unbound ag-

gregates and found that σ3 and σd played important 

roles. Sun et al. (2016) executed dynamic triaxial tests 

to address the effects of σ3 and σd on the Mr of ballast 

and found that it rose with increasing σ3 and σd. Ng et 

al. (2013) worked on the effect of σd on the Mr of 

subgrade soil, and indicated that an increase in σd 

induced a decline in Mr at a low suction ψ ranging 

from 0 to 250 kPa (the corresponding w ranged from 

20.5% to 6.8%). Yang et al. (2008) explored the Mr of 

cohesive soil with various σd and ψ values: with the 

growth of σd, the Mr declined at low ψ=50 and 150 

kPa (w=23.2% and 20.2%) but increased at high 

ψ=450 kPa (w=19.1%). Su et al. (2021a) executed 

dynamic triaxial tests to address the combined influ-

ences of σd and w on the Mr of mixture. In their study, 

an increase in σd induced a decline in Mr at high 

w=17.6% but an increase in Mr at low w=10.6%. 

However, these studies focused solely on the influ-

ences of traffic loading and w (or ψ) on the Mr of soil 

and failed to explore its microstructural mechanism, 

especially of the soil mixture. Notably, in this work, 

the Mr of soil was obtained by performing dynamic 

triaxial tests and microstructure observation was 

conducted by mercury intrusion porosimetry. Based 

on the results, it appears vital to explore the rela-

tionship between the Mr of the soil mixture and its 

microstructure. 

The purpose of the present research was to 

identify the impacts of w, fv and σd on the Mr of the 

soil mixture in the conventional railway substructure. 

Multi-stage dynamic triaxial tests were executed, 

allowing the determination of Mr under varying w, fv 

and σd values. Mercury intrusion porosimetry was 

carried out to examine the influence of water contents 

of fine soil wf on the microstructure of fine soil frac-

tion. The results allowed us to shed light on the rela-

tionship between the variation in Mr and that in the 

microstructure. 

 

 

2  Materials and methods 

2.1  Reconstituted fine soil and micro-ballast 

In our laboratory experiment, the intact inter-

layer soil was substituted by a mixture of reconsti-

tuted fines and micro-ballast. Fig. 1(a) compares the 

grain size distribution (GSD) curves of reconstituted 

fine soil and natural fine soils, which show good 

agreement. Note that the reconstituted fines consist of 

a small proportion of clay content (30%) and a large 

proportion of sand content (70%) (Wang et al. 2017). 

The soil properties of reconstituted fines were as 

follows: optimum water content wopt-f=13.7% and 

maximum dry density ρdmax-f=1.82 Mg/m
3
. Fig. 1(b) 

presents the GSD curves of ballast and micro-ballast 

(see more details in Qi et al. 2020a). In accordance 

with Qi et al. (2020b), the parameter of coarse grain 

content fv was employed to describe the number of 

micro-ballast in the mixture (Section S1). The cohe-

sion c and friction angle φ of fine/coarse soil mixture 

with varying fv values were presented in Table 1, 

which were obtained from Su et al. (2020). 
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Fig. 1. Comparisons of GSD curves for (a) natural fine soil 

and reconstituted fine soil, and (b) real ballast and mi-

cro-ballast 

 

Table 1. Soil properties of samples in cyclic triaxial tests 

fv 

(%) 

Fine soil fraction   Soil mixture  Shear strength parameters 

wopt-f 

(%) 

Target wf  

(%) 

Target ρdmax-f 

(Mg/m3) 
 

Target Sr  
(%) 

Target ρd  
(Mg/m3) 

Measured 

ρd  
(Mg/m3) 

 
Cohesion c 

(kPa) 

Friction angle φ 

(°)  

0 

13.7 

17.6 

1.82 

  100 

1.82 

1.80  32 8 

13.7  78 1.82  61 15 

10.6  60 1.85  137 21 

10 

17.6  100 

1.91 

1.88  32 9 

13.7  78 1.91  56 18 

10.6  60 1.93  129 27 

20 

17.6  100 

1.99 

1.97  29 12 

13.7  78 1.99  52 21 

10.6  60 2.01  125 27 

35 

17.6  100 

2.12 

2.11  27 22 

13.7  78 2.12  43 31 

10.6  60 2.13  102 38 

45 

17.6  100 

2.21 

2.20  26 34 

13.7  78 2.21  30 38 

10.6   60 2.22  98 46 

 

 

In this study, a constant ρd-f value (1.82 mg/m
3
), 

three target wf values (17.6%, 13.7% and 10.6%) and 

five target fv values (0%, 10%, 20%, 35%, and 45%) 

were considered. Table 1 presents the detailed soil 

properties of the samples. For the experiment, fine 

soil was prepared at wopt-f=13.7%, followed by stor-

age in a sealed container with a duration of at least 24 

h. A soil mixture with a target fv value was obtained 

by mixing fine soil with coarse grains (Fig. 2(a)). This 

mixture was dynamically compacted to a cylindrical 

sample (Fig. 2(b)). Note that the ρd-f=1.82 Mg/m
3
 of 

the fine soil was controlled to be the same for mix-

tures with varying fv. With an increase in fv, the dry 

density of mixture ρd also elevated.  

The as-compacted sample at wopt-f=13.7% was 

then wetted or dried to the target wf : w1-f=17.6% on 

the wet side and w2-f=10.6% on the dry side. To attain 

this purpose, the approach developed by Su et al. 
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(2021b) was adopted: 1 h of air drying followed by an 

equilibration time of at least 7 h to lower the water 

content; conversely, 10 g water was sprayed on the 

sample followed by the same equilibration time to 

raise the water content. The wetting or drying pro-

cedures ended when the mass of sample increased to 

that corresponding to w1-f=17.6% or decreased to that 

corresponding to w2-f=10.6%. The wetting/drying 

procedures led to a slight swelling/shrinkage of the 

sample. Accordingly, the measured ρd value of the 

sample slightly decreased or increased (Table 1). 

 

 

Fig. 2. Overview of (a) reconstituted fines and mi-

cro-ballast and (b) as-compacted sample 
 

2.2  Dynamic triaxial tests 

The dynamic triaxial testing system (Fig. 3) 

adopted from Wang et al. (2017) was employed to 

explore the influences of wf, fv and σd on the Mr of the 

soil mixture. The as-compacted cylindrical specimens 

with three target wf values (17.6%, 13.7% and 10.6%) 

and five fv values (0%, 10%, 20%, 35% and 45%) 

were tested. A 50 kN hydraulic actuator was mounted, 

allowing for the application of repeated loading with 

varying shapes, amplitudes and high-loading cycles. 

The axial deformation was recorded with a precision 

of ± 0.1 mm. The force sensor at the bottom allows for 

the precise determination and refined control of the 

axial force, eliminating the friction between the 

loading piston and the testing chamber. 

A value of confining pressure σ3=30 kPa was set, 

which was equivalent to in-situ horizontal stress 

based on the consideration of interlayer’ depth and the 

train moving load (Trinh et al., 2012). For w1-f=17.6% 

(Sr=100%), σ3=30 kPa was employed, followed by 

overnight consolidation to allow for the dissipation of 

generated pore water pressure. Afterwards, the 

specimen was sheared. For wopt-f=13.7% (Sr=78%) 

and w2-f=10.6% (Sr=60%), the same consolidation 

time of one night was adopted under σ3=30 kPa before 

shearing. All testing procedures were executed in 

accordance with ASTM D7181-11 (ASTM, 2011). 

Fig. 4(a) shows an increase in σd from 10 to 30 kPa in 

the loading procedure. These σd values ranging from 

10 to 30 kPa were selected based on considering axial 

stress in varying depths of interlayer soil from 250 to 

600 mm, which were consistent with Wang et al. 

(2018b). A number of repeated loadings, N=90,000, 

was employed for a given σd, which was considered to 

be large enough for the stabilization of a resilient 

modulus (Gidel et al., 2001; Lamas-López, 2016; Qi 

et al., 2020a). A loading frequency of 1.78 Hz was set 

(Fig. 4(b)), equal to that generated under a train speed 

of 50 km/h in conventional rail tracks. Fig. 4(c) pre-

sents a constant stress ratio σd/Δp=3 for varying σd 

values, which was a typical in-situ stress path. In 

these tests, the evolution of deviator stress and axial 

deformation with time was measured. 

 
(b)

(a)

Micro-ballast Reconstituted fine soil
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Fig. 3. Schematic view of dynamic triaxial testing system 

(after Wang et al. 2017) 
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Fig. 4. (a) Multi-stage loading procedure, (b) sine-shaped 

signals and (c) stress path for varying σd 

 

2.3  Mercury intrusion porosimetry tests (MIP) 

In this work, MIP tests were conducted, which 

allowed for observing the microstructure of fines with 

different wf values. Three samples at a constant fv=0% 

and varying wf=17.6%, 13.7% and 10.6% were pre-

pared, respectively. The freeze-drying method used 

by Zhang et al. (2018) was implemented to prepare 

the fine soil for the MIP test: a piece of fine soil 

(around 1.5 g) was put into liquid nitrogen under 

vacuum, followed by storage for at least 24 h in the 

freeze dryer chamber for sublimation. This method 

can minimize the microstructure disturbance during 

dehydration to a large extent, ensuring the quality of 

MIP results (Delage et al., 2006; Zhang et al. 2018). 

An Autopore IV 9500 porosimeter was used, allowing 

the measurement of pore diameter in the 0.006-350 

μm range. 

 

 

3  Experimental results 

3.1 Variations in resilient modulus with wf, fv and 

σd 

Fig. 5 shows the evolution of hysteresis loops 

with loading cycles N from 0 to 90,000 for the sam-

ples at fv=0%, w1-f=17.6% and σd=10 kPa. Under a 

given hysteresis loop, the axial strain    consists of 

permanent strain   
 
 and resilient strain   

 . The re-

silient modulus Mr was determined by the ratio of σd 

to   
  in one cycle, which is also the secant slope of 

the hysteresis loop (for the resilient strain part in Fig. 

Hydraulic jack
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5). With the progression of N, the size of the hyste-

resis loop reduced. When the end of the loading stage 

was reached (e.g., N>10,000), the hysteresis loop 

became stable. This can be explained as follows: at 

the beginning of the loading cycles N, the reorienta-

tion and rearrangement of particles produced a larger 

plastic strain   
 

. As N increased, more inter-particle 

contacts developed, initially inducing a smaller plas-

tic strain and finally a purely resilient state. Similar 

observations were made by Werkmeister et al. (2001, 

2004). 

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30
0

2

4

6

8

10

12

 

Mr (N = 90000)

Mr (N = 60000)

Mr (N = 30000)

Mr (N = 10000)
N = 2-5

er
1 

ep
1 

 s
d
 (

k
P

a
)

 e1 (%)

Mr (N = 1)

 
Fig. 5. Plots of typical hysteresis loops for the sample of 

fv=0%, w1-f=17.6% and σd=10 kPa  

 

Fig. 6(a) shows the evolutions of the end-stage 

(at N=90,000 for each loading stage) hysteresis loops 

with σd under fv=0% for w1-f =17.6%. An increment of 

σd induced an increasing size of the hysteresis loop. 

Meanwhile, the secant slope of the hysteresis loop 

decreased as σd increased, suggesting that the corre-

sponding Mr decreased. A similar observation was 

identified for the sample of fv=0% and wopt-f=13.7%, 

as shown in Fig. 6(b). By contrast, for the sample of 

fv=0% and w2-f =10.6% in Fig. 6(c), increasing σd 

induced the slight growth of the secant slope and thus 

a slight increment of Mr accordingly. The decrease of 

wf from w1-f=17.6% (Fig. 6(a)) to w2-f=10.6% (Fig. 

6(c)) induced a decline of axial strain    due to the 

suction effect, which contributed to an increase of Mr. 
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Fig. 6. Plots of end-stage hysteresis loops versus de-

viator stress σd for (a) w1-f=17.6%,  (b) wopt-f=13.7% and (c) 

w2-f=10.6% 

 

Fig. 7(a) shows variations of   
  with N under 

fv=0% for w1-f =17.6%. At a constant σd, the   
  in-

creased rapidly during the early loading cycles, fol-

lowed by a gradually decreasing trend until reaching 

stabilization. This was because the cyclic loading led 
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to a denser structure with increasing N, and thus a 

decrease of   
 . When more contacts of particles were 

developed, the   
  became stable, as shown by Duong 

et al. (2016). With an increase of σd, the    
  increased. 

Similar observations were identified for the samples 

with wopt-f=13.7% in Fig. 7(b) and w2-f=10.6% in Fig. 

7(c). 
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Fig. 7. Plots of resilient strain    
  versus loading cy-

cles N  for (a) w1-f=17.6%, (b) wopt-f=13.7% and (c) 

w2-f=10.6% 

Figs. 8(a)–(c) present evolutions of Mr with N 

under varying fv and σd values for wf=17.6%, 13.7% 

and 10.6%, respectively. In Fig. 8(a) (w1-f =17.6%), 

under a constant σd, Mr increased slightly with the 

increasing N, which was attributed to the slight de-

crease of   
  with N in Fig. 7(a). Note that as stated by 

Werkmeister et al. (2004), under the effect of cyclic 

loading, the particle rotation and rearrangement oc-

curred. This contributed to a denser structure of soil 

mixture and thus an increase of its Mr value. The 

similar observation was made by Duong et al. (2016) 

on soil mixture with varying fv=50% and 56%, who 

found that the Mr of mixture increased with increasing 

loading cycle. An increment of σd induced a decline of 

Mr. In addition, increasing fv led to an increase of Mr 

slightly at fv=0%–20%, while significantly at 

fv=35%–45%. This was attributed to the change of 

soil fabric: a fine soil supported fabric at fv=0%–20% 

and a coarse grain supported fabric at fv=35%–45%, 

as evidenced by Wang et al. (2018b). Similar obser-

vation were made for the samples with wopt-f=13.7% 

in Fig. 8(b). Conversely, for the sample with fv=0% 

and w2-f =10.6% in Fig. 8(c), increasing σd contributed 

to an increment of Mr. Note that for the case of w2-f 

=10.6%, only the Mr at fv=0% was presented. That 

was because the axial strain    at fv=10%–45% was 

beyond the capacity (±0.1 mm) of the axial strain 

using the testing system. Consequently, the determi-

nation of Mr for the samples with w2-f =10.6% and 

fv=10%–45% was not accurate due to the testing lim-

itation, and thus is not depicted in Fig. 8(c). 
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Fig. 8. Plots of resilient modulus Mr versus loading cycles N  

for (a) w1-f=17.6%,  (b) wopt-f=13.7% and (c) w2-f=10.6% 

 

 

3.2  Variations of pore size distributions with wf 

Fig. 9 presents the pore size distributions (PSDs) of 

the fine soil for the samples at fv=0% and wf=17.6%, 

13.7% and 10.6%. Note that, as depicted by 

Muñoz-Castelblanco et al. (2012), the mercury in-

truded void ratio of fine soil eM was determined by the 

ratio between the volume of intruded mercury VHg and 

that of the solid phase Vs. The VHg was directly ob-

tained from mercury intrusion porosimetry tests, 

while the Vs is the ratio between the mass of solid ms 

and the density of solid ρs (ρs=2.67 Mg/m
3
 in Duong 

et al. 2013). In Fig. 9(a), the eM was slightly smaller 

than the void ratio of fine soil ef=0.47. In Fig. 9(b), a 

uni-modal porosity structure was observed for the 

samples at w1-f =17.6% and wopt-f=13.7%, with only a 

micro-pore population identified. However, a 

bi-modal porosity structure was obtained for the 

sample with w2-f =10.6%, with both micro-pore and 

macro-pore populations characterized. This can be 

explained below: on the wet side of optimum (w1-f 

=17.6%) and at the optimum (wopt-f =13.7%), a fine 

matrix fabric was formed due to water hydration, 

leading to a uni-modal microstructure. As the water 

content declined, aggregation of the fine soil occurred, 

as evidenced by Cui and Delage (1996). A fine ag-

gregate fabric was obtained on the dry side of opti-

mum (w2-f =10.6%), resulting in a bi-modal micro-

structure. The similar phenomenon was reported by 

Delage et al. (1996). An increment of wf from 

w2-f=10.6% to wopt-f =13.7% and w1-f=17.6% contrib-

uted to the growth of the size of the main micro-pores 

from 0.17 to 0.29 and 0.59 μm, respectively. This was 

explained by that increasing wf induced the swelling 

of fine soil due to the aforementioned clay fraction 

(around 30.0%) contained in fine soil (Fig. 1), and 

thus causing an increase of pore diameter. This was in 

accordance with the observations of Li and Zhang 

(2009). un
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tents: (a) cumulative curves; (b) density function curves 

 

 

4  Interpretation and discussions  

4.1 Combined effects of wf and σd on Mr 

Fig. 10 shows evolutions of the end-stage Mr with wf 

under varying σd=10–30 kPa for fv=0%. A threshold 

water content wth=11.3% was identified. When the wf 

was higher than that value, an increment of σd induced 

a reduction of Mr, while a reverse trend was obtained 

when the wf was lower. Similar observations were 

reported by Wang et al. (2017) and Su et al. (2021a) 

on the same soil mixture with varying fv=0%–45% 

under σd=50–200 kPa. The wth=12.6%, 11.9%, 11.7%, 

12.3% and 13.0% was obtained for fv=0%, 10%, 20%, 

35% and 45%, respectively (Section S2). These val-

ues of wth in the present study, Wang et al. (2017) and 

Su et al. (2021a), were found to be close to the plastic 

limit of the fine soil wp=12%. It could thus be inferred 

that wp corresponded to the threshold water content 

wth of the fine/coarse soil mixture. Interestingly, it 

was found from Figs. 9(a)-(b) that wp separated the 

two fabrics of fine soil: a fine matrix fabric at w1-f 

=17.6% and wopt-f=13.7% (> wp =12%) and a fine 

aggregate fabric at w2-f=10.6% (< wp =12%). The 

similar observation was made by Ahmed et al. (1974) 

on clay and Delage et al. (1996) on silt, who found 

that wp was the threshold water content for a fine 

matrix microstructure and a fine aggregate micro-

structure. It can be thus inferred that for the fine ma-

trix fabric (wf>wp), an increment of σd induced a de-

cline of Mr, while for the fine aggregate fabric 

(wf<wp), an increment of σd contributed to an increase 

of Mr. 

The Mr–σd relationship for these two fabrics was 

the competing result between soil hardening upon 

loading and soil rebounding upon unloading. When 

loading, the growth of σd facilitated the compression 

of fine soil, resulting in an increment of Mr for both 

fabrics. Conversely, when unloading, the rebounding 

effect of fine soil led to an increment of   
 , and thus a 

reduction of Mr. For the fine matrix fabric (wf>wp), 

with respect to its high deformability, the rebounding 

influence on Mr outweighed the hardening influence. 

For instance, in Fig. 7(a) (w1-f=17.6%, the fine matrix 

fabric), an increase of σd from 10 to 15 kPa (increase 

by 50%) led to a large increase of end-stage   
  from 

0.05% to 0.10% (increase by 100%). Consequently, 

an increment of σd induced a reduction of Mr for the 

fine matrix fabric. Conversely, for the fine aggregate 

fabric (wf<wp), the rebounding effect on Mr was 

secondary compared with the hardening effect based 

on the consideration of its low deformability. As 

shown in Fig. 7(c) (w2-f=10.6%), an increase of σd 

from 10 to 15 kPa (increase by 50%) induced a small 

increase of   
  from 0.014% to 0.020% (increase by 

42%). Thus, Mr increased with increasing σd for the 

fine aggregate fabric. 
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Fig. 10. Plots of end-stage resilient modulus Mr versus 

water content of fine soil wf for fv=0% 

 

4.2 Combined effects of wf and fv on Mr  

Figs. 11(a)-(b) show that under a given fv, with in-

creasing deviator stress amplitude σd, the decreasing 

rate of Mr at wopt-f=13.7% was larger than that at 

w1-f=17.6%. This phenomenon can be explained as 

follows: according to the findings of Ng et al. (2017), 

the decrease of wf from w1-f=17.6% to wopt-f=13.7% 

induced the shrinkage of soil and a decrease of void 

ratio (as evidenced by an increase of measured ρd in 

Table 1), which gave rise to an increase of particles 

contacts. As stated by Werkmeister et al. (2004), the 

resilient deformation was referred to deformation at 

particles contacts. In this case, a larger increasing rate 

of resilient strain    
  was expected at wopt-f=13.7%, 

and thus a larger decreasing rate of Mr was obtained. 

Figs. 11(a)-(b) show evolutions of end-stage Mr with 

σd under varying fv for w1-f=17.6% and wopt-f=13.7% 

respectively. It was found that the growth of fv in-

duced an increment of Mr under both saturation 

(w1-f=17.6%) and  unsaturation  (wopt-f=13.7%). A 

comparative work between the present study and  

Duong et al. (2016) was fulfilled. Duong et al. (2016) 

explored the Mr of the soil mixture with varying 

fv=50.3% and 55.5% for w=12%, 6% and 4% (Figs. 

12(a)-(c)). They found that the growth of fv contrib-

uted to an increase of Mr at saturation (w=12%), but a 

decrease of Mr at unsaturation (w=6% and 4%). The 

former case (w=12%) is in accordance with the ob-

servation in present study (Fig. 11(a)), while the latter 

cases (w=6% and 4%) are opposed to that observed in 

present study (Fig. 11(b)).   

The combined effects of wf and fv on Mr of 

mixture were linked with the effect of suction  . For 

this work, a constant  ρd-f=1.82 Mg/m
3 
of fine soil was 

kept for varying fv (Table 1), which led to a constant 

  for a given w (e.g.  =739 kPa for a constant 

wopt-f=13.7% and various fv values in Wang et al. 

2018a, 2018b). This was experimentally examined by 

Su et al. (2022), who found that the water retention 

capacity of soil mixture became higher with an in-

crement of ρd-f, while remained unchanged with an 

increment of fv when the ρd-f was constant. In this case, 

the growth of coarse grain content fv induced an in-

crement of Mr under both saturation and unsaturation 

(Figs. 11(a)-(b)), which was only due to the rein-

forcement influence of coarse grains, while being 

independent of the effect of suction. Conversely, for 

Duong et al. (2016), given that the  ρd=2.01 Mg/m
3
 of 

mixture was unchanged, the growth of fv from 50.3% 

to 55.5% induced a reduction of ρd-f from 1.33 to 1.17 

Mg/m
3
 (Table 2), and thus a decline of   conse-

quently. This was evidenced by Duong et al. (2014), 

who reported that the growth of fv from 50.3% to 55.5% 

induced a decrease of water retention capacity. At 

saturation (w=12%, Fig. 12(a)), the growth of fv gave 

rise to an increment of Mr, which was explained by 

the only reinforcement effect of coarse grains. By 

contrast, at unsaturation (w=6% and 4%, Figs. 

12(b)-(c)), an increment of fv contributed to a decline 

of  . While the reinforcement effect of incrementing 

fv was less significant than  the negative effect of 

declining  ,  the Mr decreased. 
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Fig. 11. Plots of end-stage resilient modulus Mr versus 

deviator stress σd for (a) w1-f=17.6%; (b) wopt-f=13.7% 
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Fig. 12. Plots of end-stage resilient modulus Mr versus 

deviator stress σd for (a) w=12%, (b) w=6% and (c) w=4% 

(after Duong et al., 2016) 

 

 

Table 2. Soil properties of Duong et al. (2016) 

fv 

(%) 
w (%) Sr (%) 

ρd  

(Mg/m3) 

ρd-f  
(Mg/m3) 

50.3 4 6 12 32 49 100 2.01 1.33 

55.5        1.17 

 

 

5  Practical implications of present study   

From a practical point of view, with increasing train 

moving loads, the Mr of the interlayer soil increases at 

low water content (smaller than the plastic limit of 

fine soil fraction wp) but decreases at high water 

content (larger than the wp). This suggests that a 

drainage system in the railway substructure is re-

quired, for ensuring the normal performance of in-

terlayer soil, especially under varying train moving 

loads. Otherwise, a decrease in the stiffness of inter-

layer soil is expected.  

 

 

6  Conclusions 

 

This study is to address the relationship between the 

Mr of soil mixture and the microstructure of fines. 

MIP tests were fulfilled for observing the fabric of 

fine soil at different wf, while dynamic triaxial tests 
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with varying σd were carried out for the determination 

of Mr of soil mixture with various wf and fv. From 

these tests, the following conclusions were obtained. 

1) For the fine matrix fabric (wf>wp), the growth of 

σd contributed to a decline of Mr of soil mixture, 

while for the fine aggregate fabric (wf<wp), the 

growth of σd gave rise to an increment of Mr.  

2) The Mr–σd relationship for the two fabrics was 

determined by the competing result between the 

soil hardening upon loading and the soil re-

bounding upon unloading. For the fine matrix 

fabric (wf>wp), with respect to its high deform-

ability, the rebounding influence on Mr out-

weighed the hardening influence. Conversely, 

for the fine aggregate fabric (wf<wp), the re-

bounding effect on Mr was secondary compared 

with the hardening effect based on the consid-

eration of its low deformability.  

3) The combined influences of wf and fv on Mr were 

linked with the influence of suction. Under sat-

uration, the increase of Mr with increasing fv was 

explained by the reinforcement influence of 

coarse grains. Under unsaturation, when the re-

inforcement influence of incrementing fv was 

less significant than the negative influence of 

decreasing  , the Mr decreased.  
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中文概要： 

 

题 目：列车荷载-含水量-粗颗粒含量共同作用下混合物

回弹模量的演化机制研究 

 

作 者：粟雨
1,2
,张悦

1
, 段君义

1
, 高江林

2
, 王中正

3
,刘

达
2
,韩波

1
,朱文哲

1
 

机 构：
1
南昌大学工程建设学院，江西 南昌 330031；

2

江西省水利科学院江西省水工安全工程技术研

究中心，江西 南昌 330029；
3
昆士兰科技大学工

程学院，澳大利亚 QLD 4001 

 

目 的：由于列车长期荷载作用，道砟嵌入基床表层细粒

土，形成铁路路基夹层。随着荷载幅值、道砟含

量和含水量的变化，夹层中粗-细粒混合物的回弹

模量发生改变，严重影响整个路基的正常服役性

能。本文旨在研究荷载幅值 σd、粗颗粒含量 fv和

含水量 wf共同作用下混合物回弹模量 Mr的演化

规律，和在此过程中细粒土微观结构的变化，并

揭示两者之间的内在关联。 

创新点：揭示荷载幅值 σd 和含水量 wf对混合物回弹模量

的耦合作用，并解释这种耦合作用产生的微观机

理。 

方 法：1. 基于动三轴试验，揭示荷载幅值 σd、粗颗粒含

量 fv和含水量wf共同作用下混合物回弹模量的演

化规律；通过压汞试验，揭示不同含水量下细粒

土微观结构的变化。 

结 论：荷载幅值 σd和含水量 wf对混合物回弹模量 Mr存

在耦合作用——当 wf>wp（塑限）,随着 σd增加，

Mr降低；当 wf<wp，随着 σd增加，Mr增加。这种

耦合作用的产生可归因于细粒土微观结构变化：

当 wf<wp时，细粒土为凝块状的团粒结构，具有

低压缩性，随着 σd 增大，Mr 增大；当 wf>wp时，

随着含水量增加，团粒结构逐渐分解、解体，可

压缩性增加，因而出现相 反的情况。 

关键词：回弹模量；混合物；动三轴；压汞试验；含水量；

粗颗粒含量 
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