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Abstract. Railway track-bed materials are mostly in unsaturated state, and their hydro-mechanical properties depend 

strongly on their water contents or suctions. In France, problematic soils such as collapsible loess and swelling marl 

can be origin of instability problems for new lines for high speed trains, while the hydro-mechanical behaviour of 

interlayer soil formed mainly by interpenetration of ballast and subgrade soil is of concern for conventional lines. In 

the latter case, the main challenge relies in the large variability of the interlayer soils owing to the variability of 

natural subgrade soils involved in the railway network. In this paper, a study on interlayer soils is presented, that 

covers a large spectrum of aspects: geotechnical/geophysical site characterisation, laboratory investigation into the 

hydraulic behaviour and mechanical behaviour as well as the mud pumping/interlayer creation phenomena, and field 

monitoring. The combined effect of water content and fines content were emphasized in the laboratory investigation, 

whilst interaction between atmosphere and track was focused on in the field monitoring. The results show clearly that 

it is of paramount importance to consider the unsaturated aspect of track-bed materials when analysing the overall 

behaviour of tracks, in particular when clay is involved in fine fraction. 

 

1 Introduction  

In France, most railway tracks are ballasted and the 

whole network is composed of new lines for high speed 

trains and conventional lines for other categories. In the 

case of new lines, a sub-layer of gravel is placed between 

ballast and subgrade, and sometimes a capping layer is 

put with treated soil between the sub-layer and subgrade 

(see Figure 1). This design has been proven to be 

successful when dealing with sub-grades of “noble soils”. 
But when special soils such as expansive soils and 

collapsible soils are involved, additional measures should 

be taken in order to ensure the stability of tracks under 

the combined effect of water infiltration and cyclic 

loading. Indeed, in the case of northern line (Paris – 

Lille), a subgrade of loess is involved. Under the effects 

of rainfall and dynamic loading, track instability 

problems were identified, leading to an extensive study to 

identify the main instability mechanisms (collapse upon 

wetting, fatigue under large number of loading cycles and 

liquefaction in the saturated sate) [1-6]. In the case of 

Mediterranean Line (Paris – Marseille), a subgrade of 

marl was encountered and its swelling due to the coupled 

effect of water infiltration and excavation-related 

unloading was revealed to be one of the main 

mechanisms for the significant track heave identified [7]. 

 

Figure 1. Comparison between new and conventional railway 
tracks. 

As opposed to the new lines, the conventional lines 

have their ballast directly placed on the subgrade during 

their construction. Under the effect of train circulation 

over time, an interlayer was created mainly by the 

interpenetration of ballast and subgrade soils (see Figure 

1). This layer is found to be well “compacted” by train 
circulation over long time:  the in-situ dry density can be 

as high as 2.4 Mg/m
3
 [8]. Thereby, it constitutes a good 

bearing layer in the sub-structure. This is why it has been 

decided to keep this layer in the French program of 

conventional track renewal. Note that this track renewal 

program is important because it almost involves the 

whole French network: the conventional lines represent 

94% of the whole network of about 30 000 km [9]. Figure 

2 shows a picture of soil profile taken when during 

sampling at the site of Sénissiat, France, after removing 

the ballast layer. An interlayer composed of coarse grains 
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and fine particles can be clearly identified. When 

approaching the subgrade layer, the fraction of coarse 

grains seems to decrease, so that a transition layer can be 

defined that differentiated from interlayer by a lower 

coarse grain fraction. 

Figure 3 shows a comparison of grain size distribution 

between sub-ballast and the interlayer soil taken at the 

site of Sénissiat. It appears that the main difference 

between the sub-ballast and the interlayer soil lies in the 

fines content: there is no grain smaller than 0.1 mm in 

sub-ballast whereas the fraction of grains smaller than 

0.1 mm can reach 20% in the interlayer soil. Due to the 

presence of fines in the interlayer, the hydro-mechanical 

behaviour of the interlayer soil can be greatly affected by 

the sensitivity of the fines to changes in water content. 
Furthermore, as the nature and the amount of fines can be 

quite different from one site to another, the variability of 

materials constituting the interlayer is also an important 

issue to be addressed. 

 

Figure 2. Interlayer at the site of Sénissiat. 

 

Figure 3. Comparison of grain size distribution between sub-

ballast and interlayer soil.  

In this paper, the hydro-mechanical behaviour of 

interlayer materials is addressed through laboratory 

testing, physical modelling and field monitoring. A large 

scale infiltration cell equipped with tensiometer and TDR 

was developed to study the unsaturated hydraulic 

behaviour, and a large scale triaxial cell was employed to 

investigate the effects of water content and fines content 

under cyclic loading conditions. A physical model was 

developed to study the interlayer creation and the mud 

pumping phenomena. The field monitoring was 

conducted to investigate the interaction between the 

atmosphere and track. 

2 Site selection and prospection 

A site on a conventional line was needed to conduct the 

study on the hydro-mechanical behaviour of interlayer 

materials. To make the site representative, different 

criteria should be applied. For instance, for the selection 

of Vierzon site [10], it was imposed that the track 

components as rail and sleepers should not have more 

than ten years since their last renewal. In addition, the 

maximum service speed should be comprised between 

200 and 220 km/h. A site with tracks in an alignment was 

also required to obtain the same solicitation at each side 

of each track. After selection of the site, geophysical and 

geotechnical prospections were conducted in order to 

investigate the site characteristics such as the Rayleigh 

wave velocity that is related to the critical velocity of 

train and the profile of soils of different geotechnical 

properties. 

Different geophysical and geotechnical methods have 

been used in railway auscultations. The commonly used 

geophysical techniques are the multichannel analysis of 

surface waves (MASW), the ground penetrating radar or 

down-hole tests. MASW is used to analyse the 

propagation wave velocities in soil and the thicknesses of 

different layers of soil [11]. Ground penetrating radar 

(GPR) defines the thicknesses of different layers of 

substructure [12-13]. Down-hole seismic test is suitable 

for estimating the shear wave velocities of different track-

bed materials [14]. On the other hand, most of the 

geophysical methods present some difficulties in track-

bed investigations. For instance, the MASW is not easy 

to apply on track surface with ballast because common 

geophone pins are not adapted to be installed into large 

grains as ballast due to contact failure. Other geophysical 

methods, as GPR, are more suitable for qualitative 

auscultation of track-bed layers and for estimation of the 

thicknesses of track layers. For the geotechnical 

techniques, the mostly used ones are the dynamic 

penetration test (as PANDA tests) and the dynamic plate 

loading test (as the light weight deflectometer, LWD) 

[15-16]. They can help define the quality of a track-bed 

and the required thickness for different layers. The LWD 

test estimates the dynamic modulus of a soil, and is used 

for quality control. The PANDA test now becomes a 

common technique in France [17] since it allows 

prospecting the stiffness of existing tracks. The PANDA 

test measures the tip resistance of different materials. The 

elastic modulus of materials can be further estimated 

from their tip resistances using empirical equations. 

The geo-endoscopic test uses a little video camera 

(wired to a data logger with a soft cable) to observe the 

soil. The camera is introduced into the hole of a 

previously performed PANDA test (15 mm of diameter). 

The results allow a qualitative characterization of soil, 

and even the estimation of the soil grain size distribution. 
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The geo-endoscopic test is largely employed test in track 

prospections since the images and video obtained from 

this test allow the determination of different materials 

constituting the investigated soil layers: the thickness, the 

soil nature and even the state of saturation. This 

information can help better analyse the PANDA test 

results. In practice, PANDA and geo-endoscopic tests are 

often coupled for a same auscultation point. 

Figure 4 shows the situations of prospection tests at 

the Vierzon site. Figure 5 shows different materials 

observed by geo-endoscope and Figure 6 gives an 

example of PANDA test results [10]. 

 

 

Figure 4. Prospection tests performed on the ‘Vierzon 
experimental site’. 

 

Figure 5. Different materials observed by Geo-endoscopic tests. 

 

Figure 6. PANDA test result on track 1 and moving average (of 
8 records). 

All the test results allow the soil profile at Vierzon 

site to be well defined (see Figure 7), with 50 cm ballast 

(fresh and fouled), 40 cm interlayer (ITL), about 20 cm 

transition layer (TL) overlying the SBG. The water table 

is at 1.20 m depth from the rail level, near the interface 

between TL and SBG. Thus, the interlayer material is 

expected to be unsaturated. 

 

Figure 7. Profile of Vierzon site defined by the prospection 
tests. 

3 Laboratory investigation  

The laboratory investigation results are presented in three 

parts: i) hydraulic behaviour of interlayer soil, ii) 

mechanical behaviour of interlayer soil, and iii) physical 

modelling of the interlayer creation and mud pumping 

phenomena. Emphasis was put on the role of suction 

generated in the part of fine particles in the global 

hydraulic behaviour, while the roles of both suction/water 

content and fines content were stressed for the overall 

mechanical behaviour. 

3.1 Hydraulic behaviour  

The effect of fines content on the hydraulic behavior of 

interlayer soil was studied through the comparison 

between the fines (< 2mm) and ITL10 that is an interlayer 

soil with addition of a quantity of sub-grade representing 

10% interlayer soil by dry mass [18].  
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The fines content was determined using a small-scale 

infiltration column of 50 mm in diameter and 200 mm in 

height, while ITL10 was tested in a large-scale infiltration 

column (300 mm in diameter and 600 mm in height) 

equipped with five TDRs for measuring water content 

and five tensiometers for measuring pore-water pressure 

[19]. The dry unit mass and water content of fines were 

taken equal to those of the fine particles contained in the 

sample of interlayer soil. Unlike the large-scale column 

where both suction and water content were monitored, 

the small-scale column has only suction monitored. To 

obtain the water content changes during infiltration, the 

soil-water retention curve (SWRC) was needed. This was 

done separately using an oedometer cell equipped with a 

high-capacity tensiometer (see Le et al. [20] for more 

details).  

The instantaneous profile method [21-25] was applied 

for the determination of hydraulic conductivity for each 

soil. Note that this method is based on the generalized 

Darcy’s law. The hydraulic gradient is determined by 
considering the slope of suction isochrones and the water 

volume passing through a given section between times t 

and t+dt is used for calculating the water flux. 

Figure 8 depicts the comparison of SWRC between 

ITL10 and fines. The curves of the two soils start from 

almost the same point - around 97% degree of saturation 

and 1.7 kPa suction. Two drying curves were determined 

for fines, while one drying curve and two wetting curves 

were determined for ITL10. It is observed that the two 

drying curves of ITL10 are almost the same, so are the 

two wetting curves of fines, suggesting a good 

repeatability of the tests. A limited hysteresis was also 

identified for fines. Moreover, from 3 kPa suction, the 

curves of fines start to separate from those of ITL10. The 

curves of drying path for the two soils are almost parallel 

from 10 kPa suction. The curves of ITL10 stop at 71 kPa 

while the curves of fines stop at 389 kPa due to the 

different capacities of the tensiometers used for the two 

soils. The gap between two curves is about 10% degree 

of saturation at the end of the curves for ITL10. 

In Figure 9, the hydraulic conductivity of ITL10 and 

fines is plotted versus suction, together with the fitting 

curves using van Genuchten’s and Brook-Corey’s 
models. It can be observed that in unsaturated state the 

wetting and drying curves of the interlayer soil are quite 

close to those of fines, suggesting that the hydraulic 

conductivity of the interlayer soil is mainly governed by 

the hydraulic conductivity of the fines contained in it. In 

other words, in unsaturated state, water transfer in the 

interlayer soil takes place mainly through the network of 

pores between fine particles, coarse elements like ballast 

behaving as inert materials. By contrast, in saturated 

state, a value of 1.67×10
-5

 m/s was obtained for ITL10, 

higher than the value for fines (2.6×10
-6

 m/s). This 

difference is considered as being significant because as 

opposed to the determination of unsaturated hydraulic 

conductivity, the determination of saturated hydraulic 

conductivity can be deemed accurate. The higher value 

for ITL10 can be explained as follows: the macro-pores in 

ITL10 are larger than those in fines and water flow in 

saturated state took place mainly through macro-pores. 

Thereby, the water flow mechanism in saturated state is 

different from that in unsaturated state.  

From a practical point of view, Figure 9 shows that 

when determining the unsaturated hydraulic conductivity 

of interlayer soils, it is not necessary to use large-scale 

experimental devices to match the soil grain size; smaller 

devices can be used to determine their hydraulic 

conductivity by testing the fine particles only, provided 

that equivalent dry density is accounted for. This is 

however not valid for saturated state. 
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Figure 8. Comparison of SWRC between ITL10 and fines. 
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Figure 9. Comparison of hydraulic conductivity between ITL10 
and fines. 

On the other hand, Figure 9 also shows an 

uncommon phenomenon of hysteresis in hydraulic 

conductivity for ITL10 and fines. Indeed, it is observed 

that the curve of wetting path lies above the curve of 

drying path. The same phenomenon was observed by 

Wayllace and Lu [26]. The following interpretations can 

be attempted. Due to the different kinetic between the fast 

liquid transfer in wetting and the long vapour transfer in 

drying, the time needed for drying was much longer than 

that for wetting. This phenomenon was also reported by 

Toker et al. [27] and discussed by Munoz-Castelblanco et 

al. [5]. A higher hydraulic conductivity can be expected 

in that case for wetting path. In this study, the calculation 

of hydraulic conductivity was performed based on the 

suction evolution given by tensiometers. Assuming that 
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in the compacted soils, both macro-pores and micro-pores 

exist. During wetting, the macro-pores were filled with 

water more quickly than micro-pores. Moreover, in the 

micro-pores, there were always air bubbles preventing the 

total saturation. By contrast, during drying, all pores 

(micro and macro) participated in the evaporation 

process. As a result, when water filled the macro-pores, 

the tensiometers immediately gave the suction changes 

corresponding to the water flow through the macro-pores, 

even though the suction in micro-pores would be higher. 

On the contrary, when water evaporates during drying, 

the tensiometers gave the suction changes that involve 

both macro- and micro-pores, in a much slower fashion. 

In other words, the suction measured by the tensiometers 

was probably under-estimated for wetting paths. Côté and 

Roy [28] also reported that one re-saturating stage is not 

enough to fully saturate a soil sample because of the air 

bubbles trapped in micro-pores. This can also explain the 

uncommon hysteresis mentioned before. 

 

3.2 Mechanical behaviour 

The mechanical behaviour has been investigated using a 

large scale cyclic triaxial cell that can host a sample of 

300 mm diameter and 600 mm height [29]. Emphasis was 

put on the effects of water content and fines content on 

the resilient modulus and permanent deformation [30]. 

Based on the experimental results, a constitutive model 

was developed, taking into account both the effect of 

stress level and the effect of degree of saturation [9]. 
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Figure 10. Deviator stress versus axial strain for test ITL5w6 - 

Determination of resilient modulus. 

Figure 10 presents typical curves of deviator stress 

versus axial strain for the first cycles in a test on the 

interlayer soil with addition of 5% subgrade soil and at 

6% water content - ITL5w6 [31]. It also shows the 

definition of permanent axial strain (εp), the resilient axial 

strain (εr) through the first cycle. The resilient modulus 

(Mr) corresponds to the secant slope of curves (see Figure 

10).  

Three water contents (4%, 6% and 12%) and four fines 

contents were considered (0% - natural ITL soil ITL0, 5% 

- addition of 5% subgrade soil ITL5, 10% - addition of 

10% subgrade soil ITL10, as well as -10% - removal of 

10% fines from the natural ITL soil ITL-10). Note that the 

water content of 12% corresponds to the saturated state, 

and only one test was carried out on the soil with 5% fine 

addition. The end-level resilient modulus values (after 30 

000 cycles for each deviator stress level) are plotted 

versus deviator stress in Figure 11 for ITL10, ITL0 and 

ITL-10. The value of ITL-10 at 4% water content is the 

highest; the values of 12% water content are lower than 

those of 4% water content but higher than those of 6% 

water content. The relative positions of these curves show 

that the water content effect is not the same for the three 

materials. It appears that the increase of water content 

brings a negative effect to the resilient modulus of the 

soil that has the highest fines content (ITL10). However, 

for ITL0 and ITL-10, the resilient modulus decreased when 

water content changed from 4% to 6% but increased 

when water content was increased to 12%. Note that only 

a decreasing trend of resilient modulus with growing 

saturation level for granular material was observed by 

Lekarp at al. [32]. More studies are required to clarify 

this issue. 

Figure 12 presents the results according to the water 

content: 4% (Figure 12a), 6% (Figure 12b) and 12% 

(Figure 12a). The effect of fines content can be observed 

clearly. In the case of w = 4%, the results of ITL-10 and 

ITL10 are almost identical for the deviator stress up to 

100 kPa. But much lower values are observed for ITL0 

for the deviator stress up to 140 kPa. Beyond 140 kPa 

deviator stress, the values become almost the same for 

ITL-10 and ITL0. At 6% water content, the resilient 

modulus of ITL0 is also the smallest, showing that when 

decreasing the fines content (from ITL10 to ITL0), a 

reduction of resilient modulus is produced. However, 

when the fines content is decreased to a level as low as 

ITL-10, the resilient modulus starts to increase. Under the 

saturation conditions (w = 12% in Figure 12c), it is 

observed that the greater the fines content, the lower the 

resilient modulus.  
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Figure 11. End-stage resilient modulus versus deviator stress - 
Effect of water content. a) ITL10; b) ITL0; c) ITL-10. 
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Figure 12. End-stage resilient modulus versus deviator stress - 
Effect of fines content. a) w = 4%; b) w = 6% and c) w = 12%. 

Figure 13 presents the permanent axial strains 

obtained at the end of each loading step (same number of 

cycles) versus the corresponding maximum deviator 

stress qmax for each soil at three different water contents, 

allowing analyzing the effects of stress level and water 

content on the permanent axial strain. For ITL-10 (Figure 

13a), the curves are similar up to 90 kPa deviator stress. 

Beyond 90 kPa, the permanent axial strain of ITL-10w4C 

is smaller than those of ITL-10w6C and ITL-10w12C. Note 

that failure occurred for the nearly saturated specimen (w 

= 12%) when qmax = 200 kPa. For ITL0 (Figure 13b), 

three curves are well separated. At all stress levels, the 

higher the water content, the larger the permanent axial 

strain. Failure was also observed for the nearly saturated 

specimen at qmax = 200 kPa. For ITL10 (Figure 13c), the 

curve of the specimens at w = 4 and 6% are similar, while 

for the nearly saturated specimen (ITL10w12C), the 

permanent axial strain is much larger. The effect of water 

content depends not only on the soil nature but also on 

the variation range of water content. Changing water 

content from 4% to 6% does not significantly affect the 

permanent axial strain of ITL10 but induces significant 

changes in the case of lower fines content (ITL-10 and 

ITL0). On the contrary, increasing water content from 6% 

to 12% induces a significant change in the permanent 

axial strain for ITL10, but not for ITL-10 when the stress is 

lower than 140 kPa. At a given stress level, increasing 

water content results in an increase in permanent axial 

strain.  

Figure 14 shows the permanent axial strains obtained 

at the end of each loading step versus the corresponding 

qmax for each water content value, allowing analyzing the 

effect of fines content on the permanent axial strain. In 

the case of w = 4% and 6% (Figures 14a and14b, 

respectively), the permanent axial strains of ITL-10w4C 

and ITL-10w6C are significantly higher than the others, 

suggesting that the lower the fines content, the larger the 

permanent axial strain. In nearly saturated state (Figure 

14c), the effect of fines content is inversed: the soil 

having the highest fines content (ITL10) exhibits the 

largest permanent axial strain [30]. Uthus et al. [33] also 

observed that the effect of water content on the 

permanent axial strain depends on the fines content. This 

phenomenon can be explained as follows: in unsaturated 

state, water is mainly trapped by fine particles. At the 

same density and water content, if the fines content is 

higher, the soil suction must be higher. As a result, the 

soil is mechanically more resistant. On the other hand, 

fine particles are well known to be very sensitive to 

changes in water content, and when the water content is 

12%, the soil becomes saturated and its suction 

approaches zero, leading to a significant decrease in fine 

particles strength and further the overall mechanical 

behavior of soil. Similar observations were reported by 

Fortunato et al. [34], Seif El Dine et al. [35] and Huang 

et al. [36]. 

  

 

  

 

DOI: 10.1051/01001 (2016), 9

E  2016-

E3S Web of Conferences e3sconf/20160901001

UNSAT

6



 

 

 

0 30 60 90 120 150 180 210

0

1

2

3

4

5

(a)

 

 ITL
-10

 w4C

 ITL
-10

 w6C

 ITL
-10

 w12C

P
er

m
an

en
t 

ax
ia

l 
st

ra
in

 (
%

)

0 30 60 90 120 150 180 210

0

1

2

3

4

5

(c)

(b)

 

 

 ITL
0
 w4C

 ITL
0
 w6C

 ITL
0
 w12C

P
er

m
an

en
t 

ax
ia

l 
st

ra
in

 (
%

)

0 30 60 90 120 150 180 210

0

1

2

3

4

5
 

 

 ITL
10

 w4C

 ITL
10

 w6C

 ITL
10

 w12C

P
er

m
an

en
t 

ax
ia

l 
st

ra
in

 (
%

)

q 
max

 (kPa)
 

Figure 13. Effect of water content on the end-stage permanent 
axial strain for ITL-10, ITL0 and ITL10. 
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Figure 14. Effect of fines content on the end-stage permanent 
axial strain at various water contents. 

On the whole, at a given water content in dry 

condition, adding more fines has a positive effect on the 

mechanical behavior of interlayer soil (the permanent 

axial strain is reduced), while in nearly saturated 

condition, adding more fines boosts the axial strain. This 

means that in the railway context, during the assessment 

and exploitation of the interlayer soil, the effect of water 

content and fines content must be taken into account 

simultaneously. The interlayer soil containing a larger 

quantity of fine particles have to be protected from water 

infiltration in order to avoid any increase of water content 

that would decrease its mechanical performance. 

Gidel et al. [37] studied the permanent strain 

behaviour of two Unbound Granular Materials UGMs 

(0/20 limestone UGM and 0/10 UGM obtained from a 

micro-granite) following various stress paths with a 

q/p ratio comprised between 0 and 3. Based on the 

results obtained, they developed a constitutive model 

relating permanent axial strain to the maximum applied 

cyclic stress and the number of cycles. The general form 

of this model is as follows: 

1 max max( , ). ( )p g p q f N   
    (1)  

In this model, the effects of number of cycles and 

maximum applied stress are separated, making easier the 

determination of these functions. For the function f(N), 

the model proposed by Hornych et al. [36] was adopted 

(Eq. 2). This model was verified and validated using the 

experimental results for UGMs.  

*

1 1 1( ) ( ) (100) 1
100

B

p p p N
f N N A  

             
(for N > 100 cycles)    (2) 

where ε1p*
 is the permanent strain after the first 100 

cycles, A and B are regression parameters. A depends on 

the stress level and the material; it represents the 

maximum permanent strain when the number of cycles 

tends to infinity. B controls the evolution of permanent 

strain with the increase of cycle number. According to 

Gidel et al. [37], this relationship is valid only for N > 

100 cycles because the first one hundred loading cycles 

correspond to the bedding down of the material.  

For the function g(pmax, qmax), Gidel et al. [37] 

showed that the permanent axial strain increases with the 

increase of mean stress p and this axial strain increase is 

highly dependent on the stress path defined by 

qmax/pmax. The relationship between the permanent 

axial strain and the maximum applied stress in the case of 

q > 0 is then given as follows: 

0 max
max max 1

max

max max

1
( , )

n

p

a

l
g p q

p s q
m

p p


 

                    (3) 

where ε1p0
, m, n, s are parameters; pa =100 kPa and 

2 2

max max maxl p q  
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The influence of water content on the mechanical 

behaviour of granular materials under cyclic loading has 

been observed experimentally in several studies [39-42]. 

The results obtained in this study on the interlayer soil are 

in agreement with these works. To extend the model of 

Gidel et al. [37] to the effect of water content or degree of 

saturation, a function  relating the permanent axial strain 

to the water content and the applied deviator stress, t(w, 

qmax), was defined, as follows [29, 9]: 



 






 


a

p

p

q
awqwt max0

1max )..(),(

   (4)  

where ε1p0
, a and α are parameters and pa =100 kPa. 

In order to account for the stress level, number of 

cycles and water content of soil, Eq. 4 is extended as follows: 

)().,( max1 Nfqwtp 
     (5)  

where f(N) is calculated using Eq. 2 and t(w, qmax) is 

calculated using Eq. 4. 

To validate the model, two tests on the natural 

interlayer soil of Sénissiat at two water contents, w = 4% 

(TC1) and w = 6% (TC2) are used for determining the 

model parameters. These parameters are then used to 

simulate a test on the saturated sample (w = 4%, TC3). 

The parameters determined are: ε1
p0

 = 9.1410-4, a = -

3.36; α = 2.54; A = 0.76; B = 0.17.   

Figure 15a shows that the proposed model fits well 

with the experimental results. For test TC1, in the last 

loading stage, the model value is close to the measured 

value at the end of the test; but for test TC2, larger 

difference between the simulation and the experimental 

results can be observed in the last loading stage. Figure 

15b presents a zoom of the results for the first three 

loading stages. It is observed that the simulation of test 

TC1 is better than that of test TC2. This is related to the 

final value of permanent axial strain at the end of each 

loading stage. Indeed, it was observed that stabilisation of 

permanent axial strain occurred for test TC1 but no 

stabilisation for TC2. Better simulation results can be 

expected if stabilised permanent axial strains are 

accounted for in the determination of parameters.          

Figure 16 presents the comparison between the 

experimental results and the simulation for test TC3 

(saturated state). It can be observed that the parameters 

determined from tests TC1 (w = 4%) and TC2 (w = 6%) 

enable a satisfactory simulation of test TC3 (w = 12%) 

for the first two loading stages. Significant differences 

between the simulation and the results are however 

observed for the third loading stage that corresponds to 

large deformations (ε1p
 > 150  10

-4
). This can be 

explained by the “shakedown theory” [43-44]. Actually, 

there are three categories of material response under 

repeated loading: plastic shakedown - category A (steady 

deformation behaviour), plastic creep - category B 

(failure at large number of cycles), and incremental 

collapse - category C (failure at low number of cycles). 

The critical stress levels can be defined according to the 

accumulated permanent axial strain. Following AFNOR 

[45], the plastic creep limit is reached when ε1p
 (5000) - 

ε1p
 (3000) > 4  10

-4
 for UGMs, where ε1p

 (5000), ε1p
 

(3000) are the accumulated permanent axial strains at 

5000 cycles and 3000 cycles, respectively. For the 

interlayer soil, this value is 1  10
-4

 for TC1, 4  10
-4

 for 

TC2 in the last loading stage, and 5.6  10
-4

 for TC3, in 

the third loading stage. This shows that tests TC1 and 

TC2 are of categories A and B respectively at a deviator 

stress qmax = 200 kPa, while test TC3 at qmax = 140 kPa 

entre category C. This means that the proposed model can 

only fit well with the permanent deformation of 

categories A and B.  
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Figure 15. Determination of parameters by fitting the 

experimental results from tests TC1 (w = 4%) and TC2 (w = 
6%). 
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Figure 16. Verification of the proposed model – Simulation of 

test TC3 (saturated state). 
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3.3 Physical modelling of interlayer creation of 

mud-pumping phenomena 

Mud pumping which is characterized by the fast upward 

migration of subgrade fine particles through the ballast 

voids has been known to be the worst degradation 

phenomenon for the railway substructure. This 

phenomenon was reported by several authors [39, 46-52]. 

Basically, the phenomena of interlayer creation and mud 

pumping are both related to the migration of fine particles 

and the interaction between ballast and subgrade. Thus, a 

good knowledge on the mechanism related to the 

migration of fine particles is crucial for better 

understanding the interlayer creation and the mud-

pumping, and also for further proposing efficient and 

economic methods for railway track maintenance. 

A physical model was developed for this purpose [53-

54]. Figure 17 show it with a 3D view (Figure 17a), a 

side view (Figure 17b) and a view of cross section A-A 

(Figure 17c). The cylindrical cell has an internal diameter 

of 550 mm, a wall thickness of 20 mm and a height of 

600 mm. The wall was made of Poly (methyl 

methacrylate) - PMMA which is a transparent 

thermoplastic allowing the observation of sample from 

outside. A digital camera connected to a computer, 

allowing the visual monitoring of the ballast/sub-soil 

interface. Three time-domain refectory probes (TDR1 to 

TDR3) embedded in the sub-soil (h = 120, 160, 200 mm) 

allowed the volumetric water content to be monitored. 

Three tensiometers (T1 to T3) [55-58] installed in couple 

with TDRs at different heights (h = 120, 160, 200 mm) 

were used for suction monitoring. One pressure sensor 

was installed at the bottom of the apparatus (h = 0 mm) 

for measuring the positive pore water pressure under 

saturated conditions. A hydraulic actuator with the 

integrated displacement and force sensors was used for 

monotonic or cyclic loadings. 

A silt was used as subgrade soil.  It was compacted in 

five layers of 40 mm thick each and one layer of 20 mm 

thick, making a total of 220 mm thickness for the whole 

subgrade layer. For the dry unit mass, three values were 

considered: 1.4, 1.5 and 1.6 Mg/m
3
. The TDR probes 

were placed between the compaction layers. A 160 mm 

ballast layer was placed on the sub-soil and the surface of 

ballast layer was arranged in order to be horizontal for 

ensuring a good ballast/piston contact. The whole 

apparatus was put under the hydraulic actuator. Finally, 

the tensiometers were installed.  

All the tests started with the sub-soil in unsaturated 

state (w = 16 %) and with a pre-loading stage: monotonic 

loading from 0 to 100 kPa at a rate of 2 kN/min; low-

frequency cyclic loading from 30 to 100 kPa; 0.1 Hz 

cyclic loading for 20 cycles; 1 Hz cyclic loading for 50 

cycles and 2 Hz cyclic loading for 100 cycles. 

Afterwards, a 5 Hz cyclic loading for 500 000 cycles was 

applied. The value of 5 Hz frequency represents the train 

circulation at 100 km/h and the applied stress was chosen 

according to the stress distribution in the conventional 

railway tracks in France. 

In order to study the effect of water content or degree 

of saturation, once the 500 000 cycles ended, the sub-soil 

was saturated from the bottom under a hydraulic head of 

12 kPa. After saturation, the water level was maintained 

at 20 mm above the ballast/sub-soil interface in order to 

ensure the saturated state of the sub-soil. Before the 

loading under saturated condition, a pressure sensor was 

installed at h = 0 mm. Monotonic loading at the same rate 

as in the unsaturated case was then applied followed by 

the 5 Hz cyclic loading. The test ended when fine 

particles were observed on the surface of the ballast layer 

or when the number of cycles reached 500 000. 

 

 

Figure 17. Schematic view of the apparatus developed. 

The photographs taken by the digital camera before 

and after loading for 1.4 Mg/m
3
 allowed the visualization 

of the movement of ballast particles and the evolution of 

the sub-soil surface (Figure 18). A limited ballast 

movement can be seen and the ballast/sub-soil interface 

did not change significantly. The same phenomenon was 

observed for the two other densities, 1.5 and 1.6 Mg/m
3
. 

  

  (a)     (b) 

Figure 18: Photographs of the ballast/sub-soil interface: a) 

before monotonic loading and b) after 500 000 cycles 5 Hz 
loading (w = 16% and ρd-initial = 1.4 Mg/m3). 
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(a)   (b)   (c) 

Figure 19: Photographs showing the evolution of the 
ballast/sub-soil interface (ρd-initial = 1.4 Mg/m3). 

The photographs taken at the ballast/sub-soil interface 

at three moments (after the saturation, after the 

monotonic loading and after the cyclic loading) are 

presented in Figure 19. It can be observed that the fine 

particles were pumped up significantly especially during 

the cyclic loading. In the test at 1.5 Mg/m
3
 dry density, 

also significant migration of fine particles was identified. 

However, this migration was found limited in the test at 

1.6 Mg/m
3
. 

During the loadings under saturated condition, five 

reference vertical sections were chosen and the interface 

evolutions at these sections were analyzed and presented 

in Figure 20. In general, the interface evolutions followed 

the same trend and the pumping levels of fine particles 

are uniform across the section. This is confirmed by the 

visual observation after the tests. Two key moments (start 

of monotonic and cyclic loadings) can be clearly 

identified by the distinguished changes of pumping level. 

In order to verify the nature of the migration of fine 

particles, a comparison was made between the volume of 

ballast particles penetrated into the sub-soil V1 and the 

volume of ballast layer voids filled by the pumped up fine 

particles V2: 

1

1

2

2

1

1

h A
V

e

h A
V e

e








       (6) 

where h1 is the settlement of ballast layer, A is the 

sample cross section and e is the void ratio of ballast 

layer, h2 is the pumping up level of fine particles in the 

ballast layer. 

Assuming that the volume of fine particles migrated 

due to the ballast particles penetration and the fine 

particles filling the voids of the ballast layer are equal, 

i.e., V1 = V2, the following expression can be obtained: 

1

2

h
h

e


       (7) 

Indraratna et al. [59] reported that the void ratio of 

ballast e can vary from 0.74 (compacted) to 0.95 (un-

compacted). A value of 0.75 was proposed by Tutumluer 

et al. [60] and Huang et al. [36]. In this study, as the 

sample underwent 500 000 cycles of 5 Hz loading, the 

ballast layer can be considered as compacted. From Eq. 7, 

the theoretical pumping level of fine particles is 

calculated using e = 0.74 and plotted also in Figure 20. It 

can be seen clearly that the theoretical pumping level for  
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Figure 20. Pumping level of fines particles. 

tests at 1.4 and 1.5 Mg/m
3
 are much smaller than the real 

pumping level deduced from the photographs. This 

suggests that fine particles moved up not only because of 

the ballast penetration, but also the dissipation of excess 

pore water pressure. This corresponds to the phenomenon 

of mud pumping. By contrast, in the case of test at 

1.6 Mg/m
3
, the theoretical curve stays in the middle of 

those of reference sections. This suggests that the 

migration of fine particles was solely due to the ballast 

penetration. This corresponds to the phenomenon of 

interlayer creation. Thus, the stiffness of subgrade plays 

an essential role in the creation of interlayer or in the 

phenomenon of mud pumping. This is consistent with a 

case study conducted by Duong et al. [61].  
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In reality, most sub-soils are not always saturated. This 

explains why the interlayer creation is more common 

than the mud pumping. 

4 Field investigation 

To investigate the behaviour of railway tracks, it is of 

paramount importance to conduct field monitoring with 

real train loadings, real composition of tracks as well as 

real climatic conditions. The field monitoring includes 

several parts: i) acceleration due to wheel-rail 

interactions, ii) surface acceleration/velocity and 

displacement under train loadings, iii) 

acceleration/velocity and displacement in the track-bed 

under train loadings, iv) interaction between the 

atmosphere and track-bed. In this section, an example of 

field monitoring focusing on the atmosphere/track-bed 

interaction is presented [62]. 

The experimental site is at Moulin Blanc, located in 

the region of Nord - Pas de Calais, France, in the middle 

of the ‘Douai – Valenciennes’ line that was constructed 
in the late XIXth century. This site is in a cutting zone, 

and was instrumented at PK 230+400 of the line number 

262000 of the French railway network. Different trains 

are involved: High velocity (TGV), Intercity (TER) and 

Freight. The train velocity at the site is limited to 

110 km/h. Different soils were identified at this site, in 

particular the interlayer soil of blackish colour with a 

thickness varying from 10 cm to 57 cm, and the subgrade 

soil consisting of either sandy or clayey silt. The 

thickness of the ballast layer is about 50 cm, with about 

30 cm fresh ballast and 20 cm fouled ballast.  

The field instrumentation was done at PK 230+400 of 

the line. Based on the depth of interlayer, it was decided 

to install the suction/temperature probes at -0.20, -0.30 

and -0.50 m depths under the ballast layer in two zones A 

and B, at 20 m distance from each other (see Figure 21a). 

Two other suction/temperature probes were installed in a 

zone out of tracks (zone C) and at -0.30 and -0.50 m 

depths. A temperature sensor was installed at the 

platform surface in zone C. A total of 8 suction probes 

and 9 temperature sensors were installed. A weather 

station was installed on the top of the excavation slope to 

monitor solar radiation, air temperature, air humidity and 

rainfall (see Figure 21b). Two piezometers of 10 m depth 

each were installed near zone A and zone B respectively 

for the water table monitoring (see Figure 21b). 

Four piezo-electric accelerometers ICP/PCB-601A12 

were also used, with a measurement range of ±10 g, a 

frequency ranging from 0.47 Hz to 4000 Hz and a 

resonant frequency of 16000 Hz. Two were implemented 

in zone A at -0.10 and -0.40 m depths respectively, and 

two others in zone B at -0.10 and -0.40 m depths 

respectively (see Figure 21). Moreover, strain gauges 

were glued on the rail for the measurement of rail strain 

under the passages of trains. 
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 Figure 21. Site instrumentation. (a) Longitudinal section; (b) 

Transversal section. 

Figure 22 depicts the evolutions of the air parameters 

measured by the weather station, including air 

temperature (Figure 22a), solar radiation (Figure 22b), 

wind speed (Figure 22c), relative humidity ( Figure 22d) 

and precipitation (Figure 22e). Note that due to a 

technical problem, the monitoring of relative humidity 

was interrupted in the beginning and in the middle of the 

recording period. It appears that the solar radiation 

directly conditions the air temperature: in winter the solar 

radiation is low giving rise to low air temperatures, 

whereas in summer the solar radiation is higher 

generating higher temperatures. For the wind speed, it 

appears that there are few differences from one season to 

another, except the exceptional wind recoded in early 

November 2009 at a speed close to 12 m/s. The variations 

of relative humidity are more pronounced in the period 

from March to July 2010 than in the period from 

September to December 2009. This is consistent with the 

precipitation. Indeed, there were more strong rainfalls in 

the second period that in the first (see Figure 22e). Note 

that all data presented in Figure 22 correspond to a 

recording frequency of 30 min. 

The air data presented in Figure 22 can be used to 

determine the potential evaporation rate using the model 

of Penman-Monteith [63]: 
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where 

ET0 is the potential evaporation (mm.day
-1

);  

Rn is the net solar radiation (MJ.m
-2

.day
-1

);  

G is the soil heat flux (MJ.m
-2

.day
-1

);  

T is the daily average temperature at 2 m above the 

ground surface (°C);  

u2 is the wind speed at 2 m above the ground surface 

(m.s
-1

); 

es is the saturated vapour pressure (kPa);  

ea is the actual vapour pressure that can be deduced from 

the air relative humidity using Kelvin’s law (kPa);  
Δ is the slope of the curve of saturated vapour pressure 
versus temperature (kPa.°C

-1
); 

  is the psychometric constant (kPa .°C
-1

). 
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Figure 22. Air data. (a) Temperature; (b) Solar radiation; (c) 
Wind speed; (d) Relative humidity; (e) Precipitation. 
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Figure 23. Potential evaporation (a), suction (b) and daily 

rainfall (c). 

As mentioned before, the measurements of air 

relative humidity were not complete in the monitoring 

period. Thereby, the data recorded in a Méteo France 

weather station in Cambrai (close to the Moulin Blanc 

site) were used in the calculation. Figure 23a shows the 

variations of ET0 over the monitoring period. It appears 

clearly that the value of ET0 is large in summer and small 

even equal to zero in winter, in agreement with the 

variations of solar radiation and air temperature shown in 

Figure 22. 

Figure 23b shows the variations of suction in the 

three zones and at different depths. Again, because of the 

technical recording problem mentioned previously, the 

data are not complete and only the period from 

September to December 2009 and the period from April 

to July 2010 are covered. From the limited available data, 

it appears that in the relatively cold season (from 

September to December 2009), the suction values 

remained stable and small in all the three zones. By 

contrast, in the hot season (from April to July 2010), the 

values in zone A and zone B still remained stable but 

showed large variations in zone C. The difference 

between zone A/zone B and zone C is to be attributed to 

the effect of ballast layer. 

Figure 23c shows the daily precipitation in the 

monitoring period. The difference between this figure and 

Figure 22e is that the former corresponds to a frequency 
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of every day (precipitation amount for each day) whilst 

the latter corresponds to a frequency of every 30 min 

(precipitation amount for every 30 min). It can be 

observed that adopting a different frequency significantly 

changes the precipitation distribution feature: more 

details can be found with a high frequency (30 min) while 

the precipitation values are more averaged in the case of 

low frequency (one day). It appears in Figure 23c that the 

strong rainfall events occurred in the period from April to 

July 2010. This suggests that the large variations of 

suction identified in zone C in this period (see Figure 

22b) are not related to the rainfalls, but to the high water 

evaporation rate. In other words, at the site of Moulin 

Blanc in the monitoring period the evaporation rate was 

larger than the water infiltration rate in the zone out of 

tracks – the soil was being dried over time. This explains 

why no water table was detected by the two piezometers 

installed till 10 m depth. Further examination shows that 

under the ballast layer (zones A and B) suction did not 

change, indicating the effective protection of the ballast 

layer against water evaporation on one hand and water 

infiltration on the other hand. 

5 Conclusion 

The hydro-mechanical behaviour of unsaturated railway 

track-bed materials were investigated through laboratory 

testing, physical modelling as well as field monitoring. 

The results obtained allow the following conclusions to 

be drawn. 

The Geo-endoscopic tests allow the identification of 

different materials constituting the platform, their natures 

and thicknesses. A good correlation of thicknesses is 

obtained between the geo-endoscopic tests and the 

PANDA penetrometer tests. This site prospection is 

essential to well define the soil profile, in particular the 

interlayer position. 

Hysteresis exists for both the soil water retention 

curve and the hydraulic conductivity changes with 

suction. The wetting process was found to be much faster 

than the drying process, and the hydraulic conductivity 

during wetting is always higher than that during drying.  

The water retention curves of ITL10 and fines are 

different, illustrating an obvious effect of soil texture. On 

the contrary, in terms of unsaturated hydraulic 

conductivity, a good agreement was identified between 

the results of two soils, regardless of the drying or 

wetting paths. This suggests that water transfer in the 

unsaturated interlayer soil takes place mainly through the 

network of pores between fine particles, coarse elements 

like ballast behaving as inert materials. On the contrary, 

in saturated state, a higher value was obtained for ITL10, 

suggesting that in this case the hydraulic conductivity is 

mainly governed by the water flow through macro-pores. 

Thereby, the water flow mechanism in saturated state is 

different from that in unsaturated state. From a practical 

point of view, this finding shows that to determine the 

unsaturated hydraulic conductivity of interlayer soils, a 

device as small as the small-scale infiltration cell can be 

employed by testing the fine particles only, provided that 

equivalent dry density is taken into account. However, 

this is not valid for the determination of saturated 

hydraulic conductivity. 

The effects of water content and of fines content on 

the resilient modulus are linked. Indeed, under 

unsaturated conditions, due to the suction effect, the soil 

having high fines content showed higher resilient 

modulus. On the contrary, when the soil approached the 

saturated conditions, the fine particles provided a 

negative effect.  

In terms of permanent axial strain, it was also 

observed that in dry condition (w = 4% and 6%), adding 

fines decreases the permanent axial strain due to the 

suction effect. On the contrary, in nearly saturated 

condition (w = 12%), the higher the fines content the 

higher the axial permanent strain. This is because that the 

interlayer soil is weakened mechanically due to the 

sensitivity of fine particles to water content changes in 

nearly saturated condition. From a practical point of 

view, the increase of fines content on the mechanical 

behavior of interlayer is acceptable in case of lower water 

content (dry state). But in case of high water content 

(nearly saturated state), the interlayer with high fines 

content needs to be protected from water infiltration. 

Otherwise, significant decrease in mechanical 

performance can be expected. 

In order to predict the permanent axial strain, a 

constitutive model accounting for the effects of stress 

level, number of cycles and water content of soil was 

developed based on the results of cyclic triaxial tests with 

multi-stage loading procedure and the model proposed by 

Gidel et al. [37]. The parameters were first determined by 

fitting the tests with 4% and 6% water contents. The 

parameters determined were then used to simulate the test 

corresponding to the saturated state (w = 12%). The 

simulation was in good agreement with the experimental 

results, indicating the performance of the proposed model 

for the prediction of permanent deformation within 

categories A and B. Further study is however necessary 

to better describe the deformation behaviour for category 

C. 

The presence of water was found to be the most 

crucial factor for the migration of fine particles. In the 

unsaturated state, both the ballast and sub-soil settlements 

occurred, but without the migration of fine particles. 

Under the near saturated state, the ballast/sub-surface 

interface moved up, and the pumping level depends on 

the sub-soil dry unit mass. In the case of ρd-initial = 

1.4 Mg/m
3
 and 1.5 Mg/m

3
, excess pore water pressure 

dissipation took place, bringing fine particles upward. 

This corresponds to the mud pumping phenomenon. In 

the case of ρd-initial = 1.6 Mg/m
3
, there was just the 

interpenetration of ballast and sub-soil, resulting in a 

mixture layer namely interlayer. 

In the field conditions, the suction under the ballast 

layer remained low and unchanged over long time. 

However, significant changes can take place in the zone 

where the soil ground is directly exposed to the 

atmosphere without being covered by ballast. These 

changes are mainly due to water evaporation. 

Comparison between the potential evaporation rate and 

the precipitation at the site of Moulin Blanc showed that 
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the site was in deficiency in water supply. This explained 

the absence of water table till the depth of the installed 

piezometers (10 m). 
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