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Granular materials are usually used in low-traffic pavement structure as base layer or sub-base
layer. The influence of fine content on permanent axial deformation behaviour is significant
as well as the water content. This study aims to investigate the permanent axial deformation
behaviour of the granular material under cyclic loading at various water contents and various
fine contents. A triaxial apparatus is used to obtain permanent axial deformation on the sam-
ples prepared with the same dry density at different water contents between 7% and 11% and
at different fine contents of 4%, 7.5% and 15.3%. The results show the significant influence
of water content and fine content on permanent axial deformation behaviour. The permanent
axial deformation increases with the increase of water content while the influence of fine con-
tent depends on the water sensitivity of fine particles and their initial water contents. The
modified empirical-analytical models are proposed for describing the evolution of permanent
axial deformation based on the results in the single-stage test and the multi-stage tests. It takes
into account the number of cycles, the stress level, the water content and the fine content of the
granular material. Two approaches are used: one based on the water contents and fine contents
and the other based on suction values. The approach based on suction values needs less num-
ber of parameters to describe permanent axial deformation compared with the approach based
on the water contents and fine contents while the two approaches present more or less the
same accuracy. The simulation results show a very good capacity of the proposed approaches.
These findings reduce the number of tests required to predict permanent axial deformation.

Keywords: granular material; repeated load triaxial tests; permanent deformation; water
content; fine content; matric suction

1. Introduction

Low-traffic pavements with a thin bituminous surfacing, granular base and sub-base layers repre-
sent approximately 60% of the road network in France. In low-traffic pavements, granular layers
play an important role in the overall performance of the structure, especially in permanent defor-
mation behaviour. In these pavements, permanent deformations of the base layer or subgrade
represent the main causes of distress that leads to rutting of the pavement surface.

1.1. Repeated load triaxial test

Repeated load triaxial test (RLTT) is a common test to investigate the mechanical behaviour of
granular materials. It is used to simulate the pavement loading conditions to describe the resilient
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behaviour (Bilodeau & Doré, 2012; Caicedo, Coronado, Fleureau, & Correia, 2009; Cary & Zap-
ata, 2011; Duong et al., 2016; Ho, Nowamooz, Chazallon, & Migault, 2014a, 2014b, 2014c;
Lekarp, Isacsson, & Dawson, 2000; Nowamooz, Chazallon, Arsenie, Hornych, & Masrouri,
2011; Nowamooz, Ho, Chazallon, & Hornych, 2013; Salour & Erlingsson, 2015a) or perma-
nent axial deformation behaviour (Chazallon, Hornych, & Mouhoubi, 2006; Duong et al., 2013;
Gidel, Breysse, Hornych, Chauvin, & Denis, 2001; Hornych, Corte, & Paute, 1993; Puppala,
Saride, & Chomtid, 2009; Salour & Erlingsson, 2015b; Trinh et al., 2012; Werkmeister, Dawson,
& Wellner, 2004).

In this text, the RLTTs are realised by a pneumatic loading system providing the axial force
and confining pressure. Different stress paths (Ag/Ap) can be applied on the sample. The system
can measure the axial force directly by a transducer from the head of the sample. During RLTTs,
the sample is under the cyclic stress (the confining pressure o3 and axial stress o) simulating the
pavement solicitation to measure the vertical deformation (¢;) and the radial deformation (e3).
For a triaxial test, the mean normal stress p and the shear or deviatoric stress q are defined by

p= #, (1a)
4=01 — o3, (1b)

where 0| and o3 are the major and minor principal stresses.

In order to stabilise the permanent axial deformation, the samples are subjected to a condition-
ing phase (or called single-stage test for permanent axial deformation behaviour), which consists
of 10,000 cycles applied at a frequency of 0.5 Hz. Ho et al. (2014c) investigated the behaviour
of Missillac sand (a well-graded sandy soil) and noted that an equilibrium state was reached
after approximately 10,000 load applications. For unbound granular material (UGM), Hornych,
Chazallon, Allou, and El Abd (2007) showed that the necessary number of cycles was higher
than 50,000.

Besides, due to the limitation of the consuming time and the quantity of materials, it is obvi-
ously not realistic to perform repeated triaxial tests on coarse-grained samples to determine the
permanent axial deformation at different stress levels. For this reason, multi-stage tests are rec-
ommended by Gidel et al. (2001). One sample is subjected to several loading stages with different
stress levels for a given stress path. For each loading stage, 10,000 cycles are then applied at a
frequency of 0.5 Hz to stabilise the permanent axial deformation.

1.2. Influence of fine content and water content on mechanical behaviour of granular
materials

Different experimental researches showed that the variation of fine content (particles passing the
sieve 75 pum or sieve no. 200 based on American classification) had a significant influence on
mechanical behaviour of granular materials as reported by Babi¢, Prager, and Rukavina (2000),
Naeini and Baziar (2004), Kim, Sagong, and Lee (2005), Uthus, Hermansson, Horvli, and Hoff
(2006) and Duong et al. (2013).

It has been observed that, if the percentage of fines is not too large (lower than an experimen-
tally defined critical value), the applied stress is supported by the skeleton of coarse grains. On
the contrary, when the percentage of fine is high (larger than an experimentally defined critical
value), the fine particles take the main role and isolate the coarse grains and consequently modify
the soil behaviour (Benahmed, Nguyen, Hicher, & Nicolas, 2015; Chang, Zhang, & Xu, 2012;
Dash, Sitharam, & Baudet, 2010).

For the influence of water content, it can be stated that the increase of water content produces
an increase of permanent axial deformation, as presented by Gidel, Breysse, and Denis (2002),
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Werkmeister, Numrich, Dawson, and Wellner (2003), Uthus et al. (2006), Trinh et al. (2012),
Duong et al. (2013) and Salour and Erlingsson (2015b).

Nevertheless, the influence of fine content and water content on permanent deformation
behaviour together has been seldom studied.

1.3. Suction of unsaturated soil

Unsaturated soils exert an attraction on water, either by capillary action in the pores, between
soil particles, or through physicochemical effects. The pressure difference is referred to as matric
suction

S = Ua - UW, (2)

where U, is pore air pressure and Uy, is pore water pressure. In this paper, matric suction is referred
to as suction (S).

The variation of water content with suction is generally represented by a soil water retention
curve (SWRC) in unsaturated soil mechanics.

Some researchers have shown that the effect of variation of suction value on the mechani-
cal behaviours of compacted granular materials could be related to the variation of water content
(Cary & Zapata, 2011; Han, Mihambanou, & Vanapalli, 2015; Ho et al., 2014a; Kolisoja, Saaren-
keto, Peltoniemi, & Vuorimies, 2002; Nowamooz et al., 2011; Salour, Erlingsson, & Zapata,
2014; Yang, Lin, Kung, & Huang, 2008).

In some cases (e.g. Ho et al., 2014b; Nowamooz et al., 2011), it could improve the accu-
racy of evaluating the resilient deformation behaviour based on effective stress concept. Even
so, the relationship between permanent axial deformation and suction value has been rarely
studied.

1.4. Models of permanent axial deformation behaviour

According to the RLTTs, various empirical-analytical models were proposed to predict the per-
manent axial deformation behaviour taking into account the number of loading cycles (Hornych
et al.,, 1993; Lekarp & Dawson, 1998; Wolftf & Visser, 1994), the stress level (Gidel et al.,
2001; Korkiala-Tanttu, 2005; Lekarp & Dawson, 1998; Rahman & Erlingsson, 2015) and the
water content (Trinh et al., 2012). Besides, based on the shakedown theory, several researchers
have developed approaches to calculate either shakedown load or the permanent deformation
behaviours (Boulbibane, Collins, Ponter, & Weichert, 2005; Chazallon, Koval, Hornych, Allou,
& Mouhoubi, 2009; Sharp & Booker, 1984). However, various empirical models proposed as
well as several models using the shakedown approach do not take into account either the effect
of water content and fine content together or the influence of suction value.

Among these aforementioned models, Hornych et al. (1993) proposed the following equation
which is widely used to simulate the permanent axial deformation with the variation of number

of cycles:
N\ B
=A-[1-{— 3
&1 ( (N()))’ )

where ¢ is the permanent axial deformation (107%); N is the number of cycles before the first
measurement; N is the number of cycles; A is the final permanent axial deformation (10~*) and
B is constant.
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Besides, Gidel et al. (2001) modified Hornych’s equation to consider additionally the effect of
the stress state

c _8p0_ 1 — E - ) Imax n;—f(N) ( ) (4)
T No Pa m_i_i_q“ﬂ_ 9(Qmax),

Prmax Prmax

where Inax = /P2ax + UZaxs Pmax and Omax are the largest mean stress (kPa) and the largest devi-
atoric stress (kPa), respectively, for a given stress level, and (Omax — Jo)/(Pmax — Po) = AQ/ Ap;
Po and g are the initial mean stress (kPa) and the initial deviatoric stress (kPa), respectively; s‘fo,
C, n, m, s are constant parameters; P, = 100 kPa.

In this context, the effect of the fine content and the water content on the permanent axial defor-
mation behaviour of Missillac sand is studied with the RLTTs for both single-stage and multi-
stage tests. For the analytical modelling, we use principally the framework proposed by Hornych
et al. (1993) for the single-stage tests and the framework of Gidel et al. (2001) for the multi-stage
tests to estimate the variation of permanent axial deformation of Missillac sand during several
loading and unloading cycles. Two approaches will be proposed through these two frameworks:
the first based on the water content and fine content and the other based on the suction value.

2. Studied materials

The studied material is the Missillac fine sand. It is an alluvium sand coming from the quarry of
Missillac in France. The particle size varies between 0 and 4 mm. This soil is used as subgrade
soil in low-traffic pavements for full-scale pavement tests at IFSTTAR (Institut Frangais des
Sciences et Technologies des Transports, de I’Aménagement et des Réseaux) in Nantes, France.
The specific gravity G of this soil is equal to 2.65. It is sensitive to moisture and its in situ elastic
modulus typically varies between 50 and 100 MPa.

2.1. Particle size analysis

In this study, the natural samples contain three different fine contents:

e M4.0 samples with 4.0% of fine content.
e M7.5 samples with 7.5% of fine content.
e M15.3 samples with 15.3% of fine content (passing through the sieve of 75 um).

Figure 1 shows the particle size distribution for all of soils (XP P94-041, 1995). Table 1
presents all of the characteristic parameters of these curves, such as C. and C,. The coefficients
of curvature (C.) shows a well-graded composition (estimated between 1 and 3) of our studied
granular materials.

Table 1 also shows the methylene blue values of M7.5 and M15.3 (NF P94-068, 1993). It
states normally that the more the fine content the larger the methylene blue value. Soil can be
classified based on the methylene blue values and the particle size distribution (NF P11-300,
1992 or USCS ASTM D2487-06, 2006) as reported in Table 1.

2.2. Normal proctor tests

Figure 2 presents the normal proctor compaction curves for M4.0, M7.5 and M15.3. Table 2
shows the optimal water content (OMC) and the maximum dry density (MDD) for the different
studied materials.
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Figure 1. Particle size distribution curves of Missillac sand (M4.0, M7.5 and M15.3).

Table 1. Characteristics of the studied materials.

D Fraction (%) Particle size Classification

ry P———
density 0/80 0.08/0.4 0.4/2 2/4 Blue

Materials (Mg/m?) pm mm mm mm dg d3p djg Cy C. wvalue NF USCS

M4.0 2.00 4 10 76 5 095 055 030 3.17 1.06 — B2 SP

M7.5 2.00 7.5 6.5 76 5 140 0.60 025 560 1.03 056 B2 SP-SC

MI15.3 2.00 153 14.7 55 10 085 040 — 850 1.88 0.85 BS SC

Based on the normal proctor compaction curves and the values of OMC and MDD, it can
be stated that the OMC and the MDD are almost the same for these three different materials.
Consequently, all the samples are prepared in a water content ranging between 7% (Sr = 57.1%)
and 11% (Sr = 89.7%) and a dry density close to 2 Mg/m?® (e = 0.325) for the following tests.

2.3. Soil water retention curve

The SWRC gives indispensable data to understand the hydraulic behaviour of the unsaturated
granular material used in pavement structures. In this study, for the wetting path of the SWRC, the
samples are prepared at a water content ranging from 7% (Sr = 57.1%) to 12.3% (Sr = 100%)
and for the drying path, the samples initially saturated (W = 12.3%) are dried in the ambient
temperature (20°) to reach the desired water content from 7% to 12.3%. The samples are prepared
at an initial dry density range of 2 & 0.06 Mg/m?.

The matric suction of all the samples, on the wetting and drying paths, is measured by the filter
paper technique (ASTM D5298-10, 1995). For matric suction, the soil samples are compacted
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Figure 2. Normal proctor compaction (M4.0, M7.5 and M15.3).
Table 2. Results of normal proctor compaction tests.
Material OMC (%) MDD (Mg/m?)
M4.0 9.3 2.043
M7.5 9.1 2.038
M15.3 9.5 2.040

in two layers with a thickness of 1 and 1.35 cm (M4.0 and M15.3). Whatman No. 42 filter paper
is placed between other two pieces of filter papers with a larger diameter. Three filter papers are
then inserted between two soil layers. Afterwards, the samples are placed into a sealed jar and
maintained for 10 days to reach the state of equilibrium. Finally, the middle piece of filter paper
is weighted by a balance with an accuracy of 0.0001 g to obtain the water content of filter paper
and then the suction value is determined.

Figure 3 shows the variation of matric suction with water content for both wetting and drying
paths for M4.0 and M15.3.

It can be stated that both wetting and drying paths move towards the left side when the fine
content decreases. In other words, the higher the fine content the higher the suction value. Similar
observations are reported by Caicedo et al. (2009) and Duong, Cui, Tang, Dupla, and Calon
(2014).

Based on experimental results, various empirical equations have been suggested to describe
the SWRC. Among these equations, the relationships proposed by Brooks and Corey (1964),
van Genuchten (1980) and Fredlund and Xing (1994) have been widely used in geotechnical
engineering. In this study, we use the van Genuchten model, because of its simplicity and its
meaningful parameters. The van Genuchten equation is written as follows:

(Ws — Wy)

WENM T s

)
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where W is the actual soil water content at the suction S (kPa); ws (%) and w, (%) are the saturated
water content and the residual water content; « is a parameter related to the air entry suction; m
and n are the model parameters with the relationship: m = 1 — 1/n.

Figure 4 shows the measured matric suction as well as the model estimations. It presents that
the van Genuchten model fits well with the measured values for both studied materials. The
parameters are summarised in Table 3.

Figure 4 also shows that the wetting and drying paths join together at a low suction value.
We may consider that the wetting and drying paths are unique in this suction range. We define
S* as the suction value corresponding to the intersection point of wetting and drying paths. It is
significantly related to fine content. Table 3 summarises the S* values for different samples.

13
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Figure 3. Matric suction obtained by the filter paper method for Missillac sand (M4.0 and M15.3).
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Figure 4. Matric suction obtained by the filter paper method as well as the model prediction (M4.0, M7.5
and M15.3).
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Based on the parameters of the van Genuchten model for the samples M4.0 and M15.3, the
model parameters and the S* values are predicted for M7.5 presented in Table 3. Figure 4 also
shows the prediction of SWRC for M7.5 both wetting and drying paths.

3. Permanent axial deformation behaviour in a single-stage test

Based on the RLTTs in a single-stage test, the mechanical characteristics of Missillac sand are
studied. Afterwards, two approaches are applied to experimental results to predict the permanent
axial deformation.

3.1. Sample preparation and stress paths

For the experimental procedure, all the samples (M4.0 and M15.3) are compacted following the
method of a vibrating hammer (NF EN13286-4, 2003) in seven layers with a height of 285 + 5
mm and a diameter of 150 mm. Using the vibrating hammer, it can be stated that the compaction
time decreases with the increase of the fine content: 4555 s for M4.0 and 25-35 s for M15.3.
All the samples are prepared at a water content range between 7% and 11% with a dry density
of 2 + 0.06 Mg/m>. For both studied materials, the cyclic stress paths (AQ/Ap = 3) during the
conditioning phase are summarised in Table 4.

In this section, we are not able to compare the permanent axial deformation of M7.5 with oth-
ers (M4.0 and M15.3) because the single-stage tests for this material are performed at a different
stress path (AQ/Ap = 2).

3.2. Experimental result

The permanent axial deformation increases with the increase of number of cycles at different
water contents as illustrated in Figure 5(a) for M4 and in Figure 5(b) for M15.3. The values
of Ae/AN at the end of each test are about 107 or less than 10~7. For Ae/AN between 1077
and 1078, we can state that the permanent axial deformation has achieved the equilibrium state

Table 3. Parameters of the van Genuchten model.

M4.0 MI15.3 M?7.5 (prediction)
Parameters
of VG model Wetting Drying Wetting Drying Wetting Drying
o 0.803 0.016 0.049 0.007 0.180 0.012
n 1.929 1.947 2.261 3.025 2.100 2.100
m 0.482 0.486 0.558 0.669 0.524 0.524
Ws (%) 14.3 11.2 11.8 11.0 12.3 11.0
Wr (%) 6.5 0.1 6.0 0.1 6.0 0.1
S* (kPa) 1.8 £ 0.18 12+£12 42 + 042

Table 4. Cyclic stress paths in single-stage tests.

Sample AQ/Ap Initial stress state (P, o) Final (Ap, AQ) Frequency

M4.0 3 10 kPa, 0 kPa 23.33 kPa, 69.99 kPa 0.5 Hz
M15.3 3 10 kPa, 0 kPa 23.33 kPa, 69.99 kPa 0.5 Hz
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Figure 5. Test results of the single-stage tests: (a) M4.0 and (b) M15.3.

after 10,000 cycles. This value will be later taken as the A value of Equation (3) in the analytical
approaches of Sections 3.3 and 3.4.

We can observe that the permanent axial deformation increases significantly as the water con-
tent increases and the deformation hardly stabilises with the highest water content, such as M4
— 11% (Figure 5(a)) and M15.3 — 11.1% and 11.3% (Figure 5(b)). For the water contents less
than 10% for M4 and for the water contents less than 11% for M15.3, the plastic deformation
stabilises more quickly when the fine content increases (for M4.0 after 4000 cycles in Figure 5(a)
and for M15.3 after 2000 cycles in Figure 5(b)). For the water contents close to the saturation
state, more number of cycles is required to reach the stabilised permanent axial deformation.

Figure 6 also shows the variation of the final permanent axial deformation with the water
content. It shows that the influence of the fine content is relatively complex: for the water contents
between 7% and 10%, the lower the fine content, the higher the permanent axial deformation.
Even, the samples M15.3 at a water content less than 8% are very stiff and consequently the
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Figure 6. Final permanent axial deformation after 10,000 cycles versus water content (M4.0 and M15.3).

deformations are very small and negligible. For the water content higher than 10.3% (close to
the saturated state), the effect of fine content is inversed and the soil with a higher fine content
(M15.3) exhibits the higher permanent axial deformation.

These observations can be related to the unsaturated states of samples at different fine contents
and water contents. The fine content influences the matric suction significantly as shown above
in SWRC (Figures 3 and 4) and the matric suction increases with the increase of the fine content,
which makes the soil particles closer. As a result, the unsaturated soil is more resistant to defor-
mation. On the contrary, close to the saturated state, the suction value is almost zero and the fine
particles are mainly clay, which decreases the resistance of soil after its combination with water.
Similar observations are presented by Seif El Dine, Dupla, Frank, Canou, and Kazan (2010) and
Duong et al. (2013). Besides, it is considered that with a content of fine particles below a limit
value, the mechanical behaviour is dominated by the skeleton of sand grain and the soil structure
could be denser owing to fine particles. Then, when the fine content is higher than this limit
value, the mechanical behaviour is governed by fine particles (Benahmed et al., 2015; Chang
etal., 2012; Dash et al., 2010).

From SWRC, it is possible to relate the final permanent axial deformation to suction value.
Figure 7 shows the final permanent axial deformation versus S (suction) in single-stage tests for
samples with two different fine contents. It can be stated that the permanent axial deformation
decreases significantly with the increases of suction as explained above. From the results shown
in Figure 7, we can observe that the influence of the water content and the fine content cannot be
represented by the suction value. With the same suction value, for instance, we can also observe
that the higher the fine content, the larger the final permanent axial deformation.

In the last section, we defined a new parameter S* which is the suction value of the inter-
section point of wetting and drying paths in SWRC. Figure 8 shows the final permanent axial
deformation versus S/S* for both studied materials. Since the S* value is very sensitive to any
variation of the model parameters, this value is presented in Table 3 in a range of between 90%
S* and 110% S* for the lower bound and the upper bound of S*, respectively.

These findings are interesting for the following calculation since only one curve presented
in Figure 8 can be used to describe the variation permanent axial deformation with S/S*. An
exponential equation will be proposed for this unique curve in Section 3.4.
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Figure 7. Final permanent axial deformation after 10,000 cycles versus suction (M4.0 and M15.3).
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Figure 8. Final permanent axial deformation after 10,000 cycles versus S/S* (between S/(110% S*) and
S/(90% S*)) (M4.0 and M15.3).

3.3. Modelling results based on water content and fine content

Several researchers considered the influence of the water content or the fine content on the
mechanical behaviour of granular materials under cyclic loading in their models as shown in
Section 1. However, no relationship was proposed to relate the permanent axial deformation to
the water content and fine content in literature.

In this section, based on the test results presented in Figure 6, a power function, which rep-
resents the “A” value in Equation (3), relates the final permanent axial deformation to the water
content. The equation can be written as follows:

a=a ()" ©

k

where A is the final permanent axial deformation (10~#); w is the water content (%); cC is the
fine content (%); a, k, 0, U are constant.
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Figure 9. Test results as well as the model prediction for ¢ after 10,000 cycles versus water content
(M4.0 and M15.3).

Figure 9 compares the estimated A value with the measured axial deformation after 10,000
cycles versus water content. It can be stated that this model fits the experimental results well.

Another required parameter in Equation (3) is the power B. The parameter B controls the
shape of evolution of permanent axial deformation with number of cycles. The variation curve of
permanent axial deformation becomes flatter when B (absolute value) increases. The test results
presented in Figure 5 show that the higher the water content, the smaller the B value, and the
higher the fine content, the larger the B value. Based on these results, we propose the following
equation for B:

K\
B=<W>+o-m, %

where k” and 0" are constant.
Combining Equations (6) and (7), the modified Equation (3) can be written as follows:

W 0-(c0)" N ()0

Figure 10 shows the comparison between the proposed model for ¢; (Equation (8)) and the
experimental results. Generally, it can be stated that the proposed model fits very well quali-
tatively and quantitatively with most the experimental results. The parameters of the proposed
model are summarised in Table 5. Table 5 also shows that only one set of parameters required to
take into account the number of cycles, the water content and the fine content with a good global
correlation coefficient.

Based on the simulation results in Figure 10, the proposed model can describe correctly the
permanent axial deformation of Missillac sand. However, six parameters are necessary to be
calibrated in these calculations if the water content and the fine content are considered in the
proposed approach. Therefore, in the next section the fine content and water content will be
replaced by suction to reduce the number of parameters affecting the mechanical soil behaviour.
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Figure 10. Test results as well as the model prediction for ¢; based on water content and fine content: (a)
M4.0 and (b) M15.3.

3.4. Modelling results based on suction value

In view of the pervious results presented in Figure 8, a simple power function relationship is
proposed between final permanent axial deformation A and S/S* value

d
A=b-(%>, ©)

where S is the suction value (kPa); b and d are constant.

Figure 11 compares the measured and predicted permanent axial deformation after 10,000
cycles versus S/S*. It can be stated that Equation (9) can predict correctly the final permanent
axial deformation.

As shown in Figure 10, Equation (8) describes the B value (the curve shape) well. In order to
relate the B value with suction value, Figure 12 shows the calculated B values by Equation (8)
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Table 5. Parameters of the model for the single-stage tests based on water content and fine content.

Missillac sand a k 0 R2
238.058 10.661 1.264
u k’ o’ 0.94
0.782 —1.800 —0.012

versus variations of the suction value for M4.0 and M15.3. It can be observed that there is a
linear relationship between the B value and the In(S/Sa) value (Sa is equal to 100 kPa).
Based on Figure 12, we propose the following equation for B:

B:e-1n(si>+f, (10)

a

where S, is equal to 100 kPa; e and f are constant.
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Figure 11. Test results as well as the model prediction for & after 10,000 cycles versus S/S* (M4.0 and
M15.3).
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Figure 12. Calculated B values by Equation (8) versus S/S;z (M4.0 and M15.3).
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Figure 13. Test results as well as the model prediction for ¢; based on suction value: (a) M4.0 and (b)
MI15.3.

As a result, a modified Equation (3) can be written as follows:

S d N e:In(S/Sa)+f
0

Figure 13 shows the comparison between the proposed model for &; (Equation (11)) and the
experimental results. For M4.0, the model values are close to the measured value at the lowest
water content (7.5%) and the highest water content (11%). The model values are lower than the
measured values for the other four water contents, which shows the obvious difference between
model values and measured values. For M15.3, the model value is close to the measured value at
the water content of 10.2% and the highest water content of 11.3%. The model values are higher
than the measured values at water contents lower than 10.2% and are lower than measured values
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Table 6. Parameters of the model for the single-stage tests based on suction value.

Missillac sand b d R2
300.000 —1.569
e f 0.90
—0.060 —0.400

at water contents higher than 10.2%. Generally, it can be stated that the proposed model fits right
with the experimental results. The parameters of the proposed model are summarised in Table 6.

3.5. Discussion

Generally, it can be observed that there is an optimum fine content, which corresponds to the
minimum permanent axial deformation at a given water content. It is difficult to estimate this
optimum fine content because it changes drastically with the variation of water content.

For the water contents less than 10.3% (or maybe the optimum proctor water content), the
increase of fine content reduces the permanent axial deformation. In other words, the optimum
fine content corresponds to the highest studied fine content.

On the other hand, for the water content higher that 10.3%, the decrease of fine content
reduces the permanent axial deformation (Figure 6). In other words, the optimum fine content
reaches its minimum value at a water content close to the saturated state. However we need more
experiments particularly at one or two other fine contents to determine accurately the minimum
optimum fine content at the saturated state of our studied materials. This point will be further
investigated in our future studies.

To solve the problem of dual variation of the permanent axial deformation with the water
content and the fine content and to avoid the determination of the optimum fine content, the
permanent axial deformation is related to suction values. A unique curve may define the variation
of the permanent axial deformation with S/S* value. These findings are helpful for an easier
interpretation of the results. Besides, it can be stated that the model based on the suction value
has less parameters (b, d, e, f ) than the model based on the water content and fine content which
has two more parameters (3, K, 0, u, k’, 0').

4. Permanent axial deformation behaviour in a multi-stage test

The same as the single-stage tests in Section 3, the previous two approaches are applied to model
the results of RLTT in a multi-stage test.

4.1. Sample preparation and stress paths

For sample preparation, the samples M15.3 are compacted following the method of a vibrating
hammer (NF EN13286-4, 2003) in seven layers with a height of 285 4 5 and a diameter 150
mm, the same as the single-stage tests. The samples M7.5 are compacted following the method
of Vibrocompaction (NF P98-230-1, 1992) in one layer with a height of 320 & 5 mm and a
diameter of 160 mm. Based on the study of Balay, Correia, Jouve, Hornych, and Paute (1998)
on unbound granular material, it can be stated that the dry density with the vibrating hammer
method in seven layers is approximately same with the vibrocompaction method.

During the test procedure, one sample at a given water content is subjected to a series of
loading stages with different deviatoric stresses on a given stress path and each loading stage
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includes 10,000 cycles. The water content and the stress state applied to M7.5 and M15.3 are
shown in Tables 7 and 8, respectively.

For M7.5, the different stress paths (AQ/Ap =3, AQ/Ap =2, AQ/Ap =1.5 and
AQ/Ap = 1) are applied to different samples with constant water content (11%) from an initial
stress state of (pg, go) = (10, 5 kPa) at the frequency of 1 Hz. For M15.3, the different samples
are prepared with different water contents (W = 7.7%, W = 9.4%, w = 9.9% and w = 11.1%),
and then a constant stress path (Ag/Ap = 3) is applied to the samples from an initial stress state
of (Po, qo) = (10, 0 kPa) at the frequency of 0.5 Hz.

4.2. Experimental result

Figure 14(a,b) presents the permanent axial deformation versus the number of cycles at the dif-
ferent stress levels in multi-stage tests for M7.5 and M15.3, respectively. It implies that the
evolution of the permanent axial deformation is also related to the stress state: the higher the
stress path or the higher the stress level, the larger the permanent axial deformation. The influ-
ence of the water content is the same as the single-stage tests: the higher the water content, the
larger the permanent axial deformation.

Besides, comparing the results of M7.5 with M15.3 for stress path Ag/Ap = 3, stress levels
Aq = 40 kPa and Agq = 70 kPa and a water content W = 11%, it can be also observed that the
sample close to the saturated state with a higher fine content exhibits less mechanical resistance
as it has been shown in the single-stage test.

Table 7. Cyclic stress paths in the multi-stage tests for M7.5.

w (%) 11.0 11.0 11.0 11.0
Sr(%) 89.79 89.7 89.7 89.7
Stress path Initial stress state (Pg, qo) = (10, 5 kPa); frequency f = 1 Hz

AQ/Ap =3 AQ/Ap =2 AQ/Ap = 1.5 Ag/Ap =1

Aq(kPa) Ap (kPa) Aq(kPa) Ap (kPa) Aq(kPa) Ap (kPa) Aq(kPa) Ap (kPa)

Level 1 40 13.3 40 20 40 26.6 40 40
Level 2 60 20 60 30 60 40 60 60
Level 3 70 233 80 40 80 53.3 80 80
Level 4 — — 100 50 100 66.6 120 120
Level 5 — — 120 60 120 80 — —
Level 6 — — 140 70 140 933 - -

Table 8. Cyclic stress paths in the multi-stage tests for M15.3.

w (%) 7.7 9.4 9.9 11.1
Sr(%) 62.8 76.6 80.7 90.5
Stress path Initial stress state (pg, qo) = (10, 0 kPa); frequency f = 0.5 Hz

AQ/Ap =3 AQ/Ap =3 AQ/Ap =3 AQ/Ap =3

Aq (kPa) Ap (kPa) Aq(kPa) Ap (kPa) Aq(kPa) Ap (kPa) Aq(kPa) Ap (kPa)

Level 1 40 133 40 13.3 40 13.3 40 133
Level 2 70 233 70 233 70 233 70 233
Level 3 100 333 100 333 100 333 — —

Level 4 140 46.7 140 46.7 140 46.7 — —
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Figure 14. Test results of the multi-stage tests: (a) M7.5 and (b) M15.3.

4.3. Modelling results based on water content and fine content

Based on Equations (4) and (8), a new equation is proposed for estimating multi-stage RLTTs as
follows:

- (N)WW)*""“) (a (W)o~<cc>“> (Imax>" L
e =R- N . (2 . . SR a
N(] k pa m+pmax

Prmax

where w is the water content (%); cc is the fine content (%); lmax = v/Pax + Gzaxs Pmax (kPa)
and (m,x (kPa) are the largest mean stress and the largest deviatoric stress, respectively, per load
cycle; P, = 100 kPa; R, a, k, 0, u, k', o', m, s and n are constants.

In this context, all multi-stage test results are used to determine the model parameters by
following the next two steps:
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Step 1: Determine parameters a, K, 0, u, m, s and n by fitting g(Qumax, CC, W) in Equation (12b)
for the cumulated permanent axial deformation obtained at the end of each loading stage as
shown in Figure 15(a) and Figure 16(a)

W 0-(c0)° Imax " 1
g(qmax: CC,W) = <a' (K) ) . < pa > . m (12b)

Pmax Pmax

Equation (12a) could be rewritten as

N ((k'/w)+0'-cc)
& = R-[1- <N_()> 'g(qmaXa CC,W). (IZC)
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Figure 16. Test results as well as the model prediction for 1 based on water content and fine content for
M15.3.

Table 9. Parameters of the model for the multi-stage tests based on water content and fine content.

Missillac sand a k o] u m R2
51.111 10.140 1.377 1.003 2.620
s n R k’ o 0.74
25.693 0.500 4.235 —0.443 —0.0003

Step 2: Determine parameters R, k', 0’ by fitting Equation (12c) to the permanent axial
deformation evolution with the number of cycles, as shown in Figures 15(b) and 16(b).

All these parameters were summarised in Table 9 and the simulation results are presented in
Figures 15(b) and 16(b). However, the accuracy is less than the single-stage test because of the
different stress paths and the different stress levels to be taken into account in the calibration, the
results show a good capacity of the model to estimate the permanent axial deformation behaviour
for Missillac sand.
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Figure 17. Test results as well as the model prediction for ¢; based on suction value for M7.5.

4.4. Modelling results based on suction value

The permanent axial deformation in the multi-stage tests can be also related to suction value.
Based on Equations (4) and (11), a new equation, which considers the different stress states, is
also proposed to estimate the permanent axial deformation behaviour, as follows:

N eIn(S/Sa)+f | n 1
e =T- 1—<—> -b-(S/s*)d-<%> —_— (13a)

N Mt S _ G
0 a T o T Do

where S is the suction value (kPa); S* is the suction value (kPa) of the intersection point of
wetting and drying paths in SWRC; Sa is equal to 100 kPa; lpax = +/Pax + U2axs Pmax (kPa)
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Figure 18. Test results as well as the model prediction for £; based on suction value for M15.3.

and Qmqx (kPa) are the largest mean stress and the largest deviatoric stress, respectively, per load
cycle; P, = 100 kPa. T, b, d, e, f, m, s, and n are constant.

The same procedure is used to determine the model parameters:

Step 1: Determine parameters b, d, m, s and n by fitting g(Qmax, S) in Equation (13b) for the
cumulated permanent axial deformation obtained at the end of each loading stage as shown in
Figures 17(a) and 18(a).

sy ()
GG 9 =+ (5/57) (p L

— Gmax
a

(13b)

Pmax Pmax
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Table 10. Parameters of the model for the multi-stage tests based on suction value.

Missillac sand b d m S R2
98.421 —4.547 2.873 9.392
n T e f 0.67
1.291 1.812 —0.134 —0.499

Equation (13a) could be rewritten as

N e-In(S/Sa)+f
er=T-{1~- <N_0> - 0 (Gmax, S). (13¢)

Step 2: Determine parameters T, e, f by fitting Equation (13c) to the permanent
axial deformation evolution with the number of cycles as shown in Figures 17(b) and
18(b).

All these parameters were summarised in Table 10. Figures 17 and 18 show the test results
and the modelling results. Generally, it suggests that the simulation is in good agreement with
the experimental results. Moreover, the accuracy is not far from the model based on the fine
content and the water content.

4.5. Discussion

As it was mentioned for the single-stage tests, the comparison of these two series of mod-
elling results shows that the model (Equation (12a)) based on water content and fine content is
moderately more accurate (R*> = 0.74) than the model (Equation (13a)) based on suction value
(R? = 0.67). However, the number of parameters of the proposed model is obviously decreased
when it is based on suction value: Equation (13a) with 8 parameters (T, b, d, e, f, m, s and n)
compares to Equation (12a) with 10 parameters (R, a, k, 0, u, k’, 0/, m, s and n).

5. Conclusions

This paper investigates the permanent axial deformation of the Missillac sand in low-traffic pave-
ments under cyclic loading at various initial moisture states. A series of RLTTs are applied on
the different remolded soil samples at different water contents and different fine contents in a
single-stage procedure. Another series of tests are carried out at different fine contents, different
water contents and different stress states in a multi-stage procedure. Both in single-stage tests
and multi-stage tests, the results show that the permanent axial deformation increases with the
increase of the water content, while the influence of fine content depends on the initial water
content and the water sensitivity of fine particles. Increasing the stress path and the stress level
leads to an increase of the permanent axial deformation in a multi-stage test.

To describe the permanent axial deformation of Missillac sand, based on the Hornych model
(Equation (3)) and Gidel model (Equation (4)), this paper proposes a new empirical-analytical
model taking into account the effect of the water content, the fine content, the number of cycles
and the stress state. The simulation results show a good capacity of this proposed model to
evaluate the permanent axial deformation in both single-stage tests and multi-stage tests.

Besides, the SWRCs are obtained by the filter paper method for Missillac sand at different fine
contents. To solve the problem of dual variation of the permanent axial deformation with the
water content and the fine content and to avoid the determination of the optimum fine content
(which is complicated in this study), the permanent axial deformation is related to suction values.
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A unique curve may define the variation of the permanent axial deformation with S/S* value.
These findings are helpful for an easier interpretation of the results. Besides, it can be stated that
the model based on the suction value has less parameters than the model based on the water
content and fine content which has two more parameters.

These two proposed models could reduce the number of tests required to predict the soil
permanent axial deformation.

For the pavement structures, this study is also useful to understand the permanent deforma-
tion behaviour of the granular materials, especially for the sandy material. The tendency should
be the same with other clayey sand without particle breakage. For silty material, we think that
the influence on hydraulic mechanical behaviour caused by fine particles and suction will be
strengthened, whereas the trend of gravelly material will be opposite, with a low suction range.
Meanwhile, the particle breakage could be induced during the cyclic loading for a gravelly mate-
rial with a high stress level. In the future, this study will be expanded for non-standard UGM
(including higher fine content, higher plasticity index, higher methylene blue value and more
crushable grains).

Indeed, under the successive loading and unloading cycles and the environmental solicita-
tions, particles damage may accidentally occur which leads to fine content changes. At the same
time, the unsaturated granular soil is influenced significantly by water content changes (rainfall,
drainage or evaporation). As it was previously observed, the fine particles are very sensitive to
water content changes and to avoid the controversial effect of the water sensitivity, the determi-
nation of the optimum fine content (especially close to the saturated state) may be helpful for the
pavement design. This work as well as further numerical modelling will be conducted in future
studies.
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