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Abstract The paper deals with an experimental investiga-
tion aimed at studying microstructural features and their
consequences on water retention properties of statically
compacted unsaturated silt. The evolution of the micro-
structure of the aggregate fabric induced by compaction is
investigated by studying the pore size distribution changes
under different initial conditions (void ratio and water con-
tent). The material used is low plasticity silt from Jossigny
near Paris, France. A series of mercury intrusion porosimetry
tests (MIP) were performed at different void ratios and water
contents to provide microstructural information. The
arrangement of aggregation/particles and pore network was
also investigated with environmental scanning electron
microscopy (ESEM). The MIP data were used to determine
the water retention curve on drying for the specific pore
network configuration induced on compaction. The MIP data
were used to formulate and calibrate a multimodal water
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retention model for a specific pore network configuration,
which is obtained by linear superposition of subcurves of a
modified van Genuchten type. The study is then comple-
mented with controlled suction oedometer tests on com-
pacted samples to obtain the water retention properties of the
material at two different void ratios. Finally, we compare
the water retention properties obtained by the simulated
progression of the different pore network configurations
induced on the hydraulic path with the water retention
properties under suction-controlled conditions. Good agree-
ment between the two methods for the drying path is reached.

Keywords Compacted soil - Pore network model -
Pore size distribution - Water retention curve

1 Introduction

Compacted soil can be seen as an assemblage of particles
and aggregations having sizes that mainly depend on the
compaction water content [27]. To understand how these
soils behave as a composite body, one must consider the
manner in which the various particles and aggregates are
packed together forming a pore network, which depends on
void ratio and water content at compaction. Advances in
laboratory testing procedures such as mercury intrusion
porosimetry (MIP), useful to study the pore size distribu-
tion, and environmental scanning electron microscopy
(ESEM), able to visualise microstructural features at dif-
ferent hydraulic states, led to better understanding of the
soil structure evolution during hydro-mechanical loading
(e.g. [7, 8, 13-15, 20, 24, 26, 29, 30]).

The structure of most coarse-grained (or granular) soils
displays a dominant monomodal pore size distribution, as
there is little tendency to form aggregations. As the amount
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of fines increases, particles tend to group themselves into
larger aggregates, whose size depends on the amount of
water added. Soils (with an appreciable content of clay)
compacted dry of optimum moisture content generally
exhibit a fabric made up of aggregates of varying sizes and
tend to have a bimodal pore size distribution, whereas soils
compacted wet of optimum tend to display a dominant
peak [8, 12]. It has been widely accepted that the different
behavioural features observed on soils compacted dry or
wet of optimum moisture content are almost exclusively
due to different structures set up during the process of
compaction (e.g. [11]). When aggregates are present, it is
possible to divide the pore size distribution into two dis-
tinguishable ranges, namely, macropores and micropores.
The macropores are mostly the inter-aggregate pores
between aggregations, whereas the micropores are the
intra-aggregate pores inside these elementary units.

In the literature, few works on the microstructural
behaviour on compaction are devoted to low-activity soils
with clay content less than 25% (see, for example, [8]).
These silty soils have a low tendency to form aggregates
(especially at low water contents), which are difficult to
detect, and thus, they present a microstructure usually
characterised by a monomodal pore size distribution. This
aspect makes them not so attractive for the study of
microstructural features. Nevertheless, with increasing
water content, the aggregated structure is highlighted,
developing two clear dominant modes. The current paper
studies a compacted silty material and specifically focuses
on the development and changes undergone on the aggre-
gated structure induced on compaction at different initial
conditions. The aggregation of the silty soil investigated at
lower content is a starting assumption that will be validated
later on by ESEM tests.

A deeper understanding of how microstructural features
affect the water storage mechanisms of a compacted soil is
of particular importance in earthworks engineering. The
water retention curve expressed in terms of water content
or degree of saturation and suction is hysteretic, stress path
dependent (void ratio) and depends on the pore network
[1, 10, 16, 18, 19, 21, 23, 25, 27, 28, 31]. To properly
describe its evolving water retention character, a multi-
modal retention model is proposed in the paper by con-
sidering a linear superposition of two subcurves of the
van Genuchten [33] type. The model is constructed based
on MIP data at specified initial state, and thus, it is

Table 1 Physical properties of Jossigny silt

representative of this initial pore network configuration. The
different model parameters are fitted and their evolution with
water content and void ratio studied. The evolving nature
along generalised stress paths (with varying void ratio and
water content) is taken into account by updating the pore
network configuration as the hydraulic paths develop. Sim-
ulated water retention results are finally compared with
controlled-suction oedometer tests, in which different wet-
ting and drying paths are carried out at different initial void
ratios. In this way, the capability of the proposed multimodal
water retention model is analysed and discussed.

2 Material used in the research

The material used in the experimental programme is an
aeolian silt retrieved from a layer of alluvial soil located at
Jossigny, east of Paris, France. The behaviour of the sat-
urated and unsaturated state of this material has been
studied by various authors [4, 5, 6, 34]. The physical
properties of Jossigny silt are reported in Table 1. The soil
is classified as low-plasticity silt (CL) (Fig. 1) with a
clayey fraction of 25%. Clay minerals determined by X-ray
diffractometry are illite, kaolinite and inter-stratified illite—
smectite. No significant swelling properties on compacted
states have been observed on wetting [17].

The grain size distribution of the soil and the grain size
distribution function are shown in Fig. 1. As observed, a
dominant particle size is 20 pm (within the silty size
domain). It is expected that this dominant particle size is
assembling the shielding skeleton of the material and that
aggregations are mainly connecting and covering silty
grains. An inter-grain pore size of around 20% of the
particle size and around 4 pm is expected to prevail in this
shielding skeleton, which will be discussed in terms of the
pore size distribution data presented in the next section.

Several samples of Jossigny silt were statically com-
pacted at constant water content w, = (12.8 & 0.5)% and
at different void ratios. The samples were then saturated
under oedometer conditions at constant vertical stress
g, = 100 and 200 kPa by Casini [4]. The volume change
results (Ag,g,, collapse on soaking) are plotted in Fig. 2 in
terms of the normalised variable Ag,.,/0ys for the dif-
ferent initial void ratios studied. The compaction induces a
reduction in the macroporosity (inter-grain porosity), as
highlighted by Or [22] the collapse of voids is due to

Unit weight of solids Plastic limit Liquid limit Plasticity Clay fraction Silt fraction Sand fraction
75 (KN/m>) wP (%) wL (%) index IP (%) (%) (%) (%)
26.4 17 323 15.3 25 70 5
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Fig. 1 Jossigny silt: a Grain size distribution; b Grain size density
function

coalescence of aggregates into larger units. The informa-
tion in Fig. 2 is, thus, extremely useful to define the lim-
iting void ratio (around 0.6), above which the inter-grain
porosity plays an important role.

3 Experimental programme

Twenty MIP tests were performed at five different void
ratios e (0.5 < e < 0.9) above the limit previously indi-
cated and at four gravimetric water contents w (13% < W
< 21%). The detailed MIP programme is reported in
Table 2, in which the water ratios e, (volume of water over
solid volume) and degrees of saturation of the different
initial states are also included. The different initial states are
plotted with solid symbols in the Proctor plane shown in
Fig. 3a, together with the constant degree of saturation
lines. Some MIP tests have been repeated by adding
sodium chloride (NaCl) to the moulding water content in a
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Fig. 2 Deformation on saturation at constant vertical stress for
different initial void ratios (after Casini [4])

concentration of 0.5 and 3 M (indicated by circles in Fig. 3,
and with bold-underlined letters in Table 2). The addition
of salt is expected to induce contraction of the microstruc-
ture, because the osmotic effects should be predominant in
the microstructural domain and thus shifting of the domi-
nant micropore size to lower dimensions (e.g. [17]). The
ability to discern micro- and macroporosity is thus
enhanced. Figure 3b shows the different compaction verti-
cal stresses applied to achieve the different initial states.
Static compaction stresses decrease with void ratio decrease
and with the increase in the moulding water content.

MIP tests were performed on Pascal 140 and Pascal 440
apparatus from CE Instruments (France). Specimens were
placed in a volume-calibrated glass vessel (dilatometer)
and evacuated to about 0.03 kPa in the macropore unit
(Pascal 140). Mercury was then added, and the pressure
was increased continuously from vacuum to about
375 kPa. The dilatometer vessel was then transferred to the
micropore unit of the porosimeter (Pascal 440). The pres-
sure was increased stepwise to 400 MPa using pressure
transmission oil. The intruded volumes were corrected for
compressibility of mercury [35].

Environmental scanning electron microscopy (ESEM)
was also used to qualitatively describe the arrangement of
aggregation and particles, as well as the pore network
properties, of the compacted samples. The ESEM investi-
gation was performed using a FEI Quanta 600 ESEM at an
average water vapour pressure in the specimen chamber of
70 and 372 Pa, room temperature of 25° corresponding to a
relative humidity RH of 2.2 and 12%, respectively.

An oedometer test was performed to determine the water
retention properties following the stress paths shown in
Fig. 4. The stress paths allowed studying wetting and
drying paths at two different initial void ratios (e) = 0.82
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Table 2 Initial conditions in terms of void ratio e, gravimetric water content w (%), water ratio e,, and degree of saturation S,

Water content w (%)

Void ratio ¢,

0.50 0.60 0.67 0.80 0.90
13 ey = 0.350 ey, = 0.350 ey = 0.350 ey = 0.350 ey, = 0.350
S = 0.700 S = 0.4153 S, = 0.583 Sy = 0.437 S = 0.389
15 ey, = 0.404 ey, = 0.404 e, = 0.404 ey, = 0.404 ey, = 0.404
S0 = 0.808 S0 = 0.583 Sro = 0.603 S0 = 0.505 S,o = 0.449
18 e, = 0.484 ey = 0.484 ey, = 0.484 ey = 0.484 ey, = 0.484
S0 = 0.968 Sro = 0.807 S0 = 0.722 S0 = 0.605 S0 = 0.538
21 ey, = 0.5 ey = 0.565 ey = 0.565 ey = 0.565 ey = 0.565
w=0.19 S0 = 0.6921 S,0 = 0.6575 S0 = 0.6262 S0 = 0.5977
S =1
(a) 1 T L T I S and 0.74, void ratio labelled during wetting and drying).
samples . . .
—  Standard Proctor Curve (Cui 1993) O ESEM dry - wet The upper total suction range was also investigated by
constant §, k i
09} oS04 @ S052. @ 505 @ J dew-point mirror psychrometer measurements (WP4,
; ' ' Decagon Device) carried out on compacted samples with
. : 520.70 initial void ratios ranging between 0.50 and 0.67 that
08 @ L . .. . . . .
% - . - underwent drying paths. The overall water retention data is
e plotted in Fig. 4, where void ratio effects are predominant
-E 0.7 ¥ in the low suction range [26].
©
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void ratio e and w

@ Springer

Fig. 4 Water retention properties of Jossigny silt under suction-
controlled conditions complemented with psychrometer (WP4)
measurements



Acta Geotechnica (2012) 7:139-150

143

non-wetting fluid to obtain a unit area below the curve
(Fig. 5¢). To compare the effect of the initial void ratio of
the compacted material, the normalised density function
was further scaled by this initial void ratio, as shown in
Fig. 5d. This last plot PSD* was the one used to compare
the effect of the initial state on the pore size distribution.

In Fig. 6, the PSD* results are presented for the different
water contents and void ratios indicated in Fig. 3a. They
were classified into groups with the same water content;
and in each group, different void ratios were studied. It is
interesting to note that for the lower water content of
w = 13%, the PSD* is mono-modal, and the peak value is
centred on a diameter between 3 and 10 pum. This is rather
unusual for clayey soil, and this unusual trend can be
explained (supported by ESEM results Fig. 10a) because at
this low water content, the aggregates are not fully devel-
oped, and the intra-aggregate porosity is hidden by the
dominant inter-grain pores (associated with the pores
between grains of the shielding skeleton). This dominant
peak approximately coincides with the inter-grain pore size
estimated from the particle size distribution (Fig. 1b).

As the water content increases, the dominant pore mode
of the intra-aggregate domain emerges, and clear double-
porosity networks are detected in Fig. 6b, c. On loading at
wo = 15%, the macroporosity is consistently reduced, and
the dominant macropore sizes shifted towards lower pore
sizes. At w, = 18 and 21%, the dominant and arising
microporosity is shifted towards larger pore sizes. On
loading at this higher water contents, not only the
macroporosity is affected but also part of the micropore
volume (refer to Fig. 6¢, d).
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Fig. 6 Normalised PSD* curves for the same gravimetric water
content: aw = 13%; bw = 15%; cw = 18%;dw = 21%

Similar results are also shown in Fig. 7, but grouped
together in terms of void ratio. On wetting at constant void
ratio, the microporosity emerges and progressively
occludes the macroporosity. During this wetting, the initial
monomodal structure observed at low water content pro-
gressively evolves towards a double-porosity network.
These behavioural features are consistently observed at the
different constant void ratios shown in Fig. 7.

Figure 8 shows the effects on the pore size distribution
when saline water is added to the soil at different initial
water contents and void ratios. The addition of salt induces
the contraction of the aggregates (microporosity) and the
shifting of the micropore size towards lower values, and
thus enhancing the double-porosity network. For a given
void ratio, the contraction of the microporosity induces the
development of macroporosity, as shown in Fig. 8c, d for
the higher water contents.

MIP results were interpreted using descriptors of the
PSD* and their evolution as a function of the initial con-
ditions (water content and void ratio). The descriptors used
to characterise the evolution of the PSD* are indicated in
Fig. 5, which correspond to:

e Peaks of the PSD* in terms of micro- and macropo-
rosities (p,, and py Fig. 5d).

e Dominant pore modes of micro- and macroporosities
(dy, and dy; Fig. 5c¢).

e Normalised pore volume corresponding to micro- and
macroporosities (indicated as area, and areay; in
Fig. 5c, and corresponding to area,, + areay; = 1).

The evolution of the descriptors as a function of the
initial state is indicated in Fig. 9. The peak values of the

@ Springer



Acta Geotechnica (2012) 7:139-150

144

(a) 1.5 [ €,=0.50 i (b) €,0.60 :
L - w=13%S,=070 } | -® w=13%85,=058 &
I = w=15%8S,=081 & | - w,=15% S,=0.67
I —— w=18%S,=0.97 & | -~ w,=18% S,=0.81

E 1 -e- wE186%S1 3 o w=21%8,=0.94 i

K L I ¥

) L L

(’) -

&. L

o 05

(¢ 1.5 N ©,=0.67 (d)r €,=0.80
[ -0 w=13%8,7052 | -+ w=13%S=044
[ = w=15% S,=0.60 2 | — w=15% S=0.50
L == w=18%S,=072 I | —— w=18% S,=0.60

2 q | -e- wE21%5,7084 ;% | -e- w=21% S=0.70

(0] s L

~

D -

) L

n: -

o 051

o Lo
0.001 0.1
Entrance pore diameter (um)

€,=0.90 *
| -o w=13% S,4=0.39
L = w=15% S,=0.45
| == w,=18% S,=0.54 H
-s- w=21% Sm=0.63‘ _' :

0 >, pecT. . - :\-
0.0010.01 0.1 1 10 100
(€) Entrance pore diameter (um)

Fig. 7 Normalised PSD* curves for the same void ratio: a e = 0.50;
be=0.60;ce=0.67;de=0.80; e e =090

(a)16 w,=13% e,=0.80 (b)os w,=15% &,=0.67
I i [ s no salt
121+ 4 0.6 — saltosm
" —— salt 6M
0.4+
0.2
0
(c) 1 [ w=18% e,706 (d) 1 [ w=21%e,=067
08 0.8
. L L
@ 06 0.6
] L L
w
o 04+ 0.4
@ 5 b
02F 0.2
O i 0 T e

0.0010.01 01 1 10 100
Entrance pore diameter (um)

0.0010.01 01 1 10 100
Entrance pore diameter (um)

Fig. 8 Comparison of PSD curves for samples with and without the
addition of salt (NaCl): aw = 13%; e = 0.80; bw = 15%; ¢ = 0.67;
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macroporosity range of the PSD* decrease with increasing
initial water content. An opposite trend is observed in the
dominant peaks of the microporosity range, as a

@ Springer

consequence of the expanding microstructure with water
content. Equivalent trends are observed for the normalised
micro- and macropore volumes in terms of their evolution
with water content. On regarding the dominant pore mode
of the microstructure, a slight shifting towards higher
values is observed at larger initial water contents, which is
also consistent with the expansion of the microporosity
with water content. Some shifting of the dominant pore
mode of the macroporosity towards larger values is also
observed at higher water contents. This trend may be
associated with some loss of the homogeneity of the
sample during compaction at high water contents (sticky
aggregates induced at high water contents). On regarding
initial void ratio effects, both micro- and macroporosity
peaks are decreased by compression. The dimensions of the
dominant micropore sizes are also shifted towards lower
dimensions on compression.

The arrangement of aggregations/particles and voids has
been also investigated at their initial water content using
environmental scanning electron microscopy (ESEM),
which works under controlled environmental conditions
[24]. Figure 10a, b presents the photomicrographs per-
formed at two contrasting water contents (wy = 13 and
21%, respectively) and at the same void ratio (eg = 0.80).
A double-porosity network is detected in the driest condi-
tion with well-defined inter-aggregate pores (around
10-20 um), aggregations and particles. At higher water
content, the aggregates increase their size and reduce the
macropore volume, as shown in Fig. 10b.

The shielding skeleton formed by silt particles and
aggregates connecting particles and filling inter-grain
pores is clearly identified in Fig. 11a, b, in which the
driest state (wy = 13%) is presented at two void ratios
(ep = 0.8 and 0.9, respectively). On compression, the
macroporosity appears to be reduced when comparing
both photomicrographs.

The microstructural investigation was extended to
samples that were prepared with saline water. As observed
in Fig. 12 at wy = 15%, a denser microstructure is induced
due to the contraction of the aggregates, in which clear
inter-aggregate pores are detected (the addition of salt
induces the enhancement of the double-porosity features).

5 Water retention properties based on MIP results

The MIP results can be used to obtain the relationship
between the suction and the degree of saturation or water
content at constant void ratio. The mercury intrusion is
assimilated to the air intrusion (non-wetting fluid) during
the drying path of the water retention curve. Thus, the
injection of mercury with a contact angle is equivalent to
the drainage of the water induced by air front advancing for
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Fig. 9 PSD* parameters versus gravimetric water content

the same diameter of pores intruded. Under the hypoth-
esis of non-deformable soil skeleton, the volume of pores
non-intruded by the mercury should be used to evaluate
the degree of saturation or the water content corre-
sponding to the equivalent applied air overpressure.
Anyway, the non-intruded porosity by the mercury
should be taken into account for estimating the residual
water content in the evaluation of the water content [24].
The WRC obtained is valid in the range where the
capillarity is the predominant physical mechanism, usu-
ally for suction s <2 MPa [24].

The water ratio ey, = Vy/Vs = S, - e is estimated by the
following equations:

— Siw) - € (1)

where e, is the non-wetting ratio (mercury) and S, and
Smw the degree of saturation of water and non-wetting
fluid, respectively (S; + Syw = 1 for a two fluid mixture).
In Fig. 13, the WRCs obtained after the correction that
takes into account the non-intruded porosity and the
adsorbed water are reported. The residual water ratio has
been taken ey.s = 0.25 in agreement with measurements
performed with a WP4 at different void ratios.

The results are reported in the plane water ratio ey,—
suction s for the same water content (Fig. 13a) and the

enw T ey =é€; ew:e_enwz(l

o (%)

w, (%)

same void ratio (Fig. 13b). As the void ratio decreases, the
air entry value increases, and the curves are steeper. This
trend is consistent for the four gravimetric water contents
investigated (Fig. 13a). The increase in the compaction
water content let the curves more dispersed in the higher
range of suctions (s > 100 kPa).

The driest samples (w = 13%) show a more rigid
behaviour before the air entry value, after that the curves
show a less steep trend compared to the wettest samples
(Fig. 13b). This behaviour persisting for the five void ratios
is explored. For the same compaction water content, the
form of the curves is similar, while the void ratio affects
the air entry values of the curves.

Usually the WRC obtained for the different types of soil
is best fitted with original or modified van Genuchten [33]
or Brooks and Corey [3] models without taking into
account the heterogeneity of the pore systems (e.g. [2, 25,
28, 32]). Here the heterogeneity of the pore system induced
by the compaction process is taken into account using a
multimodal retention model, defined by Durner [9] as a
linear superposition of subcurves of the van Genuchten
type with the following equation:

k

R s W [ @

€ — Cwres i—1
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Fig. 10 ESEM on Jossigny silt with void ratio ¢ = 0.80: a water
content w = 13%; b water content w = 21%

where k is the number of subsystems that assembled
together give the global pore size distribution, w; are
weighting factors for each subcurve subject to 0 < w; < 1
and > w; = 1. For the parameters of the subcurves (o, n;,
m;) must be imposed the condition o; > 0, m; > 0, n; > 1.
Here, the additional constraint n; = 1/(1 — m;) is imposed.

Each subcurve in Eq. 2 differentiated two times with
respect to the suction s gives the relationship between the
suction at the inflection point and the parameters given by
the following expression:

lfmi

m.

Spi = loci (3)

where sy, is the suction at the inflection point in the Ey-s
plane. Once o; is obtained, from Eq. 3 and substituting in
Eq. 2, the water storage mechanism in a heterogeneous
porous medium becomes:

@ Springer

Fig. 11 Shielding effect at water content w = 13%: a void ratio
e = 0.80; b void ratio e = 0.90

Fig. 12 Effect of the addition of NaCl on the microstructure of
Jossigny silt
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Fig. 13 Drying paths deduced from MIP: a for the same water
content; b for the same void ratio
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i1 Spi

Equation 4 is used to model the WRC data obtained by
MIP. The experimental data are modelled with a bimodal
water retention model, obtained setting K = 2 in the above
equation.

The pore capillary density function (PCF) is defined as:

PCF = AE,,/Alog(s) (5)

where E,, is the effective degree of saturation as defined in
Eq. 4.

The model is calibrated by best fitting the PCF obtained
in experimental results as shown in Fig. 14a. The area
below the peak of lower suction is defined as w; (macro
area below the PCF), while w, (micro area) is given by
w, = 1 — wy because the area below the curve corre-
sponds to the unity. The suction at inflection points are
named, respectively, spm and sy, as reported in Fig. 14a.
The experimental data and the model prediction are com-
pared in Fig. 14b, and the model fits well the experimental
results in the entire range of suction. Furthermore, the
model is able to capture well the change in shape of the
retention curve at the inflection points. The experimental
results in Fig. 15 is well fitted by Eq. 4.

The macro area shows an interesting trend, which
decreases as the water content increases (Fig. 16) and
increases with void ratio.

6 Interpretation of water retention properties: MIP
versus oedometer results

The parameters obtained by the multimodal model have
been calibrated as a function of void ratio and gravimetric
water content. The macro area w; has been related to the
water content w through the following equation:

(@)qg P () 10000 ¢
| w=15% S | E w=15% 8,20.8
- 12} —_— 100023\ A Spee
o = E
2 08 L 100F
;} W F ..“"o...
< 04 10k "'".'s
0 i B 1- P WM N N
1 100" 1000 0 20 40 60 80 10

Ew;(ew'ewms )‘r(ewsnl'ewres)

suction s (kPa)

Fig. 14 Laboratory versus model results: a Macro- and micropore
capillary functions (PCF); b water retention curve derived from PCF
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Fig. 16 Comparison between model and experimental results: area
macro versus gravimetric water content

wi (areamacro) = (Wyes/w)” (6)

where o= (par; - e)P™? and Wi = €ured/ G = 0.25/
2.69 = 0.0929, which is the residual water content of the
soil. The values of the different parameters are reported in
Table 3. The comparison between MIP data and the model
(in dotted line) is presented in Fig. 17.

Table 3 Bimodal retention model parameters
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Fig. 17 Comparison between MIP data and model results of peak
value of suction as a function of water content: a Macro; b micro

Also the suction at inflection points for micro and macro
domains have been related to the water content and void
ratio through similar equations:

SpM = A- (Wres/W)ﬂa Spm = B- (Wres/w)‘S (7)

where A = par;, f = par, - e + pars, B = parg - e + pary
and 0 = paryg - e + par,.

The gradient of the macro my; and micro m,, retention
functions has been related to the void ratio and water
content with the equations:

my = (Wres/W)Pﬂrm and my, = pary; - (Wres/w)par12 (8)

The values of the different parameters are given in
Table 3.

The data of drying path obtained under suction-con-
trolled conditions and oedometer conditions have been
compared with the model prediction in Fig. 18. Two drying
curves have been simulated, one for the path at lower
density (void ratio at the beginning of the drying path
eo = 0.80) and the second for the path at higher density
(void ratio eg = 0.73). Curves have been normalised in
order to fit the initial and final water contents of each path.

The evolution is reasonably reproduced by the model for
both changes in suction and vertical load.

7 Conclusions

An extended microstructural investigation (mercury intru-
sion porosimetry MIP and electron micrographs) has been
performed on statically compacted Jossigny silt at different
initial void ratios and water contents. The objective was to
obtain a deeper understanding of the evolution of the
microstructural changes on a silty soil and their consequences

par; par; parz (kPa) pary pars parg (kPa)

pary (kPa) parg pary paro pary; pary2

1.36 0.61 150 4.73 0.54 -312

358 —2.01 1.95 0.99 0.75 0.45

@ Springer



Acta Geotechnica (2012) 7:139-150

149

200

160 [~

120 -

s (kPa)

80 [~

40

0
0 0.2 0.4 0.6 0.8 1
Ew=(ew-ewres)/(e-ewres)
@ data e=0.80 == model e=0.80
O data e=0.73 e e model e=0.73

Fig. 18 Comparison along drying paths between experimental data
under suction-controlled conditions and model predictions

on the water retention properties. As highlighted by the
experimental results, the shape of the PSD is essentially
controlled by the compaction water content. The PSDs are
basically bimodal in the range of water contents and void
ratios tested. At low water contents, the microporosity
decreases and the PSD tends to a quasi-monomodal dis-
tribution for the driest compaction. At higher water con-
tents, more and more aggregates are created by the
compaction process, which induces the emergence of an
increasingly pronounced peak around 2 um in the PSD.
For wet samples, aggregates form a shielding skeleton
around the sand/silt particles (confirmed by ESEM
micrographs), and the PSD recovers a monomodal distri-
bution. When compacted with saline solution, the material
presents a more pronounced double-porosity, as a result of
aggregate shrinkage.

The drying path of the water retention curve obtained by
MIP has been modelled with a multimodal retention model,
where the weighted parameters are related to the area
below the pore capillary distribution and the suctions at
inflection points to the peak value of the distribution. The
agreement between the measured and the estimated WRC
indicates that the multimodal prediction method leads to
more realistic estimation of the retention properties of
soils. The model parameters are related to the pore capil-
lary distribution and have a clear physical meaning. The
model has been satisfactorily used to reproduce the suc-
tion-water content path during drying at different initial
void ratios and under oedometer conditions.

The research work highlights the importance of mod-
elling the double-porosity development during compaction,
even for non-plastic materials, and proposes a flexible
model to capture the retention curve resulting from
microstructural features.
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