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ABSTRACT

The unsaturated permeability of cracked compacted fine soil is a key parameter in geotechnical
engineering, particularly when analyzing water flow through the soil in various conditions. The
compaction affects the saturated and unsaturated permeability by reducing porosity. However, cracks can
appear by shrinkage and growth during desiccation, which obviously leads to macro-porosity (a process
during which the soil acquires a high level of double porosity). The development of a crack network
influences the suction (as negative water pressure) and then the unsaturated permeability. The current
paper aims to analyze the role of the crack network (considered as macropores) on the unsaturated
permeability, by quantifying the network based on the Crack Intensity Factor (CIF). The unsaturated
permeability is given as a function, separately of CIF and suction. The experimental results may be
considered constructive for soil modeling. Regarding the birth of the first crack, it occurred when the
suction reached a value near to that of the air entry suction. Since the first crack appeared, primary cracks
were developed and then followed by secondary cracks. The obtained experimental results of WRC and
Kuusat for cracked compacted clay are beneficial in managing the design of the geotechnical structure
stability and the environmental issues of water diffusion. CIF increases with suction, which is augmented
during the drying process demonstrating a decrease in the moisture content. After 21 hours of desiccation,
CIF ended up reaching a value of 4%. It is generally recognized that cracks create preferential pathways
for water flow, whereas their geometry and distribution influence how water moves through the soil.
Modeling the impact of cracks on permeability may involve considering factors like crack width,
orientation, and connectivity. In this paper, a simple model was proposed to predict the unsaturated
permeability as a function of suction with different CIF values with the material being assumed as a double
porosity soil.
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I.  INTRODUCTION

macro-porosity creation. In the case of swelling, macro-

The sustainability issue of several geotechnical works is
linked to soil permeability, which is entirely dependent on the
soil structure type, the former’s mineralogy and fabric [1-3]
and also on the interactions, at microstructure and
macrostructure scales, between the water and the soil particles
(the swelling and the shrinkage of clays are mentioned as a
non-exhaustive example, where the interaction between
particles and water plays a crucial role on the deformation rate).
For instance, regarding the active clay, the opposite phenomena
observed, such as swelling and shrinkage, may be the origin of

porosity is induced by the double-layer action. The provided by
shrinkage cracks are also assumed as macropores with the same
equivalent volume [4-6]. Considering shrinkage, the tensile
deformations leading to cracks result from heterogeneity of
moisture water content, density, and eventually from the
external mechanical boundary conditions [7]. The cracks'
development and growth significantly affect the hydraulic
properties, namely saturated permeability, unsaturated
permeability, and water retention [8-12]. Laboratory testing
involving instruments like a constant head or a falling head
permeameter is commonly used to measure water flow through
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the soil samples [13]. However, in the case of unsaturated
cracked soil, the flow mainly happens in a transient state. So,
more attention should be placed on the suction’s evolution
during the flow test about the cracks. Such an experimental
procedure could be complex since the soil porosity changes
with the crack network evolution during a drying path or a
drying-wetting cycle. It is not common to simultaneously
follow both the crack growth and the evaporation flux to
determine the unsaturated permeability. One powerful
technique to achieve this is to use the evaporation method by
applying a gradient suction on the cracked specimen [14-16].
The translate method, which involves utilizing a gradient
suction on a cracked specimen, has been also applied [17].
Regarding the role of initial unsaturated conditions of the
prepared soil specimens, it was demonstrated that the initial
water content and the initial dry density govern the crack
network and the Crack Intensity Factor (CIF), which is defined
as the rate between the volume of cracks and the total volume
of the specimen. Consequently, the presence of cracks in
compacted fine soil can significantly affect its permeability [18,
19]. On the other hand, predicting unsaturated permeability
often involves employing mathematical models, such as those
based on soil characteristic curves, which describe the
relationship among soil moisture content, suction, and
permeability. Phenomenological models like the van
Genuchten-Mualem or the Brooks-Corey model are commonly
implemented for this purpose [20].

Despite the complexity of measuring the water content
property and the unsaturated permeability for fine soils without
cracking, several new procedures have been proposed [21, 22].
However, few studies have investigated the unsaturated
permeability and water retention. Thus, the current research
aims to experimentally contribute in the study of cracked
compacted clay in order to characterize the main hydraulic
properties of cracked soil. The expected results can be
exploited in the design and modeling of environmental cases of
geotechnical structures submitted to desiccation.

New experimental laboratory results are presented, to assist
in studying the role of the crack network on the unsaturated
silty soil permeability. Starting from initial homogenous soil
conditions (compacted dry density and initial moisture water
content), the saturated and unsaturated permeability function
and the Soil-Water Retention Characteristic (SWRC) were
experimentally determined for the intact specimens (without
cracking). The specimens were then submitted to a water
drying path, and the shrinkage was developed by conducting
crack networks. The evaporation technique mentioned above
determines the unsaturated permeability at a given crack
network. These tests were performed for various crack network
intensities (quantified by the CIF). The mixing law was applied
engaging the Genuchten-Mualem model to predict the
unsaturated permeability of more macroscopic levels, involving
specimens with more important dimensions than those studied
in the laboratory. The results were interpreted in terms of the
CIF influence and suction variation.

II. EXPERIMENTAL STUDY

A. Materials and Experimental Protocol

The main physical soil properties are summarized in Table
I. The Grain Size Distribution (GSD) curve is given in Figure
1. Based on the GSD and the properties of Table I, the soil is
classified as silt with high plasticity and contains a significant
percentage of organic matter (ASTM D 2487-17). The high
plastic silt property is similar to the high activity of the silt,
which generates the expectation of a high shrinkage potential.
The Proctor compaction curve demonstrates the optimum
compaction parameters, where ygm = 1.52  gr/em’.
Additionally, the Optimum Moisture Content (OMC) is OMC
= 25% (Figure 2). In the field’s works, it is generally required
to compact the soil in the range of 0.85Xy, 4 tO Ygmar- Thus,
the compaction dry unit weight value was fixed at 0.9xy;,q.-
Consequently, the moisture water content could approximately
range from 16% to 32% (Figure 2). The zero-air voids curve
(for a degree of saturation s, = 1) is also plotted in Figure 2.
The tested clay contains a high amount of smectite (around
60%) which explains its high activity and its high shrinkage
potential.

[ Gravel ] 5 G Clay
100 T [ sand ] [ s ]| |[ctay |
—_— -'LH"\-\ H-1
= T
= 80 B
g bl "
£ &0 E
g ™~ il
£ i
£ 40 4 T
= IITTRRE SN S|
E 20 | ! [
3 1 |
1000 100 10 1
Diameter | M)
Fig. 1. Grain size distribution.
1.7 7
Zero-air void curve (5r =1)
~1ls
]
_K:
&S
£
]
g 14
t.r
S 1a-
1.2

15 20 26 30 35 40
Warer content (%)

Fig. 2. Proctor compaction curve.
TABLE 1. MAIN PHYSICAL AND CHEMICAL
CHARACTERISTICS OF THE STUDIED SOIL
Shrinkage | Plastic | Liquid | Specific ..
Limit (SL) | Limit | Limit | gravity C(a,ff3 VBS Ac(t,;v)“y
(%) |(PL)(%)|(LL) (%)| (Gs) ’ ’
15 35 72 2.68 16 7 77

Added to the previous main characteristics of the silt, the
main unsaturated soil properties were measured in the
laboratory to determine the water retention curve and the
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unsaturated permeability function. The water retention curves
for the matrix (soil without cracks) and cracked specimens
were obtained using complementary measurement techniques,
such as osmotic and filter paper methods [21-23]. The
unsaturated permeability functions were identified according to
the evaporation experience method [24]. The influence of the
compacted clay was also investigated [24, 25].

B. Experimental Results

1) Intact Compacted Soil (Soil without Cracking)

The water retention curves for matrix and cracked soil were
acquired and expressed as a relationship between the mass
water content and suction. (for details of the experimental
procedure see [26]). Figure 3 provides the water retention of
the matrix. Two parameters are necessary to retain from the
experimental results: the Air Entry Suction (AES) value and
the residual suction (s,). These values are around 300 KPa and
10 MPa, respectively. Using the van Genuchten (1980) [20]
model permits the transition from the water retention equation
to predict the unsaturated permeability. The van-Genuchten
equation is obtained by utilizing the experimental results of the
unsaturated permeability function against suction.

0-6; _ 1

0 =56, =~ (m@omm

) =w* ey

where @ = Gsxw is the volumetric water content, where Gs is
the specific gravity and w is the mass water content. 65 and 6,
are the volumetric water content at saturation and the residual
volumetric water content, correspondingly. From the SWRC of
the matrix, w; and w,are 40% and 5%, accordingly. The van-
Genuchten model was fitted, and its coefficients are n = 1.65
and a* =0.005 cm™ (m = 1-1/n). The unsaturated permeability
was fitted according to (2), and is plotted in Figure 4.

1= (as)" 1+ (as)'T"
[1+(as)" ™"

k, (s) =k, @)

where k; is the saturated lpermeability measured by the falling
permeameter (k,= 1.5 107 % m/s).
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Fig. 3. Water retention of the intact soil.

Microscopic observation is presented at the end of the
compaction stage. Figure 5 gives the SEM view of the sample
after its compaction at the density of ., = 1.52 gr/cm’. The
results clearly exhibit two aspects: the texture of the soil and
the double porosity character of the compacted silt and clay.
Some previous studies have demonstrated the double porosity

property of the compacted fine soil's micros-texture [23].
Microporosity characterizes the voids between the particles.
However, macroporosity corresponds to the voids between
agglomerates (set of embedded participles).
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Suction (MPa)
Fig. 4. Unsaturated permeability of the intact soil.

Fig. 5. SEM view of the microstructure of a compacted specimen at
Yamax=1.52 grlcm’.

2) Cracked Compacted Soil

Regarding the experimental study of the cracks' effect on
the saturated and unsaturated permeability of the compacted
soil, several tests were conducted to measure the impact of the
network cracks. The experimental procedure was defined as
follows: (a) the samples were compacted at the desired dry
density, (b) the specimens prepared at the given density were
placed in an environmental chamber, where the temperature
was fixed, and the Relative Humidity (RH) was controlled, (c)
a series of photos was taken during the desiccation time by a
camera placed in the environmental chamber, (d) image
analysis was applied to define network characteristics, such as
the opening, the length, and the diffusion angles and
orientations of the cracks (for more details about the image
analysis see [27]). Consequently, the CIF was deduced during
this time, as observed in Figures 6 and 7. Figure 6 depicts the
procedure for compacting the specimen and the following
stages for applying the drainage path. Image analysis was
performed at each reached cracking level. Temperature T was
fixed at 30 °C £ 5 °C and the relative humidity was 50% + 5%.
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Fig. 9. Unsaturated permeability of the cracked specimen (CIF=4%).

primary crack |

Fig. 7. Crack network at the end of desiccation (compacted specimen y; =
1.35 gr/cm®).

The 3D CIF is:

__ Cracks volume

CIF = (3a)

Total volume
The 2D CIF is:

CIF = Cracks area (3b)

Total area

Figure 8 portrays the evolution of CIF (determined in 2D)
against the suction during desiccation. As observed, the CIF
increases with suction, which is augmented during the drying
process with a decrease in the moisture content. At the end of
the desiccation, that is, after 21 hours, CIF reached a value of
4%. As it can be deduced, the maximum CIF for compacted
soil is commonly less than the maximum CIF that can be
reached for the slurry soil. However, the spatial variability of
cracks is generally more homogeneous. The former covers all
the compacted layers or specimens, opposite the slurry soil case
where the crack network is more concentrated in the local
space, depending on the boundary conditions or the local
density and the water content heterogeneity. The measurement
of the permeability of the compacted cracked specimens
(Figure 6) was also performed at CIF= 4%, with results
regarding unsaturated permeability against suction (Figure 9).
As expected, the permeability significantly increased compared
to the intact matrix's unsaturated permeability (Figure 4).

Figure 10 also confirms the aforementioned expectation,
showing that unsaturated permeability decreases with
increasing CIF. Cracks create preferential pathways for water
flow, and their geometry and distribution influence the way
water moves through the soil. Modeling the impact of cracks
on permeability may involve considering factors like crack
width, orientation, and connectivity.

1E-09

1E-10

Unsaturated permeability (m/s)

1E-11

4 5
CIF (%)

Fig. 10.  Unsaturated permeability of the cracked specimen against CIF.

III. MODELING

Modeling is usually expected to be practiced for complex
physical problems such as predicting the unsaturated
permeability of large scale dimensions of the geotechnical
structure and large scale volume of the soil (as a non-
exhaustive example, in [28], some empirical equations were
proposed to predict the unsaturated soil permeability from the
water retention curve). A simple mixing model introduces
permeability functions, namely the unsaturated permeability of
cracked specimens at a small scale and the unsaturated
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permeability of intact soil matrix. The model is written as
follows:

K,s(s)=(1-CIF).K, .. +CIFX_ @)
Kmalrix = Ks,matrix kn.v.mutrix =
1= (a,9)" [+ (es)" 1" (&)

s,matrix

[1+(a,8)" ™"

where n = 1.65, m = 0.39, a, = 0.005 cm”, and K, . =
1.5x10™"° mys.

Kcracks = Ks.crackskns,cracks =
B 1—(a,s)" [+ (a,8)" 1" (6)
s,cracks [1 + (azs)n ]2m

where n = 2.08, m = 0.52, a, = 0.01 cm’l, and K =2x10°

m/s.

§,matrix

Equation (4) is available only for the suction over a
threshold value, defined as the suction where the first crack
appears. To simplify this process, it is admitted that in the
model the threshold value equals the air-entry suction (AEV).
The results are summarized in Figure 11, which indicates that
the  predicted  unsaturated equivalent  permeability
k_ns(s) remains not far from the intact matrix permeability.
The equivalent unsaturated permeability function k_ns(s) is
significantly depended on CIF. This demonstrates anew the
importance of the prediction at the large scale of the equivalent
permeability and quantifys it for reliable geotechnical
structures.
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Fig. 11.
suction).

Predicted equivalent unsaturated permeability function (against

Since the first crack appears (birth), the permeability value
suddenly jumps and increases (from 1.3x10™° m/s to 5x10™°
m/s). The unsaturated permeability of the cracked specimen
decreases with suction until reaching the K, of the matrix.
This means that at a high suction value (about 100 MPa) the
developed cracks do not contribute to the water flow and
become resistant.

IV. CONCLUSION

The results obtained across this study concerned the
experimental determination of:

1. The Soil-Water Retention Curve (SWRC) and the
unsaturated permeability. The key parameters of the air-
suction value (AEV) functions, residual suction, saturated
water content, and saturated permeability, were obtained.
The van Genuchten-Mualem model was used to fit the
experimental curves, where the parameters were calibrated.

2. The birth of the first crack occurred when the suction
reached a value nearly the AEV. Since the first crack
appeared, a primary crack network was developed
followed by secondary cracks. The acquired experimental
results of WRC and K, for compacted clay are valuable
for the management of the design of geotechnical structure
stability and the environmental issues of water diffusion
(e.g. a landfill cover).

3. The effect of the Crack Intensity Factor (CIF) obtained for
the compacted specimens on the unsaturated permeability
was well demonstrated. The unsaturated permeability
increases with CIF.

4. CIF increases with suction, which raises during the drying
process with a decrease in the moisture content. After 21
hours of desiccation, CIF reached a value of 4%.

5. Cracks create preferential pathways for water flow, and
their geometry and distribution influence how water moves
through the soil. Modeling the impact of cracks on
permeability may involve considering factors like crack
width, orientation, and connectivity.

6. The mixing law was a simple approximation of the
prediction of the unsaturated permeability of the soil with
large-scale dimensions compared to the cracked specimen's
dimensions. This law predicted the effective unsaturated
permeability dependency on CIF.

7. Due to the random distribution of cracks, the convenient
randomly homogeneous theory will be envisaged to predict
Kinsae and WRC.
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