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Abstract: Wetting deformation has a significant impact on dam safety, and is one of the leading causes
of the long-term deformation of dams. For dams to operate safely, it is crucial to precisely estimate the
extent of wetting deformation using a reasonable calculation model. This study describes the wetting
deformation behavior of gravelly soil core material observed at a hydropower station using a large-scale
triaxial wetting test, and the process, characteristics, and mechanism of the wetting deformation are
analyzed. The results show that the direction of the wetting deformation exhibits different behaviors
influenced by the stress levels. Compared with the significant changes in the wetting direction observed
under low stress levels, the changes in the wetting direction under high stress levels appears to lag
behind those in wetting deformation. The source of wetting deformation is thought to be the weakening
of a material when it encounters water. Thus, a new calculation model of the wetting deformation
of gravelly soil core material is proposed. In this model, the wetting strain ratio is in an exponential
relationship with the stress levels, and the new model is used to simulate the triaxial wetting test on
the gravelly soil core material; its validity and practicability are further evaluated, providing a new
computational approach for analyzing the wetting deformation behavior of dams.

Keywords: wetting deformation; wetting model; plastic strain direction; gravelly soil core material

1. Introduction

Large dams have a close relationship with social development (i.e., water, food, and
energy consumption), and the vital role of large dams in sustaining societies has been
recognized [1]. The impermeability and geotechnical characteristics of dam core mate-
rials are very important in the design of earth dams [2]. Wetting deformation, which
is generated via particle sliding, breakage, and rearrangement, plays a vital role in dam
deformation, which determines its safety [3]. Wetting deformation refers to the deformation
that occurs when a material transitions from a dry state to a saturation state. Reservoir
water storage, water level fluctuations, and rainwater infiltration can all cause wetting
deformation. Wetting may accelerate the softening of materials, which adversely affects
the strength, deformation, and even stability of the dam body [4-7]. For example, the
Infernillo Dam in Mexico is 148 m high. The dam crest settled about 26 cm during its
first impoundment [8]. In October 2014, during the first impoundment of the Guanyinyan
composite dam in China, wetting deformation caused four longitudinal cracks on the dam
crest, with the largest being about 127 m [9]. Wetting deformation is a key technical problem
in the design and function of high earth—rockfill and earth—core rockfill dams [10].

The wetting test can be performed using either the single-line method or double-line
method [11,12]. The two methods both produce similar wetting laws, but they differ
significantly in terms of the deformation amount. Since the single-line method is closer
to that used in engineering projects, it has been widely adopted [13,14]. The stiffness
of the material refers to its ability to resist external deformation. Wetting significantly
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reduces particle strength and stiffness, and particle strength decreases with increasing
particle size. The weakening of the material itself will reduce its stiffness; thus, the material
will deform [15-17]. Kast et al. [18] (1985) proposed that, under a constant load, wetting
deformation is equal to the deformation difference between a dry and saturated sample
under the same conditions, while Jie et al. [19] (2020) suggested that it is unsuitable to
directly subtract the deformation of ‘dry soil” from that of ‘wet soil” in the same stress state
in a double-line test. The subtraction should instead be calculated by using the tangent
modulus under the same stress state. Jia et al. [20] (2019) investigated the influence of the
stress path on the wetting deformation of coarse-grained materials. In contrast to wetting
deformation under traditional triaxial test settings, the wetting deformation of coarse-grained
soil under an equal stress ratio path is influenced not only by the stress state but also by
the loading path. Zuo et al. [21] (2023) conducted laboratory tests to determine the wetting
deformation law of core wall material, which was discovered to be more complex than that
of rockfill material. Ding et al. [22] (2019) studied the wetting mechanism and considered
that wetting deformation can be divided into two stages: instantaneous wetting and creep
wetting deformation. Yin et al. [23] (2021) added a water distribution controller to study
the unsaturated wetting of rockfill materials. The study found that the wetting deformation
characteristics in unsaturated conditions are similar to those in saturated conditions.

For the purpose of application, it is important to establish a wetting model to describe
the mechanical behavior of the material under study. Shen et al. [24] (1989) proposed a
classical wetting deformation model based on the law of wetting tests. According to Shen
Zhujiang’s wetting model, the relationship between shear deformation and the stress level
follows a hyperbolic curve, which is widely accepted. However, the conclusion that the vol-
ume deformation is constant during wetting is not universally accepted. Firstly, accurately
measuring volume deformation during experiments can be challenging, especially in large-
scale tests. Furthermore, the evolution law of the wetting direction itself is very complex.
The behavior of volume deformation during the wetting process may vary in different soil
types and experimental conditions [25]. Therefore, based on numerous experimental studies,
many wetting models have been proposed on the basis of Shen Zhujiang’s model [26-30].
Zhang et al. [31] (2023) established a P-Z wetting model based on the elastic—plastic theory
and the wetting model formula, and the BP artificial neural network was introduced to
establish an artificial neural network wetting deformation prediction model. Qiu et al. [32]
(2023) proposed that the lateral wetting strain of high-liquid-limit red clay can be divided
into two types, the lateral wetting strain caused by humidification and the lateral wetting
strain caused by the water absorption of expanding minerals, and established a wetting strain
peak prediction model of high-liquid-limit red clay. Systematic experimental investigations of
the wetting behavior of gravel core wall material have rarely been reported, compared with
vast experimental research on rockfill materials. Therefore, it is not clear whether or not the
observed behavior of rockfill materials can be extrapolated to gravelly soil core material, and
the applicability of wetting models to gravelly soil core material is unknown.

This research study investigated the wetting behavior of the gravelly soil core material
of a dam using large-scale triaxial wetting tests. Based on the results of the wetting tests,
the direction and mechanism of wetting deformation are discussed. To conclude, a new
constitutive model of wetting deformation is proposed.

2. Materials and Methods
2.1. Materials

The tested material is gravelly soil core material collected from a hydropower station.
In the experiments, a triaxial testing apparatus was utilized, which could only accommodate
specimens with a diameter of 300 mm. Therefore, it was necessary to scale down the
prototype material before conducting the tests. In this study, particles with a diameter
greater than 60 mm were replaced with smaller particles using the replacing method, while
the mass content of particles smaller than 5 mm remained unchanged. The particle size
distribution of the material before and after scaling is presented in Figure 1. After scaling,
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the maximum and minimum dry density of the material were 2.22 g/ cm? and 1.61 g/ cm?,
respectively, and the simulated density of the test was 2.09 g/cm3.
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Figure 1. Grain size distributions of the prototype and tested material.

2.2. Sample Preparation and Experimental Program

The samples were prepared using the compaction method. The sample size was
®300 x 700 mm. The dried sample was divided into six groups according to the following
gradations: 0-1 mm, 1-5 mm, 5-10 mm, 10-20 mm, 204 0 mm, and 40-60 mm. Note that
the total mass of each specimen was calculated according to the cylindrical specimen size,
and then the mass of each group could be calculated according to the particle distribution
curve (Figure 1). To prepare the samples, the soils from each group were mixed together,
and water was added to achieve the desired moisture content. Each mixture was divided
into five equal parts and compacted in the mold in layers using a vibrator.

Figure 2 illustrates the wetting apparatus used in this experiment, which was designed
by the Nanjing Hydraulic Research Institute. In order to carry out the wetting deformation
test, the strain-controlled triaxial shear instrument that is usually used should instead be
stress-controlled.

g
i

Figure 2. Large-scale triaxial wetting testing apparatus.

The single-line method was used to conduct the wetting test on the gravelly soil
core material. In the triaxial wetting tests, the specimen prepared in the split mold was
placed onto the pedestal. After the confining pressure was applied to the sample until the
consolidation was stable, axial stress was applied at the predetermined level, while the
confining pressure and axial stress were kept constant. After the primary deformation of
the sample reached a stable state, the sample was saturated via soaking, starting from the
bottom of the sample. During the saturation process, the axial deformation and the external
volume deformation of the sample were measured until the primary deformation of the
sample was completed (the strain was less than 1 x 10~* within 30 min), and then the axial
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pressure was applied to the sample to continue shearing until the sample was destroyed or
reached 15% of the axial strain of the sample.

Each group of tests consisted of confining pressures and different stress levels for the
wetting experiments. In total, 12 tests were completed. The specific test plan is presented
in Table 1, in which Sl represents the stress level, defined as the ratio of the shear stress at
the start of wetting to the shear stress upon failure under the same conditions.

Table 1. Experimental program of triaxial wetting test.

Confining Pressure/kPa Shear Stress Level Sl
400 0.206, 0.386, 0.763
800 0.203, 0.306, 0.806
1200 0.217,0.415, 0.786
2000 0.217, 0.406, 0.787

3. Results
3.1. Experimental Results

Figure 3 shows the results of the stress—strain curve obtained from the results of the
wetting tests. Similar deformation characteristics are observed in each group of tests. The
deformation process goes through three different stages, i.e., the dry-state loading stage,
the wetting state, and the post-wet-loading stage.
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Figure 3. Results of triaxial wetting test: (a) o3 = 400 kPa; (b) o3 = 800 kPa; (c) o3 = 1200 kPa;
(d) o3 = 2000 kPa.
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axial strain €,/%

In the dry-state loading stage, the specimen is in a dry state and deforms under axial
loading. The specimen enters the wetting stage when the axial stress reaches the required
value. A constant axial stress was applied over the entire duration of the wetting state.
According to Figure 3, the shear shrinkage of the volumetric strain in the wetting stage is
more significant than that in the dry-state loading stage under the same stress state. After
wetting, the sample reaches a saturated state. In the post-wet loading stage, the initial slope
of the (01—03)~¢1 curve is significantly more steep than that of the dry-state loading curve
under the same stress state. The slope of the (01—03)~¢1 curve represents the tangential
modulus of the specimen, and the tangential modulus of the post-wet loading stage is
larger than that of the dry-state loading stage, which indicates that wetting deformation
causes the hardening of the gravelly soil core material. For the (01—03)~¢1 curves, the final
peak stress of the samples is very close at different stress levels. For the ¢, — &1 curves,
the increase in the total volume changes with an increasing stress level;, however, their
final volumetric strains are approximately equal. This indicates that the stress level during
wetting does not affect the ultimate bearing capacity of the sample.

3.2. Deformation Characteristics of the Specimen

Determining the direction of the wetting strain increase is one of the core requirements
of establishing the wetting calculation model of the gravelly soil core material. Assuming
that no elastic deformation occurs during the wetting process, all strain is assumed to
be plastic. Figure 4 shows the relationship between the volumetric strain, ¢, and the
axial strain, €1, in the dry-state loading stage and wetting state under different confining
pressures and stress levels. The direction of the wetting strain increase refers to the increase
relationship between the wetting volumetric strain and the wetting axial strain; thus, it
can be directly determined using the experimental data obtained from the wetting test. In
Figure 4, arrow a represents the direction of the dry-state loading strain increase; arrow c
represents the direction of the wetting deformation increase.
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Figure 4. Characteristics of wetting deformation: (a) o3 = 400 kPa; (b) o3 = 800 kPa; (c) o3 = 1200 kPa;

(d) o3 = 2000 kPa.
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It is generally believed that the direction of the wetting strain increase remains un-
changed throughout the wetting process [13,20], but the experimental results show the
converse. According to Figure 4, the direction of the wetting deformation increase exhibits
different behaviors under different stress levels. At low stress levels, compared with direc-
tion arrow a, the direction of the strain increase changes significantly when wetting begins.
This suggests that the direction features of the wetting strain appear to differ from those
displayed during dry-state loading. At high stress levels, the initial wetting strain increase
direction is essentially consistent with that of the dry-state loading strain under the same
conditions, and the strain increase direction significantly changes at a later stage of wetting
deformation. Ding et al. compared rheological and wetting features and suggested that
the characteristics in the later stage of wetting at high stress levels are similar to those
displayed by the rheological behavior [22].

Figures 5 and 6 illustrate the relationship between the volumetric strain and shear
strain during the dry-state loading stage and in the wetting state under two typical confin-
ing pressures and three different stress levels. According to Figures 5 and 6, the direction
of the wetting plastic flow is typically linear at low stress levels, but, at high stress levels, in
the early and late stages of plastic flow, this may occur in two different directions. From the
above discussion, it can be seen that the development of the wetting strain direction is very
complex. The direction of the wetting strain is not only related to the material itself, but
also to the stress level. Different stress levels represent different initial states, corresponding
to the different internal structures and strengths of the samples, and they influence the
evolution of the wetting strain direction.

6 —

N

The starting point

\s[:0.786

Shear strain £ /%

The starting point

e starting point \
§,=0.415

—

volumetric strain € /%
Figure 5. Wetting strain path (o3 = 1200 kPa).
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Figure 6. Wetting strain path (o3 = 2000 kPa).
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3.3. Discussion on Wetting Mechanism

The interaction of water with soil is what causes wetting deformation; as water enters
soil particles, the strength and coefficient of the friction of the particles tend to decrease [14].
This weakening of the material is thought to be the source of wetting deformation. During
the wetting process, soil particles soften upon encountering water, leading to changes in the
original soil structure. Pre-existing microcracks within the soil particles may also rapidly
expand, causing particle fracturing and a rearrangement into a new stable structure [15,16].

As shown in Figure 7, the dry specimen is in an equilibrium state before wetting. When
wetting occurs, the strength of the specimen is reduced due to softening, the equilibrium
state is broken, and additional stresses within the particles are generated. Thus, the
specimen will be deformed until it reaches a new equilibrium state again under a constant
external load. During this process, the particles are broken and rearranged; the weakened
bearing capacity is reinforced. In the process of wetting, the sample is subjected to a cycle
of water immersion, softening, particle breakage, and structural rearrangement. Due to the
external load acting on the specimen being kept constant, the reduced bearing capacity due
to the material weakening is equal to that restored via the rearrangement of the specimen
particles. The specimen is returned to its pre-wetting strength through the two effects.
Therefore, wetting does not affect the final bearing capacity of the specimen.

lffj lcl

Y
e =i
@
g
&
(a) (b)

Figure 7. The model of wetting deformation: (a) sample before wetting; (b) sample after wetting.

In the dry-state loading stage, particle rearrangement can increase the compactness
of the specimen, leading to a denser initial state when wetting begins under a high stress
level. Under high axial stress, there can be significant particle rearrangements, resulting
in greater wetting deformation. However, the wetting direction is limited by high axial
stress; the wetting deformation increase along the stress direction may be relatively small.
Despite the particle rearrangement and denser initial state, wetting deformation may not
exhibit a large change in the stress direction. Conversely, at low stress levels, the wetting
direction is more free, allowing for a more pronounced incremental change along the stress
direction. In this case, the wetting deformation may exhibit a more noticeable change along
the applied stress direction. Therefore, the direction of wetting is significantly affected by
the stress level.

4. Constitutive Modeling for Wetting
4.1. Calculation of Wetting Deformation
The continuous evolution of the strain direction during wetting has posed challenges to

establishing constitutive models. In the practice of engineering, Shen’s wetting model [24]
is usually used to characterize wetting deformation. In this model, the wetting volumetric
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strain, Ag,, is kept constant while the wetting shear strain, Ags, is considered to satisfy a
hyperbolic relationship with the stress level, S;.

S
Neg = dwi1 7151, 1)

Aey = C, )

where Ag, is the total wetting volumetric strain, A¢; is the total wetting shear strain, and
dw and ¢y are parameters.

The wetting shear strain data can be fitted well with Equation (1). Figure 8 shows the
wetting test data and fitting curve of this study. This equation can effectively fit the shear
strain, as the wetting shear strain increases with an increasing stress level. When the stress
level approaches 1, the shear strain tends towards infinity.

25 —
O 0,=0.4Mpa
< 2 /A 6,=0.8 Mpa
o [0 o,=1.2Mpa N
é 15— & 6,=2 Mpa
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s
2 1
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£
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= R?=0.966
0 | | |
0 0.2 0.4 0.6 0.8 1

Stress level S,

Figure 8. Test data of wetting shear strain and the fitted curves.

However, the wetting volumetric strain cannot be described by Equation (2), and the
results given by scholars are also significantly different. The wetting volumetric strain is
not constant and exhibits different behaviors in different experiments. Some researchers
believe that the wetting volumetric strain is influenced by the confining pressure [33,34],
while others suggest that it is influenced by both the confining pressure and stress level [35].

Figure 9 shows the relationship between the wetting strain ratio, Ae,/ A g1, and
the stress level, S;. According to Figure 9, the wetting strain ratio gradually declines as
the stress level increases, and it exhibits a nonlinear relationship with the stress level.
It has been found that the wetting strain ratio, e,/ A €1, has an exponential function
relationship with the stress level, 5;:

Ae
A—gl{ = ay exp(—bywS1), (3)

where Ag; is the total wetting axial strain, and 4, and b, are parameters that can be

determined via the test.
Under the conventional triaxial conditions,

Aes = Neq — % Aeg, 4)

Substituting Equation (4) into Equation (3) yields

Neg _ 3 —ay exp(—bySy) 5)
Ney 3 ayexp(—byS1)
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Then, according to Equations (1) and (5), Ae, can be obtained as follows:
3 ayexp(—byS1) $q
Ney, =d .
R, exp(—bywS1) 1—-51 ©)

Equation (6) is the final calculation model for the wetting volumetric strain. The model
includes the three parameters of dy, 4, and by.

The model parameters are determined by a set of experimental data with different confining
pressure and stress levels. The wetting shear strain parameter, d;,, was determined using
Equation (1), and the results are shown in Figure 8. The wetting shear strain parameters, a,, and
by, were determined using Equation (3), and the results are shown in Figure 9.
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Figure 9. Test data of wetting strain ratio and fitted curves.

4.2. Evaluation of the Wetting Model

In this study, based on the results of the triaxial wetting tests conducted using the core
wall material collected from a hydropower station, the model parameters are determined
as dy = 0.508, a;, = 2.136, and by, = —2.538. Based on the preceding discussion, according to
the wetting axial strain, the wetting volumetric strain under different stress levels can be
obtained from Equation (3). Table 2 lists both the test data and the fitting data results of
the wetting volumetric strain. The fitting data accurately reflect the characteristics of the
wetting volumetric strain, which demonstrates the rationality of Equation (3).

Table 2. The test results and fitted values of wetting volumetric strain.

Aeq1: % Aey: % Aey: %
o3: kPa St (Test Data) (Test Data) (Fitted Data)
0.206 0.229 0.301 0.290
400 0.356 0.454 0.363 0.393
0.763 1.570 0.431 0.483
0.203 0.308 0.357 0.393
0.203 0.308 0.357 0.393
800 0.395 0.598 0.434 0.469
0.805 2.079 0.583 0.576
0217 0.353 0.481 0.435
1200 0.415 0.683 0.497 0.509
0.786 2213 0.663 0.643
0.217 0.392 0.516 0.483
2000 0.406 0.762 0.605 0.581
0.787 2312 0.742 0.670

According to the discussion in Section 3.2, the wetting direction exhibits different
behaviors under different stress levels. Therefore, assuming that the wetting direction is
constant and neglecting the change in the wetting direction at high stress levels, the wetting
model can be simplified by approximating it with a straight line. Meanwhile, the wetting
shear strain can be calculated according to Equation (4).
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Figures 10 and 11 show the test results, as well as the corresponding model-simulated
results, under the different confining pressures. The results show that the wetting calcula-
tion model satisfactorily reflects the characteristics of the wetting strain’s evolution. Due to
the neglect of the wetting direction changes under high stress levels, the simulation results
at high stress levels may show some deviations. However, they still provide an overall
reflection of the wetting deformation characteristics of the gravelly soil core material.
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Figure 10. Simulation results for the wetting volumetric strain: (a) o3 = 400 kPa; (b) o3 = 800 kPa;
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Figure 11. Simulation results for the wetting shear strain: (a) o3 = 400 kPa; (b) o3 = 800 kPa;
(c) o3 = 1200 kPa; (d) o3 = 2000 kPa.
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5. Conclusions

Triaxial wetting tests were performed to investigate the wetting deformation mecha-
nism of gravelly soil core material. Based on the test results, the characteristics of wetting
deformation are discussed, and a new wetting deformation model is proposed. The main
conclusions can be drawn as follows.

(1) The strain path during wetting differs from the strain path during the loading
phase. The shear contraction characteristic of the volumetric strain is more pronounced
during wetting compared to loading. At high stress levels, the evolution of the wetting
strain direction lags behind that of the wetting deformation, and a significant volumetric
contraction is observed in the later stages of wetting.

(2) The mechanism of the wetting deformation of the gravelly soil core materials was
analyzed. Material weakening is thought to be the source of wetting deformation. The
coupling effect of particulate rearrangement and wetted weakening returns the gravelly
soil core material to its pre-wetting bearing capacity state while wetting deformation
takes place.

(3) The relationship between the wetting strain ratio and stress level follows an expo-
nential function. Based on this, a wetting calculation model suitable for gravelly soil core
material has been derived, which can effectively predict the wetting deformation quantity
and behavior.

A thorough grasp of the wetting deformation characteristics of the dam body materials
would be beneficial for gaining a more precise understanding of the operational state
of the dam as well as provide some reference values for future studies. In this study,
only the gravel core wall materials were investigated to reveal the wetting deformation
mechanism and characteristics. The wetting deformation of other core wall materials or
dam body materials cannot be ignored, which is the aspect of this area of study that needs
supplementary research in the future.
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