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To investigate the influence of non-uniform water distribution on the mechanical properties and failure
behavior of red sandstone, we designed five immersion heights and durations to achieve varying non-
uniform water distribution states. Uniaxial compression tests were conducted on red sandstone under
these conditions. The effects of non-uniform water distribution on deformation, failure, strength, and
energy characteristics of red sandstone were analyzed. The impact of non-uniform water distribution
on the intensity of rock failure was discussed, and the failure mechanism under non-uniform water dis-
tribution was revealed. The hazards of low immersion heights on underground rock structures were ana-
lyzed. The results demonstrate that peak strength and elastic modulus of red sandstone exhibit high
sensitivity to immersion height, with reductions of 38% and 23% respectively even at L=1/50H. Water
immersion reduces both energy storage capacity and energy dissipation capability of red sandstone.
The immersion height and duration influence the failure mode of red sandstone by controlling the migra-
tion and separation of dry-wet interfaces. Low immersion height poses significant risks to underground
rock structures (e.g., a 38% strength reduction when L=1/50H), and the concentration degree of water
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non-uniform distribution is the key factor in assessing the weakening effect of water on rocks.
© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Water is not only one of the key factors affecting rock proper-
ties, but also the most commonly encountered geological fluid in
underground rock engineering. Under the influence of groundwa-
ter activity, the mechanical properties of rocks undergo significant
changes, severely affecting the stability of underground rock struc-
tures such as mine pillars and tunnel surrounding rocks [1,2]. In
1960, Price [3] reported that the uniaxial compressive strength
(o) of rocks decreases with increasing water content. Subsequent
extensive research has investigated the effects of water on the uni-
axial compressive (UC) mechanical properties of sedimentary rocks
[4], igneous rocks [5], metamorphic rocks [6], and rock-like mate-
rials [7]. These studies demonstrate that the g. and elastic modulus
(Ep) of rocks predominantly exhibit either exponential or linear
relationships with water content. Wong et al. [8] reviewed studies
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on the impact of water on the UC mechanical properties of rocks
before 2015 and statistically analyzed the percentage loss of o
across various rock types (see Fig. 1). The results indicate that
81.38% of rocks exhibit a o, loss of less than 60%, while 18.62%
demonstrate a loss exceeding 60%. Currently, research on the
impact of water on rocks from an energetic perspective is receiving
increasing attention. Studies have shown that water can signifi-
cantly reduce the peak elastic energy and peak dissipated energy
of rocks [9]. For example, Khan et al. [10] predicted the early failure
points of sandstone with different water contents by analyzing the
evolution of the ratios of elastic energy density to dissipated
energy density. Zhou et al. [11] pointed out that water inhibits
the rockburst tendency of sandstone by reducing its pre-peak elas-
tic energy and post-peak energy release rate. Luo et al. [12] found
that water has no significant effect on the ratio of peak elastic
energy to peak input energy in sandstone. Furthermore, water sig-
nificantly affects the failure characteristics of rocks. For example, Li
et al. [13] reported that dry specimens exhibited X-shaped conju-
gate shear failure, natural-state specimens showed mixed
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Fig. 1. Distribution of percentage loss of o, (modified from Cai et al. [16]).

X-shaped conjugate shear and tensile failure, while saturated spec-
imens demonstrate tensile failure accompanied by X-shaped shear
cracks. Zhou et al. [14] found that the crack propagation speed in
sandstone specimens significantly decreased with increasing water
content. Cai et al. [15] noted that dry sandstone primarily fails
through intragranular fracture of quartz particles, whereas satu-
rated sandstone exhibits intergranular fracture. The above studies
have clarified the effects of water on rock energy and failure, but
they primarily focused on rocks under complete immersion condi-
tions (i.e., uniform water distribution).

However, in underground rock engineering, due to varying
degrees of water seepage, water inrush, and water usage, the rock
is often subjected to different immersion heights (L) rather than
being in a full immersion state, leading to non-uniform water dis-
tribution within the rock. For example, mine pillars or surrounding
rocks of tunnels may have only localized regions affected by water
immersion, while the rest remain exposed to air, ultimately result-
ing in a non-uniform water distribution within the mine pillars or
surrounding rock [1,17]. Existing studies indicate that water distri-
bution cause by different L significantly affects rock mechanical
properties. For instance, Chen et al. [1] and Yu et al. [18] revealed
that the g, of partially immersed rocks decreases linearly in two
stages with increasing water content, whereas fully immersed
rocks follow an exponential decline. Luo et al. [19] demonstrated
that UC red sandstone specimens with different L exhibited pro-
nounced asymmetric failure characteristics, with fractures pre-
dominantly concentrated in the water immersion section. Liu
et al. [17] revealed that the duration of compression and yielding
stages increased significantly with greater L, while the elastic stage
duration remained relatively unchanged. Liu et al. [20] established
a damage constitutive model for soft sandstone based on damage
variables of . and Eo under different L. However, these studies pri-
marily focused on non-uniform water distribution within rocks
induced by L. In fact, in addition to L, immersion duration (t) is
another critical factor affecting water distribution in rocks. In
actual engineering projects, under different conditions, the under-
ground surrounding rock may be subjected to water immersion
with varying durations. For example, water diversion tunnels and
residual pillars in goaf areas may be subjected to long-term water
immersion, while tunnels under construction or in operation and
pillars in active mining areas may only experience short-term
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water immersion due to timely drainage. Under the same L, differ-
ent t lead to significant differences in water distribution within
rocks, i.e., the water distribution within rocks is affected not only
by the L but also by the t. Therefore, simultaneously considering
both L and t to investigate the effects of non-uniform water distri-
bution on rock mechanical properties and failure behavior under
varying L and t is of great significance.

In this study, taking L and t as control factors, designing an
orthogonal experiment incorporating five different L and five dif-
ferent t to achieve the varying non-uniform water distribution
states. A series of UC tests were conducted on red sandstone with
non-uniform water distribution. The influence of non-uniform
water distribution on the mechanical behavior of red sandstone
was analyzed from three aspects: mechanical properties, energy
characteristics, and failure patterns. The relationship between the
failure intensity and non-uniform water distribution of red sand-
stone was discussed. The failure mechanisms of red sandstone
under different non-uniform water distributions were investi-
gated. The potential hazards of low L on underground rock struc-
tures were assessed. The findings of this study contribute to
understanding the failure mechanism of non-uniform water distri-
bution in underground rocks caused by incomplete immersion, and
provide theoretical support for the stability assessment of these
underground rocks.

2. Experimental materials and methods
2.1. Experimental material

In this study, red sandstone from the Shandong Province of
China was selected as the research subject. X-ray diffraction anal-
ysis revealed that the mineral composition of the red sandstone
primarily consists of quartz (53.4%), albite (25.7%), calcite
(18.3%), along with minor amounts of chlorite (1.1%), montmoril-
lonite (0.8%), and laumontite (0.7%) (see Fig. 2a). The red sandstone
contains no apparent bedding planes or fractures (see Fig. 2b). The
mean density and longitudinal wave velocity of the red sandstone
under natural conditions are 2.53 g/cm®and 4.176 km/s, respec-
tively. The coefficients of variation are 0.57% for density and
4.49% for longitudinal wave velocity. Microstructural analysis indi-
cated that the particle boundaries of the red sandstone are distinct
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Fig. 2. Red sandstone materials.

under dry conditions, but become blurred in the saturated state
due to water absorption and swelling of clay minerals (chlorite
and montmorillonite) (see Figs. 2c and d). The processed cylindri-
cal red sandstone specimens (@50 mm x 100 mm) are shown in
Fig. 2e. All specimens were cored from the same rock block with
consistent orientation. During specimen selection, only those with
defect-free surfaces, similar longitudinal wave velocities, and end
faces meeting the parallelism and perpendicularity requirements
recommended by the ISRM were retained to reduce experimental
errors [21].

2.2. Experimental methods

First, natural-state specimens were placed in a constant tem-
perature drying oven at 110+0.5 °C for 24 h to obtain dried spec-
imens. They were then wrapped with waterproof film to prevent
water absorption [1], as shown in Fig. 3a. Subsequently, the dried
specimens were immersed in deionized water at room tempera-
ture and atmospheric pressure according to predetermined L.
They were periodically removed, surface-dried, and weighed to
measure the dynamic changes in water absorption rate (W,
Fig. 3b). Five L (L=1/50H, 1/8H, 1/4H, 1/2H, and H, where H repre-
sents the specimen height) and five t (t=1, 5, 20, 40, and 211 h)
were set to simulate different immersion conditions in under-
ground surrounding rocks. The 211 h is the maximum time
required for the W, of all L specimens to reach stability. The
specific experimental scheme is presented in Table 1. During
testing, dried specimens were treated following the schemes in
Table 1. Upon reaching the designated t, the specimens were
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immediately retrieved, weighed to calculate the W,, and subse-
quently tested mechanically (see Fig. 3c). The tests were con-
ducted on an RMT-150B rock mechanics testing system under
UC at a constant loading rate of 0.2 kN/s. The entire failure pro-
cess of the specimens was recorded using high-resolution
photography.

3. Water absorption properties of red sandstone

Fig. 4a shows the variation curves of W, of specimens under
different L with t. The water absorption processes under all L
exhibit significant three stage characteristics, i.e., the rapid
growth stage, transitional slowing stage, and stable stage. Dur-
ing the rapid absorption stage, all specimens demonstrate a
nonlinear rapid increase in W, with increasing t, but the growth
rate gradually slows. The L exerts a significant influence on the
W, which is characterized by a progressive increase in the W,
as the L rises. Additionally, the transition time from the rapid
growth stage to the transitional slowing stage is similar across
different L (approximately 91 h). In the transitional slowing
stage, the W, growth slows considerably, indicating a gradual
slowdown in internal water absorption. In the stable stage,
the time required to reach water absorption equilibrium
increases with higher L, but this time becomes consistent when
L>1/4H. At 211 h, all specimens reach a stable state of water
absorption. Fig. 4b illustrates the relationship between W,
and L at different t. Under the same t, the W, increases with
higher L, and this increase can be divided into two distinct
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Fig. 3. Schematic diagram of the experimental procedure.

Table 1

Experimental scheme.
L t

1 (h) 5 (h) 20 (h) 40 (h) 211 (h)

1/50H $1/50-1 $1/50-5 $1/50-20 $1/50-40 $1/50-211
1/8H S1/8-1 S1/8-5 S1/8-20 S1/8-40 S1/8-211
1/4H S1/4-1 S1/4-5 S1/4-20 S1/4-40 S1/4-211
1/2H S1/2-1 S1/2-5 $1/2-20 S1/2-40 S1/2-211
H S1-1 S1-5 S1-20 S1-40 S1-211

phases: a sharp rise when L<1/50H and a slower linear increase
when L>1/50H. At L=1/50H, the W, at 1, 5, 20, 40, and 211 h
reaches 26.1%, 27.3%, 44.4%, 49.8%, and 48.3% of the
corresponding values at L=H, respectively. At L=1/2H, the W;
at these times reaches 71.3%, 71.9%, 70.4%, 77.8%, and 81.3%
of the values at L=H, respectively.

Fig. 5 illustrates the non-uniform water distribution on the sur-
face of red sandstone specimens under different L. Observations
reveal that a moistened zone appears in a broad area above the L
in partially immersed specimens, demonstrating significant capil-
lary effects in red sandstone. However, the upper boundary of
the moistened zone is not horizontal, but exhibits an irregular
wave shape. The height of the moistened zone generally increases
with rising L and extended t. This irregular, wave-like top boundary
of the moistened zone may result from differences in the spatial
distribution of internal pore structure, hydrophilic and hydropho-
bic minerals in the specimen.

These results indicate that L and ¢ significantly affect the W, and
distribution in red sandstone. Even at very low L, the W, can reach
nearly half of that under full immersion conditions when given suf-
ficient t. In addition, the water distribution of red sandstone is also
influenced by its internal pore structure, hydrophilic and
hydrophobic minerals.

1812

4. Mechanical testing results and analysis
4.1. Strength and deformation characteristics

The stress-strain curves of red sandstone specimens under dif-
ferent water immersion conditions exhibit four distinct stages:
compaction stage, elastic stage, yield stage, and post-peak stage
(see Fig. 6). These stages correspond to the internal pore and frac-
ture compaction, elastic deformation, unstable crack propagation,
and loss of bearing capacity, respectively [22]. Under the same L,
with increasing t, the slope of the elastic stage, peak strain, and
area enclosed by the stress—strain curve all demonstrate a decreas-
ing trend. Moreover, under longer t and higher L, specimens exhibit
more pronounced pre-peak yield behavior and a slower post-peak
stress drop. For example, specimens with L>1/2H exhibit a notice-
able slowdown in curve slope approaching the peak, while dry,
S$1/50-1, S1/50-5, S1/8-1, S1/8-5, and S1/4-1 specimens display
abrupt post-peak stress drops. The differences in mechanical
behavior are primarily attributed to the softening effect of water
on red sandstone. Increased L expands the softening range of red
sandstone, and prolonged t enhances the softening degree. There-
fore, the coupling effect of greater L and longer t leads to more sig-
nificant softening in red sandstone specimen, manifested as more
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prominent pre-peak yield stage and slower post-peak stress
reduction.

The non-uniform water distribution caused by t and L is a crit-
ical factor affecting the o, of red sandstone (see Fig. 7). The g, of
specimens under all L exponentially decreases with increasing t
(Fig. 7a). Specifically, the o of the dry specimen is 160.9 MPa. At
t=20 h, the o. for L=1/50H, 1/8H, 1/4H, 1/2H, and H decreased to
115.5 (28.2% reduction), 112.0 (30.4% reduction), 111.5 (30.7%
reduction), 110.9 (31.1% reduction), and 102.4 MPa (36.4% reduc-
tion), respectively. At t=211 h, the corresponding values further
dropped to 99.7 (38.0% reduction), 95.8 (40.5% reduction), 94.8
(41.1% reduction), 88.4 (45.1% reduction), and 81.2 MPa (49.5%
reduction). This indicates that the major reduction in o, for all L
occurred within the first 20 h during immersion. Simultaneously,
the variation in o, with L under all immersion conditions exhibited
a distinct two-stage pattern: a sharp strength decline when
L<1/50H, followed by a slower linear reduction when L>1/50H
(see Fig. 7b). At L=1/50H, the o, at t=1, 5, 20, 40, and 211 h
decreased to 147.3 (8.5% reduction), 137.4 (14.6% reduction),
115.5 (28.2% reduction), 107.8 (33.0% reduction), and 99.7 MPa
(38.0% reduction), respectively. At L=H, the corresponding values
were 136.6 (15.1% reduction), 114.9 (28.6% reduction), 102.4
(36.4% reduction), 97.0 (39.7% reduction), and 81.2 MPa (49.5%
reduction). These results highlight the extreme sensitivity of red
sandstone strength to L, with significant weakening occurring even
under extremely low L (L=1/50H).

Fig. 8 illustrates the variation of Ey with t and L. Under different
L, the Ey exhibits an exponential decline with increasing t (Fig. 8a).
Meanwhile, under varying t, the relationship between E, and L
shows distinct two-stage characteristics: a sharp decrease when
L<1/50H, followed by a gradual linear downward trend when
L>1/50H (Fig. 8b). This indicates that the E, follows a reduction pat-
tern, which is similar to that of the o..

4.2. Energy characteristics

The energy characteristics comprehensively reflect the strength
and deformation properties of rock materials and are closely
related to failure behavior [23,24]. Therefore, the influence of
non-uniform water distribution caused by different L and t on
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red sandstone is analyzed from an energy perspective. Based on the
first law of thermodynamics, assuming that rock energy exists
solely in the form of elastic energy and dissipated energy, the
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energy balance equation can be established, as shown in Eq. (1).
The input energy density (u;) can be obtained by integrating the
stress-strain curve [25]. Heap et al. [26] and Li and Cai [27] demon-
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strated that the elastic energy density (u.) can be calculated using
the Eq and stress () through Eq. (2). Following this theory, energy
parameters such as uy, u., and dissipated energy density (uq) of red
sandstone specimens can be obtained. The evolution of uq4 reflects
the damage state of the specimens. Thus, the energy dissipation
rate (Gq) is introduced to further analyze the energy dissipation
behavior of the specimens [28,29], as shown in Eq. (3).

Up + Ue = Ug (1)
-

Ue = 2—50 (2)
_ dud

G, - s 3)
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Fig. 9 illustrates the energy evolution process of red sandstone
under various water immersion conditions during UC (taking dry,
S1/2-1, S1/2-5, S1/2-20, S1/2-40, and S1/2-211 specimens as
examples, with similar patterns observed for other conditions).
The energy evolution process can be divided into four distinct
stages:

Stage I: The u, exhibits an accelerating growth trend, while the
g increases at an extremely low rate to a minimal value, with the
Gq approaching zero. In this stage, the compaction effect of internal
pores and fractures leads to energy dissipation, resulting in a rela-
tively low initial growth rate of u.. As the compaction process pro-
gresses, the energy consumed for compaction gradually decreases,
causing the growth rate of u. to accelerate.

Stage II: The u. grows approximately linearly, and the u4 does
not increase significantly. The u. curve remains nearly parallel to
the u, curve, with the G4 remaining close to zero. This phenomenon
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Fig. 9. Energy evolution of red sandstone specimens during UC.

is attributed to the highly limited crack propagation during this
stage.

Stage III: The growth rate of i, gradually slows down, while the uq4
increases significantly and its growth rate accelerates continuously.
The u, curve deviates progressively from the u, curve, and the Gy rises
markedly. This is primarily due to the onset of significant crack prop-
agation and accumulation. The accumulation of cracks leads to con-
tinuous damage to the specimen, thereby reducing the efficiency of
storing elastic energy, manifesting as a continuous decline in the
growth rate of ue.

Stage IV: The u, drops abruptly, while the uy surges sharply. The
G4 increases by thousands of times and reaches its maximum value
(Gamax)- This is caused by the rapid release of elastic energy stored
within the specimen, macroscopically manifested as the violent prop-
agation of macroscopic cracks and the ejection of rock fragments.
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Fig. 10 illustrates the evolution characteristics of the peak elas-
tic energy density (uep) and Gamax Of specimens under different L
with t. At various L, the u., exhibited an exponential decrease with
increasing t, with a rapid decline observed within t<20 h followed
by a more gradual reduction (Fig. 10a). At t=211 h, compared with
that of the dry specimen, the ue, of L=1/50H, 1/8H, 1/4H, 1/2H, and
H decreased by 53.4%, 56.6%, 57.8%, 58.4%, and 65.3%, respectively.
Furthermore, the fitting curves indicate that, under the same t, the
uep generally decreased as the L increased. In Fig. 10b, under differ-
ent L, Ggmax decreases exponentially with increasing t, character-
ized by accelerated reduction within t<20 h. At t=211 h,
compared with that of the dry specimen, the Ggmax of L=1/50H,
1/8H, 1/4H, 1/2H, and H decreased by 69.0%, 63.8%, 75.6%, 77.6%,
and 73.3%, respectively. At identical t, Gymax tended to decrease
with rising L. These results demonstrate that immersion not only
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Fig. 10. Time-dependent energy evolution characteristics under different immersion conditions.

diminished the energy storage capacity of red sandstone but also
reduced its energy dissipation capability during failure.

4.3. Failure characteristics

Figs. 11 and 12 separately illustrate the failure processes and
final failure morphologies of red sandstone under various water
immersion conditions. the non-uniform water distribution caused
by differences in L and t significantly affected the failure character-
istics of the specimens. Specimens subjected to local immersion
(L<1/2H) exhibited pronounced obvious upper and lower asym-
metric failure, characterized by the following features:

(1) Temporal differences in fracture evolution: During loading,
macro-cracks first emerged in the lower moistened zone. As stress
increased, spalling and ejection occurred in this region, resulting in
initial failure, while the upper relatively dry zone remained largely
intact or only minor cracks developed.

(2) Regional differences in failure patterns: In the lower moist-
ened zone, significant spalling occurs before specimen failure, pro-
ducing thin fragments; during failure, small fragments and fine
particles are ejected. In the upper relatively dry zone, the speci-
mens maintained good integrity or developed only minor cracks
prior to failure, without obvious spalling. During specimen failure,
four failure patterns were observed: tensile (L<1/4H and t<20 h),
combined tensile-shear, shear, and relatively intact conditions
(L<1/4H and t=40 h). The resulting fragments exhibited blocky
and thick-flaky shapes with larger volumes.

In contrast, fully immersed specimens (L=H) and dry specimens
exhibited distinctly different failure characteristics. Pre-failure
cracking and spalling occurred randomly without clear temporal
differences, and fragment ejection behavior was consistent
between the upper and lower sections (Fig. 11). Ultimately, these
specimens failed in a vertically symmetric shear (Fig. 12), with
no regional difference in failure patterns. Additionally, the final
failure patterns of specimens with L=1/2H closely that of fully
immersed specimens, with obvious shear failure.

For locally immersed specimens (L<1/2H), the spalling extent
(including spalling depth and height) in the lower moistened zone
prior to failure initially increased and subsequently decreased with
prolonged t. Specifically, for specimens with L<1/4H, the spalling
extent increases in the lower moistened zone within t<40 h, but
significantly decreased at t=211 h. For specimens with L=1/2H,
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the spalling extent increased within t<20 h but markedly
decreased when t>40 h. Additionally, when L<1/4H and t=40 h,
the upper relatively dry region remained intact after failure, while
the lower moistened zone exhibited severe fragmentation (S1/50-
40, S1/8-40, and S1/4-40 in Fig. 12). These results indicate that
under specific t, the red sandstone with lower L exhibited promi-
nent regional concentration in failure characteristics. That is, the
failure mainly occurs in the lower moistened zone.

The fragmentation characteristics of rock specimens after fail-
ure partially reflect the intensity of the failure. The mean particle
size (dy,) can be used to characterize the fragmentation, where a
smaller d,;, corresponds to smaller fragment volumes and greater
quantities of debris, indicating more intense failure [30,31]. The
calculation formula for the d, is as follows:

Z(Tidi)
Zri

where d; epresents the fragment size; and r; the corresponding
mass percentage of fragments with that size. For fragments smaller
than 10 mm, standard sieves with apertures of 0.5, 1, 2.5, 5, and
10 mm are used for separation, and the fragment size is deter-
mined by the average aperture size of the upper and lower sieves.
For fragments with sizes larger than or equal to 10 mm, their mass
is measured using an electronic balance, and the fragment size is
represented by the equivalent diameter.

Fig. 13 illustrates the variation of the d,, after failure for red
sandstone specimens under different L over t. The results indicate
that the non-uniform water distribution caused by differences in L
and t significantly affects the d,,. Specifically, under full immersion
conditions (L=H), d,, monotonically increases with increasing t,
suggesting a gradual reduction in fragmentation. For L=1/2H, d,
exhibits a three-stage evolution: rapid increase within t<5 h, rela-
tive stability at 5 h<t<40 h, and significant decrease at t>40 h. For
L=1/4H, d,, exhibits a unimodal trend initially increasing and then
decreasing, and peaks at t=40 h. For L<1/8H, d,, displays a charac-
teristic of “decrease-increase-decrease”, with minima at t=1h and
maxima at t=40 h. Notably, d,, values for specimens with L=1/50H
and t<5 h (or L=1/8H and t<1 h) are smaller than those under dry
conditions, indicating that the degree of fragmentation in this sit-
uation is higher than that in the dry state. For specimens with
L<1/4H and t=40 h, the d, is significantly larger than that of the
L=H at t=211 h (S-211). This indicates that the degree of fragmen-

dl"ﬂ

(4)
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Fig. 11. Failure process of the red sandstone under different non-uniform water distribution states.
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tation in this situation is significantly lower than that in the fully
immersed saturated state.

5. Discussion

5.1. Influence of non-uniform water distribution on the failure
mechanism of red sandstone

The weakening effect of water on the mechanical properties of
rock materials is a complex process involving physical and chemi-
cal interactions. The main mechanisms of this weakening include
Si—O0—Si hydrolysis, reduction in capillary tension, mineral disso-
lution, clay mineral water absorption (lubrication, softening, and
expansion), and increased pore water pressure [32,33]. The
increase in pore water pressure promotes microcrack propagation
due to the water wedge effect, while other mechanisms primarily
lead to the weakening of the rock by reducing internal friction,
fracture energy, and cohesion (Fig. 14a). At the mesoscale, the
weakening effect of water on rock materials manifests as a reduc-
tion in the stress threshold for microcrack initiation and propaga-
tion [14,34]. However, it is characterized by macroscopical
strength degradation, Eqy decrease, deformation modulus decrease,
and Poisson’s ratio increase [4,30,35,36]. However, significant spa-
tial differences in these weakening effects may exist within water-
affected rocks. In this study, such spatial difference is primarily
influenced by the non-uniform water distribution caused by L
and t. During the immersion process of red sandstone, water grad-
ually penetrates from the specimen surface inward, resulting an
external moistened zone and an internal relatively dry zone, sepa-
rated by a dry-wet interface [34,37]. In UC tests, specimens with a
dry-wet interface exhibit the following characteristics in stress dis-
tribution due to the material property differences between the
external moistened zone and internal dry zone (Fig. 14b): (i) The
deformation modulus of rock decreases with increasing water con-
tent [35]. Therefore, the deformation modulus of the external
moistened zone is lower than that of the internal dry zone, under
the same axial strain, the axial stress in the external moistened
zone is smaller than that in the internal dry zone (i.e., 6,<a3).
The unevenness of axial stress distribution leads to shear stress
(t) concentration at the dry-wet interface. (ii) Due to the higher
Poisson’s ratio of the external moistened zone, its lateral deforma-
tion exceeds that of the internal dry zone under identical axial
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strain, creating tensile stress (o) at the dry-wet interface. (iii)
Ding et al. [34] found that increased pore water pressure in the
moistened zone during UC generates additional tensile stress
(o) at the dry-wet interface (indicating that additional tensile
stress is generated at the dry-wet interface formed by the non-
uniform water distribution in red sandstone). The cumulative
effect of these three stresses ultimately leads to separation at the
dry-wet interface. Therefore, the spalling accompanied by ejection
observed before failure in rocks with dry-wet interfaces is closely
related to this interface separation.

Based on the above analysis, we explored the failure mecha-
nisms of red sandstone from the perspective of dry-wet interface
migration and separation under different water L and t. According
to the failure characteristics of red sandstone with non-uniform
water distribution discussed in Section 4.3, specimens are classi-
fied into two categories. That is low L specimens (L<1/4H) and high
L specimens (L>1/2H). For low L specimens, the dry-wet interface
is located near the exterior during short t (Fig. 15a). Even if dry-
wet interface separation occurs, the internal relatively dry zone
remains capable of bearing axial stress. This explains why such
specimens retain relatively high o. and energy storage capacity
(Figs. 7 and 10a). Spalling in the moistened zone also exacerbates
the uneven stress distribution within the specimen. The combina-
tion of high energy storage capacity and uneven stress distribution
leads to more severe fragmentation in low L specimens compared
to dry specimens (e.g., S1/50-1, S1/50-5, and S1/8-1 in Fig. 13). As
t increases, the dry-wet interface gradually moves inward, reduc-
ing the size of the internal dry zone. When the dry zone shrinks
to a certain extent, the separation of dry-wet interface leads to a
deeper spalling depth in the lower moistened zone. After spalling,
the remaining cross-sectional area in the lower part becomes very
small, resulting in a sharp increase in axial stress in the lower part
of the specimen. Then, the specimen fails after dry-wet interface
separation due to the inability of the smaller dry zone to withstand
axial stress (Fig. 15b). This results in characteristic failure where
the bottom section is severely fragmented while the upper section
maintains integrity (e.g., S1/50-40, S1/8-40, and S1/4-40 in
Fig. 12). The inward migration of the dry-wet interface has exacer-
bated the spalling severity in the lower moistened zone before
specimen failure. As the t further increases, the dry-wet interface
separation disappears (Fig. 15¢), and the spalling in lower moist-
ened zone is not caused by the dry-wet interface separation, which
explains why the spalling degree initially increases and subse-
quently decreases. For high L specimens, at short t, the dry-wet
interface migrates inward to a shallow depth. Spalling occurs due
to the separation of the dry-wet interface, and the degree of spal-
ling increases with time (Fig. 15d). This is similar to the results
observed in specimens with low L under short t. However, due to
the faster W, in specimens with high L, as time further increases,
the dry-wet interface rapidly migrates inward, leading to a rapid
reduction in the internal dry zone of the specimen. At this stage,
the moistened zone dominates the failure of the specimen. Before
reaching the stress required for dry-wet interface separation,
through-cracks occur within the specimen, leading to failure (i.e.,
without dry-wet interface separation, Figs. 15e and f). This explains
why the reduction in spalling severity in moistened zone occurs
earlier in high L specimens compared to low L specimens.

Fig. 16 shows the scanning electron microscopy (SEM) results of
dry-wet interface separation surfaces and other spalling fracture
surfaces. The dry-wet interface separation surface (see Fig. 16a)
exhibits particle pull-out pits primarily resulting from cementing
layer failure. This phenomenon aligns with tensile stress character-
istics and corresponds to the mechanisms of o¢; and o, shown in
Fig. 14b. The overall surface is relatively smooth and flat, exhibiting
layered undulating textures and debris from frictional processes,
which aligns with the 7 stress mechanism shown in Fig. 14b. The
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fracture characteristics reflect the composite stress conditions at
the dry-wet interface (shear stress v from deformation modulus
differences, tensile stress g from lateral deformation differences,
and tensile stress oy, from increased pore water pressure), exhibit-
ing a tensile-shear mixed fracture mode. From Fig. 16b, other spal-
ling fracture surfaces also contain particle pull-out pits, but the
overall surface exhibits markedly different characteristics, showing
rough and irregular surface with pronounced river patterns, tear-
ing textures, and stepped fractures (varying texture depths and
strong three-dimensional relief). Such fracture morphology con-
forms to typical brittle fracture characteristics induced by local
stress concentration under conditions lacking macroscopic contin-
uous weak interface guidance.

5.2. Correlations of dm, with ue, and Gymax

Generally, the greater the energy release amount and release
rate, the more intense the failure and the higher the fragmentation
degree [24,38,39]. The uep, and Gamax can reflect the energy release
amount and release rate during rock failure to some extent. Hence,
these two indicators can be used to evaluate the intensity of rock
failure [12,28,29]. To evaluate the applicability of these two indica-
tors under different water immersion conditions, the correlation
between d,, and these two indicators was analyzed. As shown in
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Figs. 17a and b, under full immersion conditions (L=H), d,, showed
a good linear negative correlation with both uep and Ggmax, with the
fitting correlation coefficients reaching 0.860 and 0.835, respec-
tively. It indicates that these two indicators can effectively charac-
terize the failure intensity of fully immersed rocks to some extent.
However, under local immersion conditions (L<1/2H), d,,, exhibited
obvious irregularity and low correlation with these two indicators.
This indicates that the applicability of traditional energy indicators
is limited under local immersion (i.e., non-uniform water distribu-
tion) conditions. Especially under low L and short-term immersion
conditions (L=1/50H and t<5 h, L=1/8H and t<1h), although energy
indicators decrease compared to those under dry conditions, the
actual fragmentation degree is higher than that under dry condi-
tions. Based on the analysis in Section 5.1, it can be concluded that
this phenomenon can be attributed to the following three reasons
caused by the non-uniform water distribution: (1) The moistened
zone is prone to spalling, resulting in a reduction of the load-
bearing cross-sectional area. This reduction significantly increases
stress, and since higher stress corresponds to greater stored
energy, the failure becomes more severe. (2) The difference in
water content on both sides of the dry-wet interface leads to a dis-
crepancy in rock stiffness, which in turn causes stress concentra-
tion at the dry-wet interface. The concentrated stress promotes
the initiation and propagation of more cracks. (3) The moistened
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Fig. 16. SEM images of dry-wet interface separation surfaces and other spalling fracture surfaces.
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zone has a high-water content, where capillary forces exist. These
capillary forces facilitate the propagation of cracks.

5.3. Influence of non-uniform water distribution on the strength of red
sandstone

The o, of fully immersed sandstone specimens exponentially
decreases with increasing W; [4]. As shown in Fig. 18a, under dif-
ferent L, the o. decreases exponentially with increasing W,;, and
at identical W,, the o. generally reduces as the L decreases. To
reveal the relationship between o, and L in red sandstone under
the same W,, a series of UC tests were added under the same W,.
The experimental scheme is detailed in Table 2, involving three
water absorption levels (i.e., Wig, 0.5W,g, 0.2W,g, Where W;g repre-
sents the natural W, of red sandstone with L=1/8H) and four L (i.e.,
H, 1/2H, 1/4H, and 1/8H). Specimen preparation, loading method,
and loading rate remained consistent with Section 2.2. The mea-
sured g. and actual W, are presented in Fig. 18b. At the same W,,

the o. nonlinearly decreases with reducing L, and the rate of reduc-
tion accelerates progressively. Specifically, when the L decreases
from H to 1/8H, the g. at Wyg, 0.5W;5, and 0.2W,g decline by
10.2%, 9.3%, and 15.4%, respectively, with the . decrease mainly
occurring at L<1/2H. This indicates that even under identical W,,
distinct non-uniform water distributions significantly affect red
sandstone strength, with L being a critical factor, particularly when
L<1/2H. Existing studies have shown that the mechanical proper-
ties degradation of rock materials positively correlates with their
water content [40]. Under the same W,, reducing L leads to a more
localized water concentration, elevated water content in moist-
ened zones, greater weakening effects, and lower stress thresholds
for fracture (Fig. 19). Since UC applies equal axial stress across the
specimen, localized fracture in low L specimens initiates at lower
stress. Such localized fracture further accelerates the overall fail-
ure, thereby causing specimens with lower L to fail at a lower
stress under the same W,. Therefore, when evaluating the weaken-
ing effect of water on the strength of rocks, the concentration
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Table 2
UC scheme of red sandstone with the same W,.
W, Wis 0.5Wis 0.2W,s
L H 12H 1/4H 1/8H H 12H 1/4H 1/8H H 12H 1/4H 1/8H
Equal W,

Axial stress

Casel Case Il Casel Case I Case II
o increase
The weaking zone in Case I The fracture stress threshold in the Localized fracture leads
shows greater weakening weaking zone of Case I is lower to overall failure

Fig. 19. Fracture patterns under different L at constant W,.

degree of non-uniform water distribution (C=W,x(total volume/ the dry sspecimens at 1, 5, 20, 40, and 211 h reached 8.5%, 14.7%,

moistened zone volume)) is a critical factor. 28.3%, 33.0%, and 38.0%, respectively. The relative strength weak-

ening of L=H specimens at 1, 5, 20, 40, and 211 h were 15.1%,
5.4. Harmful effects of low immersion height on underground rock 28.6%, 36.4%, 39.8%, and 49.6%, respectively. Further analysis
engineering shows that the strength weakening of L=1/50H specimens at 1, 5,

20, 40, and 211 h reach 56.3%, 51.4%, 77.7%, 82.9%, and 76.6% of

The construction process of underground rock engineering and those under L=H conditions, respectively. These results indicate
groundwater activity may lead to water accumulation, subjecting that under low L, the strength weakening increase with t and sta-
rock structures to low L [1]. The non-uniform water distribution bilize after t>20 h, reaching over 75% of the weakening under full
caused by low L significantly affects the stability of underground immersion conditions. In Fig. 20b, the d;, of L=1/50H specimens
rock structures. Taking L=1/50H as an example, the hazards of decreases by 9.3% and 7.8% relative to dry specimens at t=1 and
non-uniform water distribution caused by low L are analyzed from 5 h, respectively, but increases by 22.4%, 41.6%, and 9.1% at t=20,
two aspects: strength weakening and failure intensity. In Fig. 20a, 40, and 211 h, respectively. In contrast, the dy, of L=H specimens
the strength weakening levels of the L=1/50H specimens relative to consistently increases, showing relative increases of 3.9%, 7.8%,
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10.3%, 17.3%, and 21.7% compared to dry specimens at t=1, 5, 20,
40, and 211 h, respectively. The d,, of L=1/50H specimens is smaller
than that of L=H at t=1, 5, and 211 h but greater at t=20 and 40 h.

Based on the above analysis, the hazards of non-uniform water
distribution under low L on red sandstone underground structures
can be divided into three periods:

(1) Short-term immersion (t<5 h): The strength weakening
reaches 14.7% (exceeding 50% of the strength weakening under
corresponding full immersion conditions), and the fragmentation
degree exceeds that under full immersion or even dry conditions.

(22) Mid-term immersion (5 h<t<40 h): The strength weaken-
ing reaches 33.0% (exceeding 75% of the strength weakening under
corresponding full immersion conditions), with a fragmentation
degree lower than that under full immersion.

(3) Long-term immersion (t>40 h): The weakening reaches
38.0% (exceeding 75% of the strength weakening under corre-
sponding full immersion conditions), and the fragmentation degree
exceeds that under full immersion.

Therefore, in underground rock structures with low L, short-
term immersion leading to non-uniform water distribution pri-
marily causes significant weakening of surrounding rock strength,
but results in intense rock failure. In contrast, medium-to-long-
term immersion causing non-uniform water distribution mainly
leads to severe strength weakening of the surrounding rock. For
underground surrounding rocks that may be affected by local
immersion, the drainage system at the bottom of the surrounding
rock should be improved (such as setting up drainage ditches, col-
lection wells, etc.). Meanwhile, waterproof treatment should be
carried out on the bottom of the important bearing surrounding
rock (such as spraying waterproof materials, setting waterproof
curtains, etc.) to avoid non-uniform water distribution in the sur-
rounding rock at low L and ensure the long-term stability of under-
ground rock engineering.

It is noteworthy that current research is solely based on labora-
tory experiments, which have certain limitations. There are certain
differences between actual rock masses and laboratory specimens,
such as scale, heterogeneity, and complex boundary conditions.
Additionally, the actual groundwater may contain various chemi-
cal components and exhibit different pH values, which vary from
region to region. These factors are likely to influence the experi-
mental results. This study primarily focuses on the effects of water
on the mechanical properties and failure behaviors of red sand-
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stone, revealing the weakening mechanisms of non-uniform water
distribution on red sandstone from a macroscopic perspective. The
findings can provide theoretical references for future research on
the effects of non-uniform water distribution on surrounding rocks
under complex water environments that align with engineering
practices.

6. Conclusions

(1) The W, and water distribution of red sandstone are con-
trolled by the immersion height and duration, even under
L<1/50H, the W, can reach approximately half of that of full
immersion under long-term immersion.

(2) The peak strength, elastic modulus and failure intensity of
red sandstone are sensitive to immersion height, exhibiting
significant weakening effects even under L<1/50H. Red sand-
stone with L<1/2H exhibits distinct upper and lower asym-
metric failure, characterized by temporal in fracture
evolution and regional in failure patterns. For red sandstone
with L>1/2H or dry state, the initial fracturing and spalling
locations appear randomly, exhibiting upper and lower sym-
metric failure. The C is the critical factor in evaluating the
weakening effect of immersion on rock strength.

(3) Immersion effect not only reduces the energy storage limit
of red sandstone but also diminishes its energy dissipation
capacity during failure. Under full-immersion conditions,
the uep and Gymax demonstrate strong linear negative corre-
lations with the d,,. Under local immersion conditions, the
traditional energy indicators have limitations in assessing
the intensity of rock failure.

(4) The dry-wet interface migration and separation caused by
different immersion heights and durations control the fail-
ure mode of red sandstone. Under L<1/4H, at t<20 h, the
dry-wet interface separation leads to spalling in the outer
side of the interface, and the upper dry zone exhibits tensile
failure. At t=40 h, the dry-wet interface separation causes
severe failure on both sides of the interface, no failure occurs
in the upper dry zone. At t>211 h, the dry-wet interface sep-
aration disappears, the upper dry zone exhibits shear failure.
Under L>1/2H, the time required for disappearance is short-
ened, exhibiting vertically symmetric shear failure.
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