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Abstract

Sandstones are widespread on the earth and are often damaged by water. Although there is a consensus that the strength
of sandstones will decrease when they are in contact with water, the intrinsic properties controlling the water-weakening
mechanism of sandstones are not completely clear. In this study, the uniaxial compression strength (UCS), point load index
(PLI), and Brazilian tensile strength (BTS) of four clay-bearing sandstones with water saturation from 0 to 100% were
measured by experiments. The results showed that a remarkable strength loss occurred when the water saturation increased
from 0 to 60% ~ 80%, and then, the reduction rate slowed dramatically. Therefore, the critical water saturation level at which
considerable strength loss due to the water-weakening effect is produced is 60 ~80%. In addition, the strength loss law caused
by increasing water saturation satisfied both the exponential decay function and logarithmic decay function. The multiple
linear regression method was used to model the relationship between the intrinsic properties and UCS loss caused by water-
weakening effects considering the effect of water saturation. The porosity, elastic modulus and clay mineral content were
automatically selected by the best subset regression as the main intrinsic properties controlling the water-weakening degree of
sandstones. In addition, the critical water saturation level and the role that clay minerals play in the water-weakening effects
of sandstones were comprehensively discussed. This study contributes to a better understanding of the water-weakening
mechanism and provides a better strength estimation model for sandstones with different water saturation levels.
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W, W, Water absorption ratio at natural and
forced vacuum conditions, respectively

LF The UCS loss fraction

A, B and C Material parameters

R?, R? The adjusted and original determination
coefficients, respectively

m, p The sample size and number of inde-

pendent variables, respectively
The residual sum of square error

Bo B, B and f;

RSS, The residual sum of square error
62 Mean square error
Introduction

The rocks used in engineering inevitably encounter water,
for example, tropical rock slopes, stone buildings and
water-rich rock tunnels. In addition, some rock engineer-
ing structures may be continuously immersed in water,
such as rock reservoir slopes, rock diversion tunnels, dam
bedrocks and so on. When the structures are contacted by
water, the water will enter voids and thus cause the rocks
to experience strength loss and stiffness reduction (Chen
et al. 2019; Huang et al. 2022b). Sandstones, as typical sedi-
mentary rocks, are widely distributed on the earth and are
often encountered in rock engineering. In addition, they are
widely used as construction materials because of their good
cementation ability and availability (Sun and Zhang 2019).
Most sandstones contain some clay minerals, which are very
sensitive to water. However, the influence of water saturation
on clay-bearing sandstones and the main intrinsic properties
controlling the water-weakening effect of sandstones are not
completely understood.

In recent decades, many scholars have focused on the
strength loss of sandstones from completely dry to saturated
conditions (Erguler and Ulusay 2009; Wasantha and Ran-
jith 2014; Kim and Changani 2016; Wasantha et al. 2018).
Hawkins and McConnell (1992) measured the UCS of 35
British sandstones with different water content levels. They
found that the maximum uniaxial compressive strength (UCS)
loss of sandstones exceeded 70% under completely saturated
conditions. Vasarhelyi (2003) proposed that the relationship
between the saturated UCS and dry UCS satisfied a linear
function, and the mean UCS loss was approximately 24.1%
after complete saturation by further analysing the experimen-
tal data from Hawkins and McConnell (1992). Most rocks are
unsaturated in the natural absorption process, and a low water
content level in rocks can cause a great strength loss. Vasar-
helyi and Van (2006) claimed that the strength of some sand-
stones had a remarkable reduction with only 1% water satu-
ration. Cherblanc et al. (2016) observed that more than 90%
strength loss occurred even in a natural absorption condition
with a 97% RH atmosphere. Liu et al. (2020) proposed that
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more than 90% of the UCS loss occurred below 60% water
saturation for clay-bearing red sandstones. Therefore, the
water content is an important factor influencing the strength
of sandstones even at low water saturation levels.

Although there is a basic consensus from scholars that
the strength of rocks decreases with increasing water sat-
uration, the main intrinsic properties controlling water-
weakening effects are still not clear. Generally, the effect
of water saturation on sandstone includes chemical erosion
and physical softening (Kim and Changani 2016). Chemi-
cal erosion is caused by the solution or dispersion of clay
minerals between mineral grains, and it is highly relevant
to the clay mineral content (Cherblanc et al. 2016). Many
studies have concluded that the effect of dry—wet cycles on
the strength and P-wave velocity of sandstones in water is
very small when the sandstone does not contain clay miner-
als or expansible clay minerals are absent (Sun and Zhang
2019; Huang et al. 2021b). This illustrated that the physi-
cal softening, including the reduction of friction and frac-
ture energy, should be responsible for the strength loss of
sandstones in contact with water if the sandstones contain
few clay minerals (Zhao et al. 2017). The presence of water
could dissolve the cemented minerals around hard particles
and increases the distance between particles thus reduce
the friction between them (Chen et al. 2017; Li et al. 2021;
Huang et al. 2022c). In addition, water could also lower the
surface free energy and then cause a reduction in the strength
of the rocks (Zhao et al. 2017). He et al. (2019) claimed that
a high clay content in sandstones did not always lead to a
low strength but would cause a high strength loss when in
contact with water. Wasantha et al. (2018) held that sand-
stones with more clay minerals were more greatly weakened
by water than those with more quartz. Ruedrich et al. (2011)
proposed that clay minerals had small pores but high mois-
ture swelling, and an expansion pressure would be produced
when absorbing water, which influenced the water softening
of sandstones. Above all, the type and proportion of clay
minerals were crucial intrinsic factors influencing the water-
weakening degree of sandstones. In addition, there may be
some other factors influencing the strength of sandstones,
such as the porosity, elastic modulus, and water absorption
capability (Palchik 1999; Kim et al. 2017; Yu et al. 2019).
A sandstone with a large porosity has a relatively smaller
strength, but it will absorb more water quickly, which may
cause a rapid decrease in the strength.

In addition to the influencing factors, a proper strength
estimation function is also essential to predict the strength
loss of sandstones after absorbing water. Three typical
empirical equations have been proposed to estimate the
strength loss of rocks with different water saturations,
including exponential functions (Hawkins and McConnell
1992; Masoumi et al. 2017), logarithmic functions (Huang
et al. 2020a, 2021b) and polynomial functions (Tang 2018).
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However, these empirical functions have only been used for
a few rock types and limited experimental data are available
to date. The empirical function that is most suitable to esti-
mate the strength loss caused by water saturation remains
unclear. In addition, the unknown parameters in these func-
tions need to be determined by fitting the experimental data,
which is laborious and time-consuming.

In this study, the UCS, BTS and PLI of four sandstones
with different water saturation levels (0~ 100%) were
measured to find the most competitive strength estimation
function against water saturation. Then, the main physico-
mechanical properties that played major roles in the water-
weakening process of sandstones were determined by using
the best subset regression method. A model to determine
the quantitative relationship between the critical physico-
mechanical properties and the unknown parameter in the
UCS estimation equation was built. The main novelty of this
paper may be that the strength loss law of sandstones with
increasing water saturation levels and the intrinsic physico-
mechanical properties controlling the water-weakening
effects were completely determined by a combination of
experimental and statistical analysis methods. This paper
can provide a better understanding of the water-weakening
mechanism of sandstones.

Experimental procedures
Preparation of the rock samples

Four sandstones (grey, red, brown and yellow) were used to
investigate the influence of water saturation on strength. Red
sandstones were collected from Yichang, Hubei Province.
The other sandstones were collected from Zigong, Sichuan
Province. There are approximately 72 standard cylindrical
samples (diameter =50 mm and height =100 mm) used to
measure the uniaxial compressive strength (UCS). These
72 standard sandstones were divided into six groups with
different water saturation levels, including 0%, 30%, 60%,
80%, 90% and 100%. Eighty-four flat cylindrical samples
(diameter =50 mm and height =30 mm) were used to meas-
ure the Brazilian tensile strength (BTS), and the other 84 flat
cylindrical samples (diameter =50 mm and height =30 mm)
were used to measure the point load strength index (PLI).
Seven different saturation groups were set for the BTS and
PLI tests, including 0%, 10%, 30%, 60%, 80%, 90% and
100%. Therefore, each group has three parallel experiments
to avoid the error caused by the discreteness of the sam-
ples. The preparation process of these rock samples is in
accordance with the method suggested by ASTM (2008Db).
All the rock samples were taken from the same block by
using a drilling machine with a hollow bit (internal diam-
eter =50 mm). Then, they were cut into a specified length by

using a rock cutting machine. Both ends of the sample were
polished parallel to each other and perpendicular to the axial
direction using a grinding machine. The flatness error of the
surfaces should be less than 0.025 mm. The designed water
saturation level was ensured by natural dehydration in an
air-conditioned room after forced vacuum saturation, which
was introduced in detail in our previous literature (Liu et al.
2020). There is no need to restate the process of preparing
the different water saturation levels here, but it should be
noted that the water saturation error percentage was less than
0.5% according to a high-accuracy electronic balance with
a precision of 0.01 g. All the samples were wrapped with
plastic films after reaching the assigned saturation level to
prevent water loss. The process for preparing the sandstone
samples is shown in Fig. 1.

Petrographic analysis

Several slices were cut from the fresh sandstone and ground
into powder using an angle grinder (<45 pm) (Fig. 1). The
powder was dried in a heating oven at 105 °C, and then,
it was used to measure the mineral component by using
TTRIII X-ray diffraction (XRD). The “K value” method
suggested in SY/T 5163-2018 (China Standard 2018) was
adopted to make a quantitative analysis of the mineral com-
ponents (Zeng et al. 2010). To investigate the mineral par-
ticle structure and their contact state, a 3D colour optical
microscope (Keyence, VHX-5000) was used to magnify the
sandstone samples to capture their surface profiles.

Physico-mechanical tests

The UCS, BTS and PLI tests were carried out in
accordance with the methods suggested by ASTM
(2010, 2008a and 2008c), respectively. UCS tests were per-
formed on an electrohydraulic servo mechanical machine
(WAW-300) with a loading rate of 0.24 mm/min. The BTS,
also called the splitting tensile strength, was tested on a
microcomputer control electronic universal testing machine
(WDW-100) with a loading rate of 0.12 mm/min. A wedge
indenter was added between the cylindrical sample and load-
ing plane to ensure a diametral line compression condition.
PLI was tested by using a manual point load tester under a
constant loading rate (Fig. 2a).

The porosity was tested using the vacuum saturation
method. First, standard cylindrical samples were dried at
105 °C for 24 h. The dry masses of these samples were tested
by using a high-accuracy electronic balance with a precision
of 0.01 g. Then, these dry samples were placed into a vacuum
container at — 0.1 MPa to remove the air from the pores. Lig-
uid water was injected into this container, and these samples
absorbed water for 48 h at—0.1 MPa. After that, completely
saturated samples could be derived, and their masses were

@ Springer
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Fig. 1 Preparation procedure of cylindrical sandstone samples and powder

measured again using an electronic balance. As a result, the
porosity could be calculated by using the difference in mass
values of the saturated and dry samples. The unforced or
natural water absorption process was measured by immers-
ing a whole dry sample into pure water at one atmospheric
pressure of 101 kPa (Fig. 2b). The physico-mechanical test
process and devices are plotted in Fig. 2.

Experimental results

Petrographic characteristics

The mineral compositions of these sandstones were quanti-
fied by XRD (Fig. 3). The XRD results show that the total

clay mineral contents are 21.1%, 10.6%, 4.6% and 7.0% for
the grey, red, brown and yellow sandstones, respectively.
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Electronic balance

Drying oven and saturator

Enlarged surface profiles of the mineral particles are plot-
ted in Fig. 4. The maximum mineral diameters of quartz are
approximately 200 pm, 400 pm, 300 pm and 300 pm for
the grey, red, brown and yellow sandstones, respectively.
The minimum mineral diameters are less than 200 pm. The
feldspar contents are approximately 10.4%, 21.7% and 64.6%
in the grey, red and yellow sandstones, respectively. How-
ever, in brown sandstones, the quartz fraction is 95.4%, but
feldspar is absent. By petrographic analysis, it can be con-
cluded that grey sandstone is a type of fine-grained lithic
sandstone, red and yellow sandstones belong to medium-
fine-grained arkosic sandstones, and brown sandstone is a
type of medium-fine-grained quartzose sandstone. The hard
particles (quartz and feldspar) of these sandstones are well
cemented by soft minerals, such as clay minerals. There-
fore, they are also typical clay-bearing sandstones. The basic
physical properties of these sandstones are given in Table 1.
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Fig.2 Main physico-mechanical
tests and related equipment. a
Mechanical strength test proce-
dure and equipment. b Forced
saturation and natural water
absorption process
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Fig.3 X-ray diffraction pattern of these four sandstones
Water absorption process ucs

Figure 5 shows that the absorbed water content increases
very quickly in several minutes when immersed in water
under natural conditions (101 kPa, 20 °C). Then, the water
content reaches a constant level after several hours. The
natural absorption water content by weight for yellow sand-
stone is approximately 7.72%, while it is only 1.5% for the
grey sandstone at the final stable state. The water content
increases with increasing porosity and is a typical exponen-
tial function of the soaking time. A novel finding is that
the natural absorption saturation level is 70 ~85%, which is
relatively stable compared with the water absorption con-
tent. Therefore, the water saturation S, is used in this study
instead of the water content W, to determine the critical
water saturation level for which a remarkable reduction of
strength occurs.
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The UCS of sandstones has a significant reduction with
increasing water saturation, as shown in Fig. 6. However,
most of the UCS loss occurs when the water saturation
increases from 0 to 60%. Beyond 80% water saturation, the
reduction rate of the UCS decreases substantially. Several
typical decay functions have been proposed to estimate the
UCS loss of sandstones caused by water saturation, includ-
ing polynomial functions (Tang 2018), logarithmic func-
tions (Huang et al. 2020a, 2021b) and exponential functions
(Hawkins and McConnell 1992; Shi et al. 2016), which can
be written as follows:

Polynomial function : 6, =C+B-S,+A- Sf D

Logarithmic function : 6, =C - B - log(A S, + 1) )
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Fig.4 Enlarged apparent
structure of sandstones (original
magnification 200 X). a Grey
sandstone. b Red sandstone.

¢ Brown sandstone. d Yellow
sandstone
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Table 1 The basic physical

. Type Pa (g/cm3) n (%) Water absorption con-  P-wave velocity (m/s) CM (%)
properties of these four tent (%)
sandstones
w, Wf Vpd VpS
Grey 2.57 4.53 1.50 1.76 2845 3178 21.1
Red 2.40 9.95 2.90 4.12 2918 3246 10.6
Brown 2.26 14.81 4.62 6.56 1381 1701 4.6
Yellow 2.10 21.78 7.72 10.39 1702 2089 7.0
Exponential function : 6, = C+B - oA, 3) Finally, only one undetermined parameter, i.e., A, is pre-

where o, is the uniaxial compression strength. S, is the water
saturation degree. A, B and C are the material parameters
that need to be determined by experimental means.
Generally, UCSs of the completely dry and saturated
sandstones are easy to measure. To reduce the undetermined
parameters, substituting the UCS values at the dry and satu-
rated conditions into Egs. (1)~ (3) yields the following:

Polynomial function : 6, =A - 2 + (6% — 6” — A)S, + 6

“
o5 —oP
Logarithmic function : ¢, = logL(l—+cA)( +A-S,)+0”
&)
oD — S
Exponential function : ¢, = 16_ e—fi (e —1) + 0P
(6)

where o-f’ and af_ are the uniaxial compressive strengths for
dry and saturated sandstones, respectively.

9_
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Fig.5 Water absorption process of sandstone samples during natural
immersion
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served in Eqs. (4) ~(6). Figure 6 shows that both the expo-
nential function and logarithmic function can be used to
describe the loss law of UCS against water saturations well.
The polynomial function may be not monotonic when the
water saturation increases from 0 to 100%; therefore, using
a polynomial function is not suggested here. For example,
the UCS of the yellow sandstone continually decreases with
increasing water saturation; however, the calculated values
of UCS using a polynomial function first decrease and then
exhibit an abnormal increasing trend beyond 80% water satu-
ration (Fig. 6d). In this study, the exponential function is
used to predict the strength loss caused by increasing water
saturation because it can better reflect the steady state of the
UCS at a high water saturation level, and it is more com-
monly used in the previous literature. Both the UCS and
the elastic modulus satisfy the exponential decay function
(Figs. 7 and 8). This illustrates that the sandstones become
weak and soft in the presence of water. The UCS decreases
quickly when the water saturation increases from 0 to 80%,
and then, the UCS values of these sandstones are almost
constant beyond 80% water saturation, except for the brown
sandstone, which contains some rock veins. The existence
of these rock veins may have some influence on the water-
weakening law of the brown sandstone.

BTS and PLI

Both the BTS and PLI decrease with increasing water satu-
ration levels. The BTS and PLI may also be expressed as
exponential functions of the water saturation by referring to
the change law of UCS, as follows (Figs. 9 and 10):

ol — oS
0 = 1t— e—g ¥ =D+ @
P, -
_ L0 The0  as, D
liso = —T—ga @ = Dt ®

where o, is the Brazilian tensile strength. crtD and o-tS are the
Brazilian tensile strengths of dry and saturated sandstones,
respectively. /s is the point load strength index of the

specimen with a diameter of 50 mm. ISD(SO) and I, are the
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Fig.6 Comparison of three UCS estimation functions against water saturations. a Grey sandstone. b Red sandstone. ¢ Brown sandstone. d Yel-

low sandstone

point load strength indexes of dry and saturated sandstones,
respectively.

The BTS and PLI values of these sandstones also
decrease more quickly at low water saturations, especially
when the water saturation is less than 60%. When the water
saturation increases from 0 to 60%, the BTS values decrease
by 41.7%, 56.4%, 38.3% and 61.3% for the grey, red, brown
and yellow sandstones, respectively. As the water satura-
tion continues to increase from 60 to 100%, the BTS values
decrease by 57.8%, 55.7%, 49.8% and 75% for the grey, red,
brown and yellow sandstones, respectively. Therefore, the
corresponding loss ratios of BTS at 60% water saturation
to the total BTS loss at 100% water saturation are 72.1%,

100%, 76.9% and 81.7% for grey, red, brown and yellow
sandstones, respectively. In addition, the PLI loss at 60%
water saturation occupies 82.7%, 86.3%, 61.9% and 96% of
the total PLI loss at 100% water saturation for the grey, red,
brown and yellow sandstones, respectively. It can be con-
cluded that 60% water saturation can cause a considerable
reduction in strength. The natural water saturation levels of
these four sandstones range from 70.3 to 85.2% (Fig. 5);
therefore, sandstones under natural immersion conditions
will suffer most of the water-weakening action and strength
loss. Therefore, more attention should be given to the water-
weakening process of engineering rocks in the field when
water is available, such as on rainy days.
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Fig. 7 Change of UCS against the water saturation

Correlation of the UCS and BTS with PLI

PLI is often used to estimate the UCS and BTS (Kahraman
and Gunaydin 2009; Heidari et al. 2012) because PLI is easy
to measure in the field using only a small point load tester.
The correlation of the UCS and BTS with PLI for these four
sandstones can be obtained by linear fitting (Fig. 11), which
can be expressed as follows:

o.= ZO'SIs(SO) 9)
o, = 13215 (10)
10 - Experiment Fitting curve

Grey E=8.33+5.27(e"%15—1)

91 ® Red — — -E=6.89+17.92(c 1)

g - Brown E=4.23-2.02(*""5—1)
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Fig.8 Change of elastic modulus against the water saturation
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The determination coefficients are 0.94 and 0.99 by using
Egs. (9) and (10), respectively. This result illustrates that
although the sandstones contain different water saturation lev-
els, the linear relationships are very good with high determina-
tion coefficients. Therefore, PLI is suitable to estimate the UCS
and BTS of sandstones regardless of the water saturation level.
Equation (9) is very similar to the relation suggested by the
International Society for Rock Mechanics (ISRM), in which
the linear coefficient range is from 20 to 25 (ISRM 1985).

A developed prediction model of UCS
considering water saturation levels

In Eq. (6), there is one material parameter, i.e., A, that must
be determined to estimate the UCS of sandstones containing
different water saturation levels. If the UCS values of sand-
stones containing different water saturation levels are meas-
ured by experiment, the value of A can be determined by
fitting the experimental data using Eq. (6). However, mechan-
ical tests are laborious and time-consuming. The UCS loss
of sandstones caused by water saturation can be determined
using several easily available initial physico-mechanical
parameters. To build the relationship between A and the ini-
tial physico-mechanical properties, more experimental data
were collected from the previous literature to perform statisti-
cal analysis (Fig. 12). Multiple linear regression based on 22
types of sandstones was conducted with the aid of statistical
software, such as Minitab and Excel. The basic physico-
mechanical properties of these sandstones are given in
Table 2. The best parameter subsets and optimal multiple
linear regression are selected by using the adjusted R-squared
( Rf\z) and the value of Mallows’ Cp. The best fit will have the

highest Ié\z value but the lowest Cp value.
The adjusted é\Z is used to eliminate the effect of the inde-

pendent variable number as follows:

0 m-—1
RP=1-(1-R)x ——

an
m—p—1

where RAz and R are the adjusted and original determination

coefficients, respectively. m and p are the size of samples and
number of independent variables, respectively.

C, is defined as a criterion to assess fits when models
with a different number of parameters are being compared.
It is defined as follows:

RSS

p
Co=—5 +@—n) (12)

where RSS;, represents the residual sum of the square error
for a model with p independent variables, and 62 denotes the
mean square error based on the full model.
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Fig.9 The influence of water saturations on the BTS of sandstones. a Grey sandstone. b Red sandstone. ¢ Brown sandstone. d Yellow sandstone

The RAz and C, values calculated from different parameter

sets are given in Table 3. This illustrates that the optimal
multiple linear regression model can be expressed as
follows:

A=py+ i Xn+p, XE + 3 X CM (13)

where f, $,, 5, and j; are the coefficients, which are derived
from the best subset regression (Table 4).

The final estimation function of UCS for the sandstones
containing any water saturation can be expressed as follows:

Gl:) -3
o, = —=<(@E*5 - 1)+6° (14)
1—e4 ¢

where

A =-0.743 + 0.1268n(%) + 0.1358E,(GPa) + 0.0489CM (%)
5)

The predicted values of A are plotted against the meas-
ured results in Fig. 13, which shows good consistency. The
value of A varies from 1 to 7 for these 22 sandstones. From
Eq. (15), it can be concluded that the value of A is propor-
tional to the porosity, elastic modulus and clay mineral con-
tent. The UCS values of sandstones decrease more quickly
at low saturation levels for larger A values; therefore, clay-
bearing sandstones with high porosity, large clay mineral
content and large elastic modulus values are more sensitive
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Fig. 10 The influence of water saturations on the PLI of sandstones. a Grey sandstone. b Red sandstone. ¢ Brown sandstone. d Yellow sandstone

to water. This means that a small amount of water can cause
a great reduction in the UCS values for porous clay-bearing
sandstones. However, the impact of the clay mineral content
is relatively smaller than that of the porosity and saturated
elastic modulus. The UCS values estimated by Eq. (14) are
in good agreement with the tested UCS values, as shown in
Fig. 14. The prediction errors are less than 10% for all sand-
stones, although the UCS values of sandstones range from
10 to 130 MPa. Therefore, Eq. (14) is suitable for predicting
the UCS values of clay-bearing sandstones with any level of
water saturation.

@ Springer

Discussions
The critical water saturation

The strengths of sandstones decrease very quickly at low water
saturation levels. The loss rate gradually decreases with increas-
ing water saturation. The strength loss fractions of sandstones
against water saturations are plotted in Fig. 15. It can be observed
that most of the UCS was lost below 60% water saturation.

The UCS loss fraction derived from Eq. (14) can be expressed
as follows:
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Fig. 11 The correlation of
UCS and BTS with the PLI for
sandstones. a UCS versus PLI.
b BTS versus PLI
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Fig. 12 Determination of A in
the exponential decay function
by fitting 22 sandstones. a S1. b
S2.¢53.dS4.eS5.£S6.gS7.
h S8.1S9.jS10. k S11.1S12.
m S13.nS14.0S15. p S16. q
S17.r S18.s S19. t S20. u S21.
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Fig. 12 (continued)
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LF 1 (1 — e (16) of the sandstones were less than 80%. Nineteen out of 32
=— (1 -—¢ r . .
l—e4 sandstones have critical water saturation levels less than

In Fig. 15, there is a critical saturation level for the sand-
stone, beyond which the change in UCS is very small with
increasing water saturation. We assume that the UCS loss
fraction corresponding to the critical saturation is 90% by
considering the measurement error and discreteness of the
sandstone samples. Using Eq. (16), the critical saturation
levels for a 90% UCS loss have been calculated, which are
listed in Table 5. The critical water saturation levels for most

@ Springer

70%. This implies that most sandstones may suffer serious
water-weakening damage under natural absorption condi-
tions in engineering fields because the natural water absorp-
tion saturation level is generally larger than 70% (Fig. 5). For
the PnB sandstone from Hawkins and McConnell (1992),
the LF value is only 35%. Therefore, a small water satura-
tion level may induce a great UCS loss. The multiple linear
regression method given in “A developed prediction model
of UCS considering water saturation levels” section was also
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Table 2 The common physico-mechanical parameters for sandstones

No. E (GPa) CM (%) n(%) W;(%) References

S1 5.39 21.1 4.88 1.76
S2 3.7 10.6 9.95 4.12
S3 213 4.6 14.81 6.56
S4  1.03 7.0 20.99 10.39
S5 164 74.0 9.5 2.79
S6 133 43.0 8.51 1.94
S7 16.2 0.0 5.6 2.13
S8 9.0 60 7.05 3.93
S9 13 25.0 333 7.84
S10 4.24 40.3 9.76 3.74

Present experiment
Present experiment
Present experiment
Present experiment

Hawkins and McConnell
(1992)

Shao et al. (2010)

Huang and Zhang (2011),
Huang et al. (2012)

Zhou et al. (2016)
Masoumi et al. (2017)

S11 6.25 4.0 9.3 3.5
S12 1.98 13.0 18.0 6.9

S13 12.24 2178 4.7 1.74  Tang (2018)

S14 10.93 1.9 11.6 3.35 Tangetal. (2018)
S15 2.56 27.0 7.5 3.02  Jiaetal. (2018, 2019)
S16 3.38 3.0 15.8 7.49  Wang et al. (2018)

Zheng et al. (2018)
Liet al. (2019)

Yu et al. (2019)

Liu et al. (2020)

Li et al. (2020)
Huang et al. (2021b)
Chen et al. (2021)

S17 10.6 14.9 6.80 279
S18 8.1 2.0 126  4.74
S19 3.7 11.24 1223 5.1
S20 7.27 5.6 7.0 2.8
S21 5.05 14.0 13.0  5.56
S22 14.92 16.5 4.7 3.63

Table 3 Results of the best subset regression

Adjusted R> (%) Mallows’ C, E,(GPa) CM (%) n(%) W, (%)

452 11.0 - Vv - -
5.1 322 Vv - - -
51.8 8.2 - v VA
485 9.8 - Vv - Vv
62.7 3.7 v Vv v -
58.9 55 Vv Vv - v
62.2 5.0 v v VARV,

adopted to build the relationship between the critical water
saturation levels and the intrinsic properties of 22 sand-
stones. The predicted function of this critical water satura-
tion level can be expressed as follows:

S,. =102.41 — 1.33n(%) — 1.38E,(GPa) — 0.45CM (%)
a7
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Fig. 14 Predicted UCS versus measured UCS for sandstones

The calculated values from the experiment are in good
agreement with the values predicted by Eq. (17) (Fig. 16).
The critical water saturation levels are mainly distributed
between 60 and 80%. It can be concluded that sandstones
with higher porosity, more clay minerals and larger elastic
modulus have lower Src values and are more sensitive to
water. Therefore, more attention should be given to high
porous sandstone and clay-bearing sandstone when water
is available. The previous literature shows that the critical

Table 4 Values of the
coefficients from the best subset

Bo B

Ps F p R

regression

—0.743 0.1268

0.1358

0.0489 12.76 0.0001 0.627
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Fig. 15 The UCS loss fraction 1.2 +
against the water saturation
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saturation levels for freeze—thaw deterioration of sandstones
is also in the range of 60~80%, and the freeze—thaw action
will cause significant damage and strength loss beyond this
value (Huang et al. 2018, 2020b, 2020c, 2021a, 2022a).
Therefore, water is harmful to sandstones both at normal
and low temperatures.

The roles of clay minerals

This study only investigated the influence of water satu-
ration levels on the mechanical strength of sandstones
because the water-weakening effect varies greatly among
different rock types, and sedimentary rocks usually suf-
fer higher strength loss than igneous and metamorphic
rocks. The UCS and elastic modulus losses of different
rocks under dry to saturated conditions were comprehen-
sively summarized by Wong et al. (2016). They claimed
that the sandstones experienced much more serious water-
weakening effects. One important reason may be that the
sandstone usually contains some clay minerals. The clay
mineral content is an important factor influencing the water-
weakening degree because the swelling volume increases
with increasing clay mineral content and will induce more
serious softening damage. Rocks with higher clay contents
have more pores and clay surfaces, which are useful for
cation exchange (Lyu et al. 2015). According to Eq. (15), A
is positively correlated with the total clay mineral content.

@ Springer

However, the coefficient of the clay mineral item is only
0.0489, which is much smaller than the other two coeffi-
cients. The influence of the clay mineral content does not
seem to be as great as scholars claim because most sand-
stones do not contain swelling clay minerals, such as mont-
morillonite (Table 6). The montmorillonite has the greatest
water absorption content and largest expansion of the clay
minerals. Therefore, rocks with more expansible clay min-
eral contents have higher decay rates and obvious microc-
racks can occur (Zhang et al. 2016). However, sandstones
with few expansible minerals do not show obvious damage
when soaked in water. Lu et al. (2017) measured the internal
structure of mudstone and sandstone after being saturated
with water. Clay minerals occupied 57.6% of the volume
in the mudstone, including kaolinite, montmorillonite and
illite. The sandstone clay mineral content was 21.5%, but
montmorillonite was absent. CT technology was adopted
to show the microstructures of these two rocks (Fig. 17).
Microcracks were only produced in the mudstone in the
saturated state. This implies that serious macromicro-
scopic damage occurs inside the mudstone; however, the
water weakening in the sandstone occurs on a much smaller
scale, which is difficult to capture by CT. This difference
was mainly caused by montmorillonite. Kaolinite and illite
are clay minerals with very low expansion levels; therefore,
they cannot induce microcracks inside the sandstone after
soaking in water. In addition, many previous studies showed
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Table 5 Calculated and

O . UCS (%) S, (%) S,.(%) n(%) E;(GPa) CM (%) Rocktypes References
measured critical saturations for
the sandstones 96 80 81 488 539 21.1 Grey Experiment
87 80 78 995 3.7 10.6 Red
74 80 89 14.81 2.13 4.6 Brown
91 60 58 20.99 1.03 7 Yellow
96 43 39 9.5 16.4 74 Mgd Hawkins and McConnell (1992)
96 77 46 8.51 13.3 43 PnC
100 61 66 5.6 16.2 0 PrC
93 62 45 142 24 / DQ
86 53 34 1575 154 / D
89 53 72 4.7 333 / PrD
79 56 54 6.83  26.2 / LORS
91 58 38 7.05 9 60 HBGB
97 83 59 38.6 09 / G
90 72 55 1224 59 / TRA
92 53 37 757 122 / PnA
91 35 41 7.05 152 / PnB
87 67 61 1.01 19.9 CF
89 63 20 12.39 79 / PrB
90 53 54 333 1.3 25 Sandstone  Shao et al. (2010)
79 40 72 976  4.24 40.3 Siltstone Huang and Zhang (2011),
Huang et al. (2012)
76 57 79 9.3 6.25 4 Sandstone  Zhou et al. (2016)
80 66 69 18 1.98 13 Gosford Masoumi et al. (2017)
88 68 77 4.7 12.24 21.78 Black Tang (2018)
93 38 56 11.6 1093 1.9 Red Tang et al. (2018)
98 80 73 7.5 2.56 27 siltstone Jia et al. (2018, 2019)
89 70 72 158  3.38 3 Red Wang et al. (2018)
Zheng et al. (2018)
68 54 83 6.8 10.6 14.9 Siltstone Lietal. (2019)
89 76 69 126 8.1 2 Red Yu et al. (2019)
91 60 78 1223 3.7 11.24 Red Liu et al. (2020)
66 65 85 7 7.27 5.6 Sandstone  Li et al. (2020)
84 80 72 13 5.05 14 Green Huang et al. (2021b)
80 69 81 4.7 14.92 16.5 Sandstone  Chen et al. (2021)

that sandstones containing little expansible clay minerals
could recover their strengths after drying, even after hav-
ing suffered several dry—wet cycles (Zhao et al. 2017; Tang
2018). In contrast, if some montmorillonite or I/M mixed
layer (mixed layer of illite and montmorillonite) was con-
tained, the dry—wet damage was irreversible (Hawkins and
McConnell 1992).

In this study, the main clay minerals in the sandstones
are illite, kaolinite and chlorite. They are typical clay min-
erals but have very low expansibility. Although the contri-
bution of the clay mineral content to the decay parameter
A is smaller than that of the porosity and elastic modulus,
the absolute UCS loss under saturated conditions still has
a linear increasing trend with the clay mineral content
(Fig. 18). Two sandstones do not satisfy this law, including

the siltstone (S10) and Mgd sandstone (S5) according to
Huang and Zhang (2011), Huang et al. (2012) and Hawkins
and McConnell (1992), respectively. The clay minerals in
these sandstones mainly contain nonexpansible illite or kao-
linite without any montmorillonite. In addition, the absorp-
tion water contents are only 2.79% (S10) and 3.74% (S5)
(Table 2). Therefore, the water content is too small to cause a
remarkable reduction in the UCS in the absence of montmo-
rillonite. For the siltstone (S15) from Jia et al. (2018, 2019),
the UCS loss exceeded 75 MPa, although the clay mineral
content was only 27% because it contained approximately
12.96% I/M mixed layer minerals. The sandstone (S13) used
by Tang (2018) lost more than 63.4 MPa of its UCS after
100% water saturation because this sandstone contained
approximately 0.89% swelling clay minerals. In addition,
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Table 6 The detailed clay mineral content and UCS loss for the sandstones
No. CM (%) (%) Kao(%) Chl(%) Mon(%) IM(%) CM (% A U{:D - af(MPa) References
S1 21.1 12.03 / 6.12 / 2.95 / 141 472 Present experiment
S2 10.6 0.64 8.69 / / 1.27 / 1.77 348
S3 4.6 1.93 1.56 0.14 / 0.97 / 0.2 25.2
S4 7.0 0.77 / 0.28 / / 5.95 3.6 21.1
S5 74.0 17.5 55 1.5 / / / 5.8 31.3 Hawkins and McConnell
S6 430 20 20 3 / / / 487 581 (1992)
S7 0.0 0 0 0 / / / 2.82 267
S8 60 55 5 0 0 0 0 6.03 593
S9 25.0 / / / / / / 399 383 Shao et al. (2010)
S10 403 19.7 / 20.6 / / / 2.33 10.3 Huang and Zhang
(2011), Huang et al.
(2012)
S11 4.0 1 / 2 <1 / / 1.61 20 Zhou et al. (2016)
S12 130 7 6 / / / / 257  33.1 Masoumi et al. (2017)
S13 21.78 20.89 / / 0.89 / / 1.87 634 Tang (2018)
S14 1.9 / / / / / / 377 51.26 Tang et al. (2018)
S15 270 6.21 / 7.83 / 12.96 / 221 753 Jia et al. (2018, 2019)
S16 3.0 / / / / / / 228 392 Wang et al. (2018)
Zheng et al. (2018)
S17 149 8.7 6.2 / / / / 1.14 377 Li et al. (2019)
S18 2.0 / / / / / / 262 226 Yu et al. (2019)
S19  11.24 7.24 / 4 / / / 1.73 157 Liu et al. (2020)
S20 5.6 2.51 / 3.09 / / / 094  31.1 Li et al. (2020)
S21 14.0 24 10.5 0.7 / 0.4 / 235 172 Huang et al. (2021b)
S22 165 8.1 6.1 2.3 / / / 141 35 Chen et al. (2021)

1l illite, Kao kaolinite, Chl chlorite, Mon montmorillonite, //M mixed-layer of illite/montmorillonites, C/M mixed-layer of chlorite/montmoril-

lonites
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Fig. 17 Comparison of

the water-weakening dam-

age between mudstone and
sandstone by CT technology
(modified from Lu et al. 2017).
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Fig. 18 The UCS loss of 22 90 -
Caturated aghintt oy mincal 1 = y=0.63*x+27.12
content 80
y »_(Siltstone)
70 1
. e Jiactal. (2018,2019)
601 ° °
& .
= 504 @ Hawkins and McConnell
v ] (1992)
P 40
S ]
° 30 (Mgd) &
] Huang et al. (2011,2012)
20 ®e®
l o®
10 m (Siltstone)
O I T I T I T I T I T I T I T I T 1
0 10 20 30 40 50 60 70 80
CM (%)

sandstones (S1~S3) lost most of their UCS after reaching
full saturation even though their initial UCS values were
not high. As a result, it can be concluded that the influence

Fig. 19 Relationship between
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of swelling clay minerals, such as montmorillonite, plays a
much more important role in the water-weakening effect of
sandstones.
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Effect of the elastic modulus and porosity

Hard sandstones seem to be more sensitive to water because a
sandstone with a higher elastic modulus will produce a larger
value of A and, thus, cause the UCS to decrease more quickly
against increasing water saturation levels. Hawkins and
McConnell (1992) also held the view that weaker sandstones
were more sensitive to moisture content, which was not sup-
ported by the experiment. Sandstone with a larger elastic
modulus usually has a larger UCS (Fig. 19). Therefore, hard
sandstones with large elastic modulus values descend more
and faster when soaked in water, such as sandstones S5, S6,
S8, S13 and S14.

Vésarhelyi and Van (2006) claimed that the material
parameter in Eq. (6) was inversely related to porosity, which
could be expressed as A =6.0295 / n. This relationship was
further investigated by using the calculated values of A for
the above 22 sandstones. Figure 20 shows that this empirical
function may not be suitable for sandstones. Therefore, mul-
tivariate linear regression was used to predict the value of A
by adopting porosity, elastic modulus and clay mineral con-
tent as the input variables. The multivariate linear regression
function illustrates that the value of A is linearly positively
correlated with porosity, which is in conflict with Eq. (7)
in (Véasarhelyi and Van 2006). Sandstone with high poros-
ity can absorb much more water, which can provide more
void space for water—rock action. The adverse influence of
porosity on the strength caused by water-weakening effects
in this study is in accordance with the literature (Wong et al.
2016), in which a negative power relationship was observed
between the UCS and porosity. Some other potential internal
and external factors influencing the water-weakening effects

8 -
y=6.0295/x
m  Calculated value by Eq. (6)
6 -
4 -
~
2 4
0 -
T T T 1
0 5 10 15 20

n (%)

Fig.20 The values of material parameter A versus porosity for 22
sandstones

can also be found in the review (Wong et al. 2016). Never-
theless, a novel finding in this study is that the relationship
between the UCS loss caused by water saturation and the
initial internal properties of sandstones (clay mineral con-
tent, elastic modulus and porosity) is quantified.

Conclusions

The strength loss of four typical sandstones is investigated
experimentally. The UCS, PLI and BTS values decrease
quickly with increasing water saturation levels, especially
when the water saturation level increases from 0 to 60%. By
comparison, both the exponential decay function and loga-
rithmic decay function can be used to predict the strength
loss under any water saturation.

To further investigate the correction of the intrinsic proper-
ties of sandstones with the water-weakening degree, multiple
linear regression analysis is conducted. The UCS loss caused
by water saturation is related to the porosity, elastic modu-
lus and clay mineral content. Sandstone with high porosity, a
large elastic modulus and large clay mineral content experi-
ences more and faster UCS loss when in contact with water.
The other potential factors influencing the water-weakening
effects on rocks need to be researched in the future.

A critical saturation level corresponding to the 90% UCS
loss is proposed in this study. The critical saturation values
for most sandstones are in the range of 60 ~80%, beyond
which the UCS loss caused by the increased water saturation
is very small. Sandstone with high porosity, a large elastic
modulus and a large clay mineral content has a smaller criti-
cal saturation value, which is more sensitive to water.

The clay minerals in these sandstones mainly include
illite, kaolinite and chlorite, which have low swelling abili-
ties. Therefore, the influence of the clay mineral content
on the water weakening of sandstones is not remarkable if
highly expansible clay minerals are absent. Highly expansi-
ble clay minerals play an important role in the water weaken-
ing of sandstones.
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