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Abstract

Rocks in nature are commonly in partially saturated conditions and exposed to dynamic loads. In this study, to explore the
coupled effects of water content and loading rate, dynamic Brazilian disc experiments were conducted on Yunnan sandstone
samples with four levels of water content (from air-dried to water-saturated) under various loading rates (from 100 to 600
GPa/s) using a split Hopkinson pressure bar. The test results show that for each water content, the dynamic tensile strength
of sandstone is positively sensitive to loading rate. The rate dependence of tensile strength increases as the rise of water
content. The change trends of tensile strength against water content depend on loading rate: as water content rises, the tensile
strength displays the manner of “no change followed by fast drop™ at loading rates of 10~ and 100 GPa/s. However, when
the loading rate is above 200 GPa/s, the tensile strength increases first and then declines. The turning point occurs at water
content between 1.0 and 2.0%. These observations can be interpreted with the competition between water weakening and

enhancing effects under different loading conditions.
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1 Introduction

In civil and rock engineering practices, rock structures often
suffer water erosion, probably due to rain, rivers, under-
ground water and atmospheric vapor [1]. Ubiquitous water
weakens rock strength and stiffness [2] and further results
in many geological and engineering disasters, such as land-
slides [3], tunnel collapse [4], and surface subsidence in
mine area [5]. In reality, rock materials commonly fail via
tension since their tensile strength (TS) is much lower than
their compressive strength [6, 7]. Therefore, it is necessary
to deeply understand the effects of water on the TS of rock
for the safety and stability of structures built in or on rock
foundations.
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A large number of studies relevant to the water-weaken-
ing effect on the TS of various rock types under quasi-static
loading conditions have been carried out, such as granite
[8], gypsum [9], limestone [10], marble [11], mudstone [12],
sandstone [13, 14] and siltstone [12, 15]. However, apart
from quasi-static loads, rock structures are also usually sub-
jected to instantaneous disturbances probably coming from
blasting, drilling or earthquakes [16, 17]. From the view
of loading rate (or strain rate), the deformation and frac-
ture of rock exposed to these loading forms pertain to the
dynamic category [18, 19]. Previous studies suggested that
the mechanical responses of rocks under dynamic loading
conditions vastly differ from those under quasi-static condi-
tions [20, 21]. Considerable effort should also be made to
explore the influence of water on the dynamic TS of rocks.

Research on the effects of water on the dynamic tensile
behavior of rocks is less documented. In limited publica-
tions (e.g., [22, 23]), high loading rate experiments are only
conducted under completely dry and water-saturated states.
Nevertheless, for most in situ conditions, rocks are not in
the two ultimate moisture states but in the intermediate-
saturated state (varying water contents) [24, 25]. To date,
the tensile behavior of rocks considering the coupled effects
of dynamic loading and water content is still not reported.
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This paper aims to experimentally explore the influence
of water content on the dynamic tensile behavior of sand-
stone. Four groups of sandstone samples with different water
contents are prepared. Dynamic tests are performed on Bra-
zilian disc sandstone samples under various loading rates
using a split Hopkinson pressure bar. The dynamic TS of
sandstone samples with different water contents is obtained
and compared at specific loading rates. The changes in the
rate dependence of TS against water content are revealed.
The mechanisms of water effects on the dynamic TS of rock
are elucidated. A brief review of important outcomes of
pertinent prior works is exhibited in the next three subsec-
tions, followed by the test methodology. Subsequently, the
test results and interpretations are presented.

2 Literature review

2.1 Testing methods for measuring tensile strength
of rock-like materials

Due to the brittleness of rock-like materials, it is very dif-
ficult to accurately measure their TS. To date, several meth-
ods have been suggested [26, 27] to determine the TS of
rock under quasi-static conditions, which can be generally
categorized into two types: direct tension and indirect ten-
sion (including Brazilian disc (BD), flattened BD, Brazilian
ring, three- or four-point bending, etc.). These methods can
be extended to the dynamic loading region. Additionally,
other dynamic indirect tensile methods have been proposed,
such as dynamic semi-circular bending [28] and spalling
tests [29].

The application of direct tension is very limited for rock
materials because of its striking inherent disadvantages, such
as complex sample geometry, high risk of misalignment
and negligible stress concentration. For the indirect ten-
sion method, the BD test is currently the most widely used
method due to the convenience for sample manufacturing
and testing. Hence, it has been recommended by the Inter-
national Society for Rock Mechanics and Rock Engineering
(ISRM) as the standard method for obtaining rock TS under
both quasi-static [30] and dynamic [31] loading conditions.

2.2 Water-weakening effects on the quasi-static
tensile strength of rocks

Research on the water-weakening effects on the TS of rocks
is much less documented compared to that on the uniax-
ial compressive strength [2]. For instance, Ojo and Brook
[13] measured the TS of Woodkirk sandstone using direct
tension tests. They reported that the TS of the sandstone
is decreased by 50% from dry to water-saturated condi-
tion. They also found that the direct TS gradually recovers
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with the evaporation of water in the rock sample. Vutukuri
[10] conducted Brazilian ring tests on Indiana limestone
immersed in water as well as other liquids. They suggested
that the TS of limestone decreases exponentially with the
dielectric constant and surface tension of the saturating
liquids. Hashiba and Fukui [8] performed direct tension
tests on four kinds of Japanese igneous rocks under dry and
water-saturated conditions. They pointed out that the loss
percentages of Japanese rocks after water saturation range
from 7.6 to 58%. The water-induced reduction rate (ratio of
dry strength to saturated strength) of TS is almost constant
for different rocks, which is 1.61 greater times than that of
UCS. Zhao et al. [14] explored the influence of water satu-
ration on the TS of a low clay-bearing sandstone using BD
tests. They discovered that the TS of sandstone is reduced
by 41.3% after immersion for 16 days. However, the TS of
the sandstone no longer drops as the immersion duration
increases. Similar results were also observed on gypsum
samples [9]. Erguler and Ulusay [12] qualified the influ-
ence of water content on the TS of 17 kinds of Turkish clay-
bearing rocks. They stated that the TS reduction of rock is up
to 90% with increasing water content. They also concluded
that the TS of rocks has a negative exponential correlation
with water content.

Figure 1 graphically illustrates the water-induced reduc-
tion in the quasi-static TS of different rock types. It is uni-
versally shared that water plays a weakening role in the
TS of rocks under quasi-static condition, although there
are remarkable differences in rock types, testing methods
and loading environments. The TS loss induced by water
saturation is primarily dependent on rock type. Moreover,
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Fig. 1 Water-induced loss percentage for the TS of rocks under quasi-
static condition. Data from [9, 10, 12, 14, 16, 17, 28, 31]
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sedimentary rocks commonly experience higher TS loss than
igneous and metamorphic rocks.

2.3 Effects of water on dynamic tensile strength
and rate dependence of rock-like materials

With the development of rock dynamic testing techniques,
research on the water effect on the dynamic TS of rocks has
drawn attention in recent years [34]. For example, Ogata
et al. [35] performed spalling tests on three Japanese rocks
under dry and water-saturated conditions using a split Hop-
kinson pressure bar. They reported that water saturation low-
ers the dynamic TS of rocks with higher porosity (Kimachi
sandstone and Tage tuff) but enhances their rate depend-
ence. However, no significant variation is recognized in the
dynamic TS of tight Inada granite with a low porosity of
0.49%. Cadoni [36] and Rossi [37] obtained the dynamic
direct TS of concrete in different humidity environments and
found that the dynamic TS of concrete rises as the relative
humidity of testing condition increases at the same strain
rate. They attributed this phenomenon to the Stefan effect
and local damage reduction. Huang et al. [22] measured the

dynamic TS of dry and saturated sandstone samples using
the dynamic BD method. They revealed that the reduction
percentage of TS declines with increasing loading rate. Sim-
ilar experiments were carried out on coal [38] and limestone
[39] samples.

Figure 2 shows the relationship between the TS of rock-
like materials and loading rates under dry and water-satu-
rated conditions. The TS of both dry and saturated samples
displays rate dependence. The TS is more sensitive to load-
ing rate in saturated condition. In several studies [38, 39],
the dynamic TS of saturated samples even exceeds that of
dry samples.

3 Experimental methodology

3.1 Rock material and sample preparation

A sandstone with ideal homogeneity and isotropy obtained
from Kunming, Yunnan (YN) province, China (called YN

sandstone) is chosen as the testing material. The polarized
image of thin section (Fig. 3a) shows that the YN sandstone

Fig.2 Variations in the TS 8
of dry and saturated samples
against loading rate (hollow and
solid symbols denote tested data
of dry and saturated samples;
dashed and continuous lines
represent fitted lines for the data
of dry and saturated samples).
Data from [28, 32, 33, 47]
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is very tight without visible fractures and is fine-grained
with an average grain size of 110 pm. Its grains are well
cemented by calcite. According to energy dispersive X-ray
analysis, the YN sandstone consists of 43% quartz, 17%
omphacite, 14% calcite, 11% hematite, 9% feldspar, 5%
clay minerals (mainly smectite) and 1% other minor min-
erals (see Fig. 3b). The average UCS of the YN sandstone
is 60 MPa. The porosity of the YN sandstone obtained by
water imbibition is 9.3 +1.4%, which is very close to the
value of 8.9 +0.7% measured by nuclear magnetic reso-
nance (NMR). The YN sandstone has an average density of
2380 kg m~> and a longitudinal wave speed of 2810 m s~

All samples were obtained from the same sandstone slab
without visible fractures to minimize the dispersion of sam-
ple properties [40]. Rock cylinders with a 50 mm diameter
were cored from the sandstone slab. The cylindrical cores
were then sliced into Brazilian discs with a length of 50 mm.
All ends of each sample were carefully ground to make them
parallel to each other. After that, all samples were placed in
a laboratory with good ventilation for air-drying.

To obtain the relationship between water content and
soaking duration, the mass of samples under dry condition
was measured, and then the rock samples were submerged in
distilled water for free soaking (Fig. 4a). The water content
of rock sample is defined as

M 7 Md o 100%
o 2 M

w=

where w is the water content of the sample; m,, and m, are
the masses of wet and dried samples.

Figure 4a shows the variation in water content in the
YN sandstone sample via free soaking. The water content
in the YN sandstone sample experiences three phases: fast

(@) (b) 4

Distilled water
25°C

Water Content (%)

Water tank

rising-slow rising-constant. After 24 h, the water content
of the sandstone sample remains at 3.5%, indicating that
the sample becomes completely water saturated. We con-
sidered that the maximum water absorption was approxi-
mately 3.5%. The water contents for testing were chosen at
0, 1.0, 2.0 and 3.5%, and the corresponding soaking time
needed was 10 min, 30 min, 3 h and 24 h, respectively. We
can obtain sandstone samples with the target water content
accordingly.

3.2 Experimental setup

Dynamic BD tests were performed using a split Hopkin-
son pressure bar (SHPB) system placed at the Rock Impact
Laboratory in School of Resources and Safety Engineering,
Central South University. As shown in Fig. 5, the SHPB
system includes a triggering unit, three central-aligned bars
with a diameter of 50 mm (i.e., incident, transmitted and
absorption bars), a data acquisition system (including an
oscilloscope and a dynamic strain meter) and a high-speed
photography system (including a high-intensity spotlight
and a high-speed camera). The striker and three bars are
made of high-strength alloy steel (40 Cr) with a density of
7800 kg-m~>, a yield strength of 725 MPa and an elastic
modulus of 233 GPa. To eliminate the dispersion effect and
achieve dynamic force equilibrium, we used the cone-shaped
striker proposed by Li et al. [41] to generate the half-sine
wave with a slow-rising edge (Fig. 6a). A more detailed
introduction to the SHPB system can be found in previous
publications [42, 43].

In SHPB tests, the dynamic force on both ends of the rock
sample can be calculated as [21, 31]

® T‘ L d L J L J L 4
10 15 20 25 30

Immersion Time (h)

Fig. 4 a Illustration of free-soaking and b change in water content of the YN sandstone sample with immersion time
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Fig.6 a Raw data recorded in a typical dynamic BD test; b history curves of dynamic tensile stress

Fi (1) = EA, [g (D +e€ R(t)] When the stress equilibrium on both ends of the sample is
{ Fy(t) = E Ay e (1) ’ (@) Eat;s'ﬁed, i.e., £,(t) + €x(1) = £4(¢), the average dynamic force
f 18

where F, and F), are the dynamic forces during testing; E, ] ]

and Ay are the elastic modulus and the cross-sectional area  F (t)==E,A, [e,(t) +ex(0) + sT(t)] = —E A (1) 3)
) . 2 2

of the bars; ¢, £, and €7 are the measured strain signals (see

the original data in Fig. 6a) on the bars.
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3.3 Testing method

We conduct Brazilian disc (BD) tests to determine the
tensile strength (TS) of rock samples under both quasi-
static and dynamic loading conditions. According to
the principle of BD testing [6], the BD sample is dia-
metrically compressed to induce tensile stresses normal
to the vertical diameter. If the failure of the BD sample
initiates at the disc center where the maximum tensile
stress should theoretically locate, the TS (o,) under quasi-
static condition can be calculated as [30]

_ 2Fmax 4
%= ZDB” ¥
where F_,, is the maximum load during the BD test; D

and B are the diameter and thickness of the BD sample,
respectively.

Theoretical and experimental studies indicate that in
dynamic tests, the TS can be determined as the quasi-
static form when the force equilibrium is reached [44]:
2F (1)

27 max 5)

d
1) = S
°W0=—T7p

where atd is the dynamic TS and F(z‘)max is the maximum
value of the average dynamic force () on both sides of the
BD sample.

(a)

3.4 The determination of loading rate

A large number of previous studies indicate that the dynamic
strength of rock materials is greatly sensitive to loading rate
or strain rate under dynamic loading conditions [20, 45].
The dynamic TS of rock is comparable at similar rate levels.
Figure 6b shows the evolution curves of the tensile stress and
strain rate with time during a typical dynamic BD test. We
can see that the curve of dynamic stress evolution displays
a linear period from 50 to 75 ps when the stress increases
steadily with time. The loading rate of this sample is char-
acterized by the slope of the linear regime [31].

In SHPB tests, the loading rate is controlled by the gas
pressure actuating the striker launched from the gas gun. In
this study, the dynamic loading rates of BD samples range
from 100 to 600 GPa/s. For comparison, quasi-static BD tests
are also conducted using a servo-controlled material testing
machine (MTS-647) at a constant loading rate of 10 GPa/s.

4 Testresults

4.1 Macroscopic failure pattern

Figure 7 shows the failure patterns of postmortem YN sand-
stone samples with different water contents. As shown in

Fig. 7 Failure patterns of sandstone samples: a dry and b saturated samples under quasi-static loading condition; c—f samples with water con-
tents of 0, 1, 2 and 3.5% under dynamic loading conditions at a loading rate of 200 GPa/s
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Fig. 7a and b, in the quasi-static loading test, regardless of
water content, the BD samples are split into perfect halves
along the diametrical loading path. No observable damage
occurs in the area contacting the loading platen. The failure
patterns of the samples are, however, evidently affected by
water content under dynamic loading condition (200 GPa/s),
although all samples still seem to be split along the diametri-
cal line. For the dry sample, there is sometimes more than
one crack along the failure line, forming a crushed zone (see
Fig. 7c). As the water content rises, the sample tends to fail
with fractured zones near the loading points. The sandstone
sample is softened greatly after being well saturated and
deforms more easily under external force [2]. When sub-
jected to dynamic loading, the zone near the loading point
deforms very quickly, and the compressive and shear stresses
between the sample and bars result in local damage. Thus,
wedge-like damage zones occur at the edges of samples with
relatively higher water contents during dynamic BD tests.

4.2 Dynamic failure process

The test result is valid only if the primary crack initiates at
the center of the BD sample according to the assumptions of
BD testing [6]. Therefore, the fracturing processes of sam-
ples were monitored and recorded by a high-speed camera
to verify the validity of each test.

Figure 8a shows the fracture process of the dry sample
in the dynamic BD test (corresponding to Fig. 7c). It can
be clearly seen that a macrocrack first occurs at the center
of the BD sample at 117 ps. Then the central crack propa-
gates along the loading direction until it totally coalesces at
169 ps. After that, several secondary cracks develop to form
a central crushing zone. This failure process is obedient to
tensile fracturing. Equations 4 and 5 are valid for the calcu-
lation of tensile strength provided that the force equilibrium
on both ends of the sample is met. For the water-saturated
sample (Fig. 8b), although the final pattern (Fig. 7f) is such
different from that of the dry sample, its test datum is still
valid due to the primary crack initiating at the sample center
followed by edge indentation.

4.3 Effect of water content on dynamic tensile
strength of sandstone

After the check of crack initiation and force equilibrium,
the dynamic TS of samples in valid tests was obtained as
listed in Table 1. Figure 9 shows the relationship between
the TS and water content for BD tests conducted under seven
loading rates. We can see that the changing trends of TS
against water content are dependent on loading rate. Under
quasi-static loading condition, when the water content rises
to 1.0% from 0, the TS of the YN sandstone displays a neg-
ligible reduction of 1.44%. After that, the TS remarkably

/ i
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104 ps 156 us

/1

Central crushing
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351 us 650 us 1040 ps
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/
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Fig. 8 Fracturing processes of a dry and b saturated samples obtained
by a high-speed camera in typical dynamic BD tests

declines as water content increases (Fig. 9a). Similarly, at a
loading rate of 100 GPa/s, the TS experiences a weakening
pattern of “no change followed by a fast drop”. However,
when the loading rate exceeds 200 GPs/s, the TS of the YN
sandstone increases first and then decreases with increasing
water content (Fig. 9c—g). The peak value of TS occurs at
the water content of 1.0%. Taking the results at 500 GPa/s
as an example (Fig. 9f), the average TS of dry samples is
13.4 MPa. When water content is 1.0%, the TS is 14.5 MPa,
rose by 8.21%. After that, the TS gradually drops as the
water content rises.

4.4 Rate dependence of tensile strength
of sandstone samples

To further elucidate the relationship between the loading
rate and the TS of samples with each water content, the
tested data are plotted in terms of water content, as shown
in Fig. 10. The dynamic TS of the YN sandstone samples is

@ Springer
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Table 1 Test results of BD tests W%

Lo Designed 6/GPa
in this study

0.0 107
100
200
300
400
500
600
1.0 107
100
200
300
400
500
600
2.0 107
100
200
300
400
500
600
3.5 107
100
200
300
400
500
600

n Actual 6/GPa/s Tensile strength/MPa DIF
Ave STD Ave STD

4 107 0.00 1.7 0.05 -

4 98 5.79 8.8 0.29 5.06
4 205 6.13 10.6 0.34 6.14
3 301 5.35 11.5 0.23 6.65
4 388 5.95 12.8 0.40 7.37
4 497 6.17 134 0.33 7.70
3 604 6.51 14.0 0.38 8.05
4 107 0.00 1.7 0.05 -

4 102 7.45 8.7 0.56 5.07
4 201 7.40 11.4 0.60 6.64
4 289 6.51 12.5 0.60 7.30
3 410 9.50 13.5 0.42 7.88
3 492 7.46 14.5 0.42 8.46
4 607 8.22 15.0 0.52 8.75
4 107# 0.00 14 0.06 -

4 106 6.91 7.9 0.68 5.47
2 203 6.89 10.1 0.90 6.98
4 296 5.39 11.7 0.72 8.10
3 397 8.97 12.5 0.85 8.67
4 502 6.91 132 0.55 9.14
3 586 8.42 13.9 0.63 9.63
4 1074 0.00 1.2 0.05 -

3 102 4.14 7.0 0.31 5.75
3 198 5.90 8.8 0.47 7.23
4 304 5.89 10.7 0.53 8.82
4 417 572 11.9 0.55 9.82
3 508 6.09 12.6 0.57 10.44
4 611 6.22 13.2 0.53 10.92

6 loading rate, n number of valid data, Ave average value, STD standard deviation, DIF dynamic increase

factor

greatly sensitive to loading rate regardless of water content;
in other words, the dynamic TS rises with increasing loading
rate. Previous studies suggested that the dynamic strength of
rock follows a positive power correlation with loading rate
(or strain rate) as [46, 47]

O'Zd((f) = as?, 6)
where ; is loading rate; , and j, are fitting constants. The
constants @ and b and the determination coefficients (R%)
obtained by Eq. 6 for samples with specific water contents
are listed in Table 2. The high values of the determination
coefficient and the good agreement between the test data and
fitting curves (see Fig. 10) indicate that the power model can
properly describe the atd/c'r correlation.

Parameter b is a dimensionless constant characterizing
the rising rate of strength with increasing loading rate (rate
dependence). The higher the value of b is, the stronger the

@ Springer

dependence of the dynamic TS on the loading rate. From
Fig. 11a, we can clearly observe that the value of b signifi-
cantly rises with increasing water content. The dynamic
increase factor (DIF, the ratio of dynamic strength to
quasi-static strength) is another important indicator
to characterize the loading rate effect on rock strength.
Figure 11b further exhibits the DIF change in the TS of
YN sandstone samples with different water contents. At
given loading rates, the DIF of TS continuously rises with
increasing water content. Another observation is that the
sample with a higher water content has a greater increas-
ing rate of DIF, resulting in the difference in DIF between
the samples with various water contents growing much
more evident as the loading rate increases. These find-
ings suggest that the presence of water encourages rock
strength to grow under dynamic loading circumstances.
The underlying mechanisms will be discussed later.
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Fig.9 Tensile strength of sandstone sample against water content at different loading rates: a 107, b 100, ¢ 200, d 300, e 400, f 500 and g 600

GPa/s

4.5 Water-affecting factor of tensile strength
at different loading rates

The water-affecting factor (WAF), defined as the ratio of the
strength of the wet sample to that of the dry sample obtained at
the same loading rate, is applied to quantify the effect of water
content on the tensile strength of YN sandstone. To diminish
the deviation of the loading rate, the values of dynamic TS
are not chosen from the actual tested data (Table 1) but are

calculated by fitting power functions (see Table 2) at load-
ing rates of 100-600 GPa/s (with a constant interval of 100
GPa/s).

Figure 12 shows the WAF versus loading rate for the
samples with different water contents. At a given load-
ing rate, the WAF declines with increasing water content.
Similar to TS, the WAF of the YN sandstone samples is
also positively dependent on the loading rate. Additionally,
the rising rate of the WAF against the loading rate rises
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Table2 Correlations between loading rate and dynamic tensile
strength under different water contents

w/% Expression equation a b R?

0 atd(d-) = 2.664 02 2.664 0.259 0.993
1.0 th(d') =2.322602% 2.322 0.293 0.983
2.0 atd(c‘r) = 1.858 0310 1.858 0.316 0.986
35 atd(d-) = 1.285 50366 1.285 0.366 0.995

with increasing water content. Therefore, the difference in
the WAF caused by water content will be gradually dimin-
ished as the loading rate increases.

From Fig. 12, we can also observe that under quasi-static
loading condition (10 GPa/s), the WAF values of all sam-
ples are lower than 1.0, which means that water weakens
the quasi-static TS of the YN sandstone. Interestingly, the
response of TS is affected by water content when subjected
to dynamic loading. For samples with a water content of
1.0%, their WAFs are higher than 1.0 when the loading rate
exceeds 100 GPa/s. This implies that the relatively lower
water content plays an enhancing role in the tensile strength
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under higher loading rate. However, when the water contents
are 2.0% and 3.5%, the values of WAF are still lower than 1.0
but gradually approach unity with increasing loading rate.

5 Discussion

5.1 Water-weakening mechanisms
under quasi-static loading condition

Various mechanisms have been proposed for water-weak-
ening effects on rock strength, in which the pore pressure
increase [47, 48], frictional reduction [49], and physical and
chemical reactions [50, 51] are widely accepted. However,
the dominant factor hinges on rock types and testing condi-
tions [52]. For BD testing, the effects of pore pressure and
frictional reduction are negligible due to tension-induced
rock failure. According to the mineral composition of the
YN sandstone (Fig. 3b), the water-weakening effects on
the quasi-static TS are possibly attributed to physical and
chemical reactions between rock/distilled water. Concretely
speaking, quartz hydrolysis (also called stress corrosion)
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Fig. 11 a Variation of b versus (a)
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Fig. 12 WAF of tensile strength for YN sandstone with different
water contents against loading rate

[51], clay softening and swelling [53] and calcite dissolu-
tion [50] can deteriorate the rock skeleton, which could be
primarily responsible for TS loss.

There exists another interesting observation that the
reduction in TS of the sample with 1.0% water content is
absent under quasi-static loading condition (see Fig. 9a). The
probable reasons are as follows: (1) the quartz hydrolysis is
limited by the lower volume of water in pores, which causes
the free water to hardly arrive at crack tips during load-
ing; (2) the 30 min imbibition duration needed for the dry
sample to obtain a 1.0% water content is not enough for the
full reactions between minerals and water; and (3) only wet-
ting the outside but the rock core still maintains a dry state.
The last speculation can be verified by nuclear magnetic

] 0.316
0.293
0.259 & L5
0.5 L , —
0 2 3 4

T T T
100 200 300 400 500 600
Loading rate (GPa/s)

resonance (NMR) images showing the water imbibition pro-
cess (see Fig. 13). We can clearly observe that water mol-
ecules migrate from the free surface of the BD sample into
its core during imbibition, and the dry state of the rock core
with a 1.0% water content is not actually changed, which
leads to the change in TS being insignificant when the water
content is 1.0% as tensile cracks initiate at the center of the
BD sample.

5.2 Strength compensation under dynamic loading
condition

In dynamic BD tests, the rate dependence of TS rises with
increasing water content (Fig. 10). The WAF also increases
against loading rate. In particular, the WAF of the sample
with a 1.0% water content is greater than 1.0. These phe-
nomena indicate that water plays an enhancing role in rock
strength under high loading rates. Previous studies suggested
that the rate dependence of rock strength mainly contributes
to the inertial effect and the viscous behavior of bulk materi-
als in defects [20, 54]. Therefore, we can rationally speculate
that water-enhancing effects under high loading rates involve
the following mechanisms:

1. Increase in the inertia effect: when subjected to dynamic
loading, the rock deforms very fast. The inertia of rock
causes confinement () to enhance its strength. The con-
tribution magnitude of the inertial effect to rock strength
is proportional to both rock density and loading rate
[55].

2. Invalidation of quartz hydrolysis: quartz hydrolysis is
only valid when water can diffuse into newly created
crack tips instantly [51]. However, the crack speed of
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Fig. 13 NMR images for sections of the YN sandstone with different water contents (blue dots are molecules of free water)

Fig. 14 Schematic of stresses Incident bar
induced by free water at the
central initial defect in the F Rock skeleton
dynamic BD test -‘
................. Om
Original sample " T X 2 &
\,~“. .
5 —> R
i hem . @@=
H i Os 0;
— -«
b
/' 3
Deformed sample N

Transmitted bar

rock during dynamic loading is too high to allow water
to spread to crack tips [45, 56], such that quartz hydroly-
sis is disabled.

Meniscus effect: under dynamic loading conditions, a
roughly circular meniscus of water will be generated
near the crack tip because the speed of water flow is
much slower than the crack speed. The meniscus will
exert suction stress (c,,) on the walls of the crack tip to
restrain crack propagation (see Fig. 14). The resisting
stress induced by Meniscus effect is [57]:

_ 2Vycos®

O = )
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4.

where y is the volume of free water; ¥ is the surface
energy of water; g is the wetting angle of the meniscus;
h is the initial distance between the defect walls; A is the
surface area of the defect wall. 5 is proportional to the
volume of free water in the defect but not dependent on
the loading rate.

Stefan effect: in the case of a volume of water being
trapped between two parallel plates with a small distance
h, an opposing force can be deduced when the plates
are separated with a high speed /. The sidewalls of the
defect can be considered as pairs of plates. When the
BD sample is loaded dynamically, both sidewalls of the
central defect are separated very fast, and free water can
exert tensile stress on the walls to hinder crack opening
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and propagation due to its viscosity (Fig. 14). The aver-
age stress caused by Stefan effect (o) is expressed as
[57]:

3V
=—"0"'h, 8
%= 2zl ®
where 4, is the viscosity of the liquid; h = dh/dt is the
relative speed of the two walls of the defect. o, is pro-
portional to the loading rate as 4y, is proportional to the
external force.

For simplification, we assume that under completely dry
condition, the measured dynamic TS of rock without the
consideration of micro- and macro-fracturing patterns can
be expressed as

ol =0 +f(0,), ©)

where o is the quasi-static TS of the rock skeleton; f (O'i )
is the strength enhancement by inertia. Following the same
logic, due to the meniscus effect and Stefan effect, the
dynamic TS of wet rock should be expressed as (Fig. 14)

o’ =6 +f(c;) +f(0,) +f(cy). (10)

where 67" is the quasi-static tensile strength of the rock
skeleton with a given water content; f(c,,) and f(o,) are
strength enhancements caused by the meniscus effect and
Stefan effect, respectively.

The above simple models suggest that the strength of wet
rock is governed by the coupled effects of water weakening
and enhancement. Some experimental observations in this
study can be interpreted by the dual effects of water:

1. Why does the sample with a higher water content have
a greater rate dependence? Under dynamic loading, the
enhancing effects of water are activated. At the same
loading rates, f (Ui) increases with increasing water con-
tent on account of the higher density of rock samples
with higher water content. Additionally, the terms

f (0111)

and f( ) are always promoted by the volume of water
O-Y

in the defect according to Eqs. 7 and 8. Hence, the
dynamic strength increment to the quasi-static strength
is much more significant as the water content rises at a
certain loading rate.

2. How does the water content affect the tensile strength
of rock under dynamic loading? The rock strength is
the result of competition between water weakening and
enhancing effects. When experiments are conducted
under quasi-static loading conditions, the presence of
water plays an absolute weakening role due to the deac-

tivation of the enhancing effects at such slow loading
rates. The effects of water are, however, much more
complicated under dynamic loading conditions. For the
sample with a water content of 1.0%, the water-enhanc-
ing effects control the rock strength due to the limited
weakening effects, which leads to the dynamic TS
exceeding the value of the dry sample. However, when
the water content is greater than 2.0%, the TS of rock is
still lower than that of dry rock at relatively lower load-
ing rates, but the WAF notably rises compared to that
tested under quasi-static condition. This is likely because
the strength reduction caused by water-weakening is
partially compensated by the activated water-enhancing
effects, although the weakening factors of water are still
dominant. Owing to the greater rate dependency of the
rock sample with higher water content, water-weaken-
ing effects will be totally offset by the enhancing effects
provided that the loading rate is high enough. It is thus
speculated that the dynamic TS of rock with a water
content greater than 1.0% will ultimately surpass that
of dry rock as the loading rate increases. For the water
content of 2.0%, the critical loading rate is 500 GPa/s,
which further lends credence to our deduction. Unex-
pectedly, the dynamic TS of water-saturated samples
(3.5%) is always lower than that of dry samples for the
explored loading rate range. This could be ascribed to
the fact that (1) the loading rate is still not high enough.
The strength of the saturated sample likely exceeds that
of the dry sample if the loading rate progressively rises
according to the TS increasing trends against the loading
rate; (2) the opposing force induced by the Stefan effect
is limited by the adhesion between the wall of the rock
defect and water [58]. Further work is needed to verify
the explanation.

6 Conclusions

In this paper, dynamic Brazilian disc tests were performed
on sandstone samples with water contents of 0, 1.0, 2.0 and
3.5% under various loading rates (up to 600 GPa/s) using
an SHPB setup. The effects of water content on the tensile
strength (TS) and its rate dependence of YN sandstone under
dynamic loading conditions were investigated. Main conclu-
sions can be drawn as follows:

1. The variation trends of TS in terms of water content are
controlled by the loading rate. At a relatively lower load-
ing rate (less than 100 GPa/s), the trend of TS displays the
“no change followed by fast drop” pattern with increasing
water content. However, the TS changes in the manner
of an “initial rise followed by a gradual reduction” once
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the loading rate exceeds 200 GPa/s, in which the turning
point of the water content is between 1.0 and 2.0%.

2. For any water content, the TS of the YN sandstone
increases with increasing loading rate. The rate depend-
ence of TS is stronger in the sample with a higher water
content.

3. Two types of competitive mechanisms codetermine the
dynamic TS of wet rocks. On the one hand, water-weak-
ening effects deteriorate the skeleton of rock, which are
responsible for TS reduction. On the other hand, water-
enhancing mechanisms, including increasing inertia
effect, the invalidation of quartz hydrolysis, Meniscus
and Stefan effects, are activated at high loading rates. All
of these favor the increase of TS. The water-enhancing
effects of rock are proportional to both the water content
and loading rate.

4. Limitations and prospects: the water-enhancing effects
on rock strength are qualitatively analyzed and discussed
in the present study. However, the quantitative contri-
butions of the specific water-enhancing effect to rock
strength at different loading rates are still not unknown
due to the difficult determination of several parameters
in Eqgs. 7 and 8. More elaborate experiments should be
designed and conducted to validate these speculations,
such as the influences of fluid viscosity, porosity and
pore geometry on the resisting stress caused by Menis-
cus and Stefan effects under dynamic loading conditions.
Moreover, in terms of numerical modeling, it is very
promising that the functions for water-induced resisting
forces are imbedded into a numerical code to explore the
dynamic behavior of wet rocks.
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