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Abstract: The strength of rock materials is largely affected by water and loading conditions, but there are few studies on mechanical
properties of saturated rocks at high strain rates. Through compressive tests on dry and saturated sandstone specimens, it was found
that the dynamic compressive strength of both dry and saturated sandstone specimens increased with the increase of strain rates. The
saturated rock specimens showed stronger rate dependence than the dry ones. The water affecting factor (WAF), as the ratio of the
strength under dry state to that under saturated state, was introduced to describe the influence of water on the compressive strength at
different strain rates. The WAF under static load was close to 1.38, and decreased with the increase of strain rate. When the strain rate
reached 190 s, the WAF reduced to 0.98. It indicates that the compressive strength of saturated specimens can be higher than that of
dry ones when the strain rate is high enough. Furthermore, the dual effects of water and strain rate on the strength of rock were
discussed based on sliding crack model, which provided a good explanation for the experimental results.

Key words: rock; strength; strain rate; saturated rock

1 Introduction

Water plays an important role in controlling the
strength of rocks. In order to investigate the influences of
water on the strength of rock material, the static
compressive strength of saturated rock materials has
been widely studied. COLBACK and WIID [1] showed
that the uniaxial compressive strength of well-saturated
quartzitic sandstone could reduce up to 50%. BROCH [2]
reported the unconfined compressive strength reductions
of 33%-53% for phaneritic igneous and metamorphic
rocks of low porosity (0.3%—1.2%) from dry to saturated
state. HAWKINS and MCCONNELL [3] investigated
the influence of water content on the strength and
deformability of 35 different British sandstone rocks and
proposed an empirical relationship between water
content and  uniaxial  compressive  strength.
VASARHELY! [4] also conducted a lot of experiments
to investigate the effect of water saturation on the static
properties of rocks and obtained the relationship between
different perto-physical parameters. LI et al [5]
accomplished a large amount of tests on two kinds of
meta-sedimentary rock specimens (meta-siltstone and

meta-sandstone) under triaxial compression, and found
that when the state of rock specimen changed to wet
from dry, the peak cohesion increased by about 3% while
the friction angle decreased by 26% for meta-siltstone;
and the peak cohesion increased by about 14% while the
friction angle decreased by 10% for meta-sandstone.
From the above, it is commonly understood that the
static compressive strength of fully saturated rock
materials is usually smaller than that of dry ones.
However, all the researches mentioned above were
based on static tests, limited studies can be found on the
dynamic properties of saturated rocks. In fact, the rock
and rock mass are usually broken and failed dynamically
in rock engineering applications, such as impact,
explosion, rock burst and seismic events, thus the
investigation on the dynamic compressive strength
weakened by water is greatly meaningful to assess the
stability of rock structure and control the hazard of rock
engineering. To examine the effect of water on dynamic
tensile strength, OGATA et al [6] conducted a series of
SHPB experiments at high porosity sandstone in both dry
and saturated state and claimed that water reduced
dynamic tensile strength as in the dry state. HUANG
et al [7] investigated the water-weakening effect on the
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tensile strength of Longyou sandstone with a wide range
of loading rates, their experimental results demonstrated
that the tensile strength of sandstone is water softening
and the softening factor decreases with the increase of
loading rate. ZHOU et al [8] carried out lots of impact
tests on sandstone with different water contents, and
found that when the strain rate is 100 s, both of
dynamic compressive and tensile strengths of rock
decrease with the increase of water content. By now, the
properties and the water-weakening mechanisms of rock
under dynamic compression are not acceptable
universally. Thus, more information about the effect of
water on the dynamic properties of rocks at different
strain rates should be investigated.

In this study, tests have been conducted on both dry
and saturated sandstone specimens in a wide range of
strain rates by means of the INSTRON and Split
Hopkinson Pressure Bar (SHPB) setup, the strength with
the same strain rate but different saturation states was
compared, and the strain rate sensitivity of the
compressive strength was also examined. In addition,
different rate sensitivity and variation of strength of both
dry and saturated sandstone specimens were explained
based on the sliding crack model.

2 Experimental

2.1 Specimen preparation

The rock material was a fine-grained sandstone. The
mineral composition of this sandstone was determined by
X-ray diffraction (XRD). It consists of 55% quartz, 23%
feldspar, 9% mica, 6% calcite, 3% chlorite and a few
clay minerals (1%—4%). Some essential physical
properties of the sandstone were measured as density
2337.5 kg/m®, porosity 6.2%, and P-wave velocity
2640.9 m/s.

All specimens were extracted from a single
sandstone block which had high geometrical integrity
and petro-graphic uniformity. They were manufactured
in accordance with the standards in the ISRM
(International Society for Rock Mechanics) suggested
specification [9]. The ends of specimens were polished to
ensure the surface roughness less than 0.02 mm and the
end surface perpendicularity to its axis less than
0.001 rad. After the measurement of the dimensions of
all specimens, the P-wave velocities of all specimens
were also measured to pick out specimens with similar
velocity for the tests.

The static compressive tests were conducted on
INSTRON system. The average static compressive
strength of the dry specimens was 34.8 MPa, and that of
the saturated ones was 25.5 MPa.

2.2 SHPB technique and its principle
SHPB is a very popular and promising experimental

technique for the study of material behaviors at different
strain rates for its easy operation and accurate results [9].
As shown in Fig. 1, the SHPB system, modified by LI
et al [10,11], consists of a cone-shaped striker bar, an
input bar, an output bar and an absorption bar, which are
made of high strength 40Cr steel with a density of
7800 kg/m?, an elastic modulus of 250 GPa and a yield
strength of 800 MPa.

During a test, the cone-shaped striker bar was shot
out from the gas gun at a high velocity and impacted the
front end of the input bar. Then, a half-sine wave (input
wave) was generated and propagated along the input bar
towards the specimen. Once the wave reached the
bar/specimen interface, a part of it was reflected, whilst
the remaining part went through the specimen and
transmitted into the output bar. By collecting signals on
the input and output bars (Fig. 1), the dynamic
parameters of the specimen can be obtained.

Strain gauges
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Fig. 1 Schematic of SHPB technique

In Fig. 1, A; denotes the input bar/specimen
interface and A, represents the specimen/output bar
interface. ¢ represents the measured signals on the bars,
where the subscripts I, R and T represent incident,
reflected and transmitted pulses, respectively. The
arrowheads show the direction of wave propagation.
According to SHPB principles, the relationship of the
stress, strain and strain rate of the specimen can be
derived as follows:

o(t) = ‘;Ze [6(0) + e () + &1 (] 0
o0 = 15 0 e ) (O @
&) :%[s. ()~ a () — £ (O] 3

where A, C. and E. are the cross sectional area (mm?),
wave velocity (km/s) and elastic modulus of elastic bars
(GPa), and A, and L, are the cross-sectional area (mm?)
and length of the specimen (mm), respectively.

2.3 Experimental program

A total of 60 specimens were prepared in dynamic
compressive tests. Firstly, specimens were placed in a
105 <C oven long enough to reach the completely dry
state, then the dry masses of the specimens were
measured after they had cooled down to room
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Table 1 Parameters and test results of dry specimens in
Strain  Strength/
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P-wave

temperature. Then, half of them were selected and
immersed into purified water within an airtight container dynamic compressive tests
maintained in a_vacuum environ_ment for 48 h. At that Specimen Diameter/ Length/ !
time, these specimens were considered to be completely No. mm mm VoY eist MPa
saturated. Before tests, all prepared specimens were put (ms )
into airtight plastic bags and stored in a room at constant DD-1 49.09 5004 26477 77 48.77
tempera’[ure. DD-2 48.92 50.05 2644.0 71 49.21
As known, in SHPB tests, the strain rates of DD-3 49.05 50.02 26424 83 50.97
specimens were mainly controlled by adjusting the gas DD-4 49.03 50.00 2629.4 88 51.42
pressure. To obtain the dynamic compressive strength of DD-5 48.93 4998 2629.8 96 54.09
sandstone specimens with a wide range of strain rates, DD-6 4898 5001 26351 92 51.84
specimens should be impacted under different gas DD-7 48.91 5000 26409 101 5118
pressures. Before formal tests, preliminary tests were DD-8 48.98 4099 26263 98 55.90
conducted to determine the range of gas pressures.
During the preliminary tests, it was found that no DD-9 48.93 5001 2638.2 109 57.93
obvious damage occurred in the sandstone specimens DD-10 48.96 5003 26568 112 95.12
until the gas pressure increased to 0.4 MPa, at that time, DD-11 ~ 49.06  50.01 26499 113  56.65
the specimen fractured into a number of large size DD-12 49.06  50.06 26227 117 56.46
fragments or only macro-cracks were generated, whereas DD-13 49.00 49.97 26241 135 64.33
the sandstone specimens were crushed into powder when DD-14 49.04 50.05 26588 147 62.90
the gas pressure was adjusted to 0.7 MPa. Considering DD-15 4903 5006 26554 140  64.12
the preliminary tests results and the research objective, DD-16 49.00 5008 26318 149 64.06
the range of gas pressures was detgrmlned from 0.4 'Fo DD-17 49.03 5008 26538 154 65.11
0.8 MPa for the dynamic compressive tests. The strain
. 1 DD-18 48.99 50.06  2659.5 155 68.93
rates of specimens were from 50 to 250 s .
The test procedures were in accordance with the DD-19 49.07 5000 26515 160 65.01
ISRM suggested methods [9], and the details of DD-20 4898 5006 26579 160  64.35
parameters and results of dry and saturated specimens DD-21 48.93  50.02 26426 162  66.33
are shown in Tables 1 and 2, respectively. DD-22 49.04  50.03 2639.6 170 73.14
DD-23 48.93 49.96 2624.8 175 74.03
3 Test results and discussion DD-24  49.06 4996 26393 173 7242
) ) ) DD-25  49.00  50.02 26437 195  80.27
3.1 Co_mpresswe strength under fjlfferent strain rates DD-26 48.95 4992 26278 200 80.31
Figure 2 s-hows the compr.esswe strength of dry and DD-27 48.96 5003 26237 204 8147
saturated specimens under different strain rates. The
DD-28 48.91 50.06 26484 228 88.66
DD-29 48.98 50.02 2654.0 229 89.06
DD-30 49.02 49.98  2626.0 223 89.12
(4)

static test results were also denoted. It can be seen that
the compressive strength of saturated specimens is
obviously lower than that of dry specimens under static
compressive test, and the difference value decreases with
the increase of strain rate. When the strain rate reaches
about 180 s, the compressive strengths of dry and
saturated specimens are close to equal. After that, the
compressive strength of saturated specimens is even
230 s ' were picked out and the DIFs were calculated. As
shown in Fig. 3, the compressive strength of saturated
specimens has higher rate dependence than that of dry
ones, and their difference is observed to increase with

increasing strain rates. For example, at strain rate of
90 s, the DIFs of dry and saturated sandstone

=%
where Sy is the DIF, &, is the dynamic compressive

strength and o is the static compressive strength.
To quantify the rate dependency, both the dynamic

compressive strengths of dry and saturated specimens at
strain rates of 70, 90, 110, 130, 150, 170, 190, 210 and

greater than that of dry specimens.

3.2 Dynamic increasing factor

It can also be seen from Fig. 2 that the compressive
strength of both the dry and saturated specimens is rate-
dependent, i.e., the compressive strength increases with
the increase of strain rate. The dynamic increasing
rates is often
specimens and the difference are 1.46, 1.68 and 0.22,
respectively.

factor (DIF) under different strain
introduced to represent the effect of strain rate on the

compressive strength of rock specimen [12,13]. The DIF

is defined as
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Table 2 Parameters and test results of saturated specimens in
dynamic compressive tests

. . P-wave .
Specimen Diameter/ Length/ velocity/ Strain  Strength/
No. mm ,1y rate/s’  MPa
(ms”)

DS-1 49.03 50.06
DS-2 49.01 50.04
DS-3 48.97 49.94
DS-4 48.97 49.98
DS-5 48.94 50.05
DS-6 49.03 49.95
DS-7 49.01 49.91
DS-8 48.96 49.98
DS-9 49.00 49.92
DS-10 49.02 49.96
DS-11 48.96 50.06
DS-12 48.92 50.09
DS-13 48.93 50.04
DS-14 49.00 50.00
DS-15 49.02 49.94
DS-16 48.96 50.05
DS-17 49.08 49.95
DS-18 49.05 49.95
DS-19 48.93 49.95
DS-20 48.98 49.98
DS-21 48.98 50.05
DS-22 49.05 49.92
DS-23 49.01 49.97
DS-24 49.03 50.05
DS-25 48.93 50.01
DS-26 48.97 50.03
DS-27 49.02 50.07
DS-28 49.02 50.03
DS-29 48.97 49.94
DS-30 48.93 50.09

3107.7 82 44.19
3109.3 74 40.72
3093.5 86 45.28
3105.6 83 45.00
3068.0 86 43.36
3089.3 96 48.90
3059.1 93 41.57
3107.0 98 42.84
3059.4 106 44.43
3072.1 106 44.00
3097.3 101 42.88
3082.2 102 41.99
3082.8 119 52.09
31133 122 52.86
31144 114 47.78
3092.1 136 59.52
31183 144 66.21
3119.2 149 63.76
3085.8 148 66.83
3092.7 154 59.57
3059.3 156 66.45
31109 155 64.04
3068.1 172 71.85
3073.1 175 71.00
3109.9 196 82.34
3097.8 200 83.17
31044 211 82.13
31028 221 89.36
3081.0 228 95.54
3096.8 230 93.71

While at the strain rate of 110 s, they increase to 1.63,
1.98 and 0.35, respectively.

3.3 Water affecting factor

According to Fig. 2, at the same strain rate, the
compressive strength of saturated specimen is obviously
different from that of dry specimen because of water
effect. To quantify this effect, the water affecting factor
(WAF) is introduced. It is expressed as

O
Sw=—F (5)
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Fig. 2 Variation of compressive strength with strain rate:
(a) Test results and fitted lines; (b) Magnified view
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Fig. 3 Variation of DIF with strain rate

where S,, is the WAF, g4 is the compressive strength of
dry specimen, and g, is the compressive strength of
saturated specimen.

Figure 4 shows the WAF at different strain rates. It
can be seen that the WAF obviously decreases with the
increase of strain rate, which indicates that the water may
have stronger effect on dynamic compressive strength
under higher strain rates. Particularly, when the strain
rate reaches 190 s, the WAF is approximately 0.98, i.e.,
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the compressive strength of saturated specimens is even
higher than that of dry ones at that time.
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Fig. 4 Variation of WAF with strain rate

4 Micro-mechanics analysis based on sliding
crack model

In recent years, researchers have studied the
mechanical properties of rock materials under
compressive loads by analyzing the initiation and
propagation of cracks, and proposed several micro-
mechanics models. Among them, the sliding crack model
is widely accepted, which considered that the failure of
rock materials is controlled by the initiation and
propagation of micro cracks [14—16].

4.1 Mechanism of water decreasing strength of
saturated rock in static compressive tests

In static tests, it is found that the compressive
strength of the saturated rocks is lower than that of the
dry ones. For saturated specimens, several chemical and
physical reactions might happen between free water and
minerals, which weaken the connection between mineral
particles, thereby reducing the overall strength and
elastic modulus of rocks.

In addition, free water has lubricating effect on
initial cracks. This would decrease the friction between
the initial crack surfaces, and further promotes the slide
of initial crack and creation of tensile cracks.

Besides, when the rock is under static compressive
condition, the free water in the specimen can arrive at the
crack tips because of the slow crack propagation speed.
In the presence of external pressure, free water inside the
rock results in porous water pressure, also called crack
splitting tensile stress (P;), which further promotes the
crack propagation like water wedges into cracks, thereby
reducing the compressive strength of rock (Fig. 5(a)). All
of these could explain the rock strength reduction due to
the increase of water content under the static
compressive condition.

(2 a4
(a) (b)

Fig. 5 Stress induced by water in static compressive test (a) and
in dynamic compressive test (b)

4.2 Mechanism of water increasing strength of

saturated rock in dynamic compressive tests

In static tests, water can weaken the compressive
strength of rock. However, when rock fails under high
strain rate condition, the viscous behavior of water,
including the meniscus effect, the Stefan effect and the
Newton inner friction law, can delay the creation and
propagation of tensile cracks, thus exerting positive
influence on dynamic compressive strength of rocks.
4.2.1 Meniscus effect

During the dynamic compressive tests, the cracks
expand very fast which could even reach 1000 m/s [17],
and consequently free water fails to get to the crack tips
timely. So the splitting effect of water (P;) does not work
on the cracks. At the same time, free water in the cracks
would form a meniscus which can cause resisting stress
to the propagation of cracks (Fig. 5(b)). That is called
meniscus effect [18,19] and the resisting stress (P,) of
meniscus effect can be expressed by

_ 2y, Cosa
P

P, (6)
where P, is the resisting stress of the meniscus effect, y,,
is the surface energy of water, « is the wetting angle, and
p is the radius of curvature of meniscus.
4.2.2 Stefan effect

As shown in Fig. 6, there are two parallel circular
plates, the thin space between the two plated is filled
with an incompressible liquid (e.g. water or oil). When
the two plates are taken apart at a relative velocity in the
vertical direction, the liquid will exert a resisting stress
on the two plates. This physical phenomenon is called
Stefan effect. The resisting stress can be expressed
by [20]
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P = -h 7

where Pj is the resisting stress of the Stefan effect, # is
the viscosity of water, R is the radius of the plates, h is
the initial distance between the two plates and h =dh/dt
is the relative velocity of the two plates.

h

Py
Free water h

Py

h
Fig. 6 Resisting stress induced by Stefan effect between two
plates

Here we attempt to combine the Stefan effect with
the crack propagation of rock. The solid skeletons of
rock materials can be regarded as many plates, and the
free water in pores is incompressible liquid between the
plates. dh is considered as the relative displacement of
crack, and it is proportional to external stress o according
to the linear fracture mechanics [7]. Besides, the loading
rate () and strain rate (£) are equivalent for the
dynamic test [9], thus

P3m%oco"océ (8)

It can be seen from Eq. (8) that, the resisting stress
of the Stefan effect is proportional to the strain rate of
rock. For the saturated rocks under dynamic tests, the
higher the strain rate is, the higher the induced resisting
stress will be. It explains the rate dependence of
saturated rocks under higher strain rates very well.

4.2.3 Newton inner friction effect

As illustrated in Fig. 7, there are two parallel plates
with water filled between them. The two plates are big
enough to neglect the edge effect. When the upper plate
is forced to move parallel to the bottom one with a
relative velocity u, the water will exert the resisting
stress. This is called Newton inner friction effect [21].
According to Newton’s equation of viscosity, the inner
friction between water and rock (P4) can be expressed by

P —p— 9
477dy 9)

where 7 is the viscosity of water, u is the relative sliding

velocity, and du/dy is the velocity gradient.

According to the linear fracture mechanics, the
relative sliding displacement (udt) of initial crack is
proportional to the external stress o, thus

P4oc3—;ocdocé (10)

It can be seen from Eq. (10) that, the inner friction
between water and plate is proportional to sliding
velocity of the plate. As mentioned above, the
micro-cracks in the rock can be treated as the plates. In
the dynamic tests, the higher the strain rate is, the
quicker the crack (plate) moves. So, the induced inner
friction between water and micro-cracks will be higher.
In static tests, the influence of inner friction stress is
much smaller, therefore, the Newton inner friction law
can be neglected.

Fig. 7 Resisting stress induced by Newton inner friction effect
between two plates

In summary, the rate dependence of saturated
specimens is caused by both the rock skeleton and
viscous behaviors of free water in the pore (i.e., Pz in
Fig. 6 and P, in Fig. 7). It is remarkable that the
compressive strength of saturated specimen is still lower
than that of dry specimen at lower strain rate. Only when
the strain rate is high enough, the meniscus effect, Stefan
effect and Newton inner friction effect can be obvious.
When the water weakening effect on rock skeleton is
completely offset by the increasing viscous stress of
water, the compressive strength of saturated specimens
becomes higher than that of dry specimens.

5 Conclusions

1) The compressive strength of both the dry and
saturated sandstone specimens is rate-dependent, and the
compressive strength of saturated specimens shows
higher rate dependence than that of dry ones.

2) The compressive strength of saturated specimens
is lower than that of dry ones in static tests, however,
when the strain rate exceeds 180 s * in dynamic tests, the
compressive strength of saturated specimens will be
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higher than that of dry specimens.

3) In static tests, water weakens the rock skeleton
and the overall strength. In dynamic tests, viscous stress
of water for the meniscus effect, Stefan effect and
Newton inner friction effect can increase the overall
strength greatly.
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