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Abstract 
 

Determining the strength of rock mass is the key to the stability analysis and support design of underground engineering, 
which is affected by groundwater and softening characteristics of different lithology. Taking the red sandstone under the 
dry and saturated state as the research object, the uniaxial and triaxial compressive tests on RMT (rock mechanics test) 
device were carried out, the strength and deformation difference of the dry and saturated red sandstone were analyzed. 
Results show that the saturated red sandstone displays the strength degradation and softening effect under uniaxial 
compressive test and lower confining pressure conditions, and which shows the linear elastic weaken characteristics. 
When the confining pressure is greater than 20 MPa, the strength degradation and softening effect tend to a certain value. 
The uniaxial compressive strength degradation rate is 1.92 times of that under high confining pressure. The degradation 
of cohesion of the saturated red sandstone is obvious, but the degradation of the internal friction angle is little. The 
saturated red sandstone reduces its brittleness, makes the fracture surface regular, and the fracture angle is generally 
smaller than that under the dry state. Taking 30 MPa as the turning confining pressure, the polyline strength criterion was 
established, and the three-dimension strength criterion of the red sandstone under the dry and saturated state was 
constructed. The obtained conclusions in the study can provide the reference to the similar engineering. 
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1. Introduction 
 
For the deep rock mass, the physical and chemical reaction 
of groundwater and rock can change the micro structure of 
the rock mass, with the development of the micro cracks, 
which often causes the gradual deterioration of the 
mechanical properties of the rock mass, reduces the strength 
and causes the instability and failure of the engineering 
surrounding rock. In essence, the failure of the rock mass is 
the macro results of the continuous development of the 
internal defect expansion and coalescence. The action of 
water is the main influencing factor of the deformation and 
failure of the surrounding rock in the underground 
engineering. 

With the development of underground space utilization, 
the safety of the rock engineering becomes more and more 
prominent. Mastering the softening mechanism of the rock is 
the basis for controlling the stability of the underground 
engineering under groundwater conditions. In general, the 
actual geological conditions are complex, the deformation 
and strength degradation effects of different lithology are 
quite different under different geological conditions. 
Although lots of researches on the strength and deformation 
degradation of the rock mass, because of the differences in 
lithology and geological conditions, if the obtained results 
were directly used in different engineering, it may cause too 
high or too low estimation of the strength and deformation 

of the rock mass. Therefore, it is necessary to reasonably 
determine the parameters of the rock mass, and put forward 
the strength design formula suitable for the rock mass. 

Since the saturated condition plays a key role in the 
deformation and stability of the underground engineering, 
which may lead to the large deformation of the surrounding 
rock, seriously threaten the long-term stability of the 
underground engineering. So, it is of great engineering 
significance to analyze the strength characteristics and 
empirical criterion of the dry and saturated rock. 
 
 
2. Start of the Art 

 
At present, lots of researches have been conducted on the 
deformation and strength degradation of the rock mass under 
dry and saturated states and some useful results are obtained. 
For examples, Wang et al. studied the influences of different 
water contents on the mechanical properties of sandstone 
[1]. Deng et al. analyzed the influences of dry and wet cycles 
on the micro structure and strength degradation of the 
sandstone on the reservoir bank, and they found that the 
strength and deformation characteristics of the sandstone 
were weakened by the water [2-3]. Zhu et al. researched the 
influence of water on the strength characteristics of marble, 
they found that the normalized fracture strength decreased 
and the normalized damage strength increased under the 
saturated state [4]. Mei et al. investigated the time-dependent 
characteristics of the crack propagation and the failure mode 
of the rock, they found that the saturated water made the soft 
rock ductility characteristics obvious and the internal 
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structure of the rock gradually became loose and porous [5-
8]. The weakening of the macroscopic mechanical properties 
was closely related to the changes in the microstructures of 
the rocks. The water-rock interaction changed the size, shape 
and porosity of the rock pores and affected its mechanical 
properties [9]. Wong et al. pointed out that the water 
weakening degree of different rocks was different due to the 
difference of the geological lithology. The water-weakening 
degree of the rock properties depended on the porosity as 
well as the mineralogy, especially the proportion of the 
quartz and swelling clays [10-12]. 

The microcrack growth and softening difference of 
different rocks were analyzed in detail in the previous 
studies. However, the research on the quantitative expression 
of deformation and strength degradation in saturated rocks 
needs to be further improved. Hashiba & Fukuiet analyzed 
42 sets of rock test data, and they found that water and 
confining pressure have little effect on the strength of the 
low strength rock with the increase of the loading rate [13]. 
Based on the damage friction coupling analysis, Zhang at al. 
studied the softening characteristics and strength degradation 
law, and they found that the water absorption was negatively 
related to the uniaxial compressive strength and elastic 
modulus of chlorite amphibolite [14-15]. He et al. 
established a fractal model of rock strength, which could 
well explain the change of rock strength with the equivalent 
diameter of particles [16]. The influence of confining 
pressure and water on the strength and energy evolution of 
sandstone under stepwise loading and unloading were also 
studied [17-18]. Cui et al. conducted numerical experiments 
on the jointed rock mass to study the rock mechanical 
characteristics [19-20]. Based on 106 sandstones samples 
from three locations in Malaysia, Liang et al. conducted the 
simple regression analysis to predict the uniaxial 
compressive strength [21]. Li & Wang pointed out that the 
strength of the rock decreased rapidly with increase of water 
content at low saturation levels, but the strength of the rock 
decreased insignificant with increase of water content at 
high saturation levels, and they established the analytical 
solution for the normalized uniaxial compressive strength of 
rock with different saturation states [22]. Mohamad et al. 
constructed some models to estimate the rock strength [23--
24]. Zou & Jiao studied the strength and damage difference 
of hard and soft rocks under multi- and single-step triaxial 
compression tests [25]. Zhang et al. used Lode’s angle 
dependent function to express the effect of the intermediate 
principle stress, and they proposed a new true triaxial 
criterion by combining the meridian and deviatoric plane 
function [26]. 

The above mentioned studies were mainly the classical 
strength criteria and prediction model based on the program 
algorithm and multi parameters strength criteria proposed by 
scholars in terms of strength change law. However, the 
accuracy of the classical criterion is low, and its parameters 
are not easy to be determined accurately in other multi-
parameters strength criteria. Based on the compression tests 
on the dry and saturated sandstones, the  deformation and 
strength degradation of the red sandstone were obtained. The 
formula of the polyline strength criterion was proposed, 
which was easy to determine its parameters and this criterion 
had the good engineering application.  

The rest of this study is organized as follows. Section 3 
describes samples preparation, test device and research 
method. Section 4 gives the results and discussion. Finally, 
the conclusions are summarized in section 5. 
 

3. Methodology 
 
3.1 Samples preparation 
The red sandstone was taken from Neijiang City, Sichuan 
Province, China, and was processed into cylindrical standard 
samples with the size of ϕ50 mm × 100 mm in strict 
accordance with the standard of the international society for 
rock mechanics. To ensure the homogeneity of the rock 
samples, as shown in Fig.1, the samples were selected by the 
longitudinal wave velocity and the mean velocity of the red 
sandstone under dry state is 2.948 km/s. The density of the 
red sandstone is 2401 and 2472 kg/m3 under the dry and 
saturated states, respectively. The homogeneous samples 
under dry state were divided into two batches, one was 
tested directly, and the other was tested after being saturated 
with water. 

 
Fig. 1. Red sandstone samples were selected by longitudinal wave 
velocity. 
 
3.2 Device and method 
The rock mechanics test RMT-150B was used to carry out 
the uniaxial and triaxial compressive test of the red 
sandstone under dry and saturated states. The sensor with 
1000 kN force was used to measure the vertical load and 5 
mm displacement sensor was used to measure the vertical 
deformation of the samples. Using displacement control 
loading method, the axial loading rate was set 0.002 mm/s, 
and the confining pressure control rate was 0.10 MPa/s. 

The uniaxial compressive test was carried out at the 
loading rate of 0.002 mm/s till the sample was damaged. In 
the test, the hydrostatic pressure was applied to the pre-
determined confining pressure along the isoclinic line, and 
then the confining pressure was controlled by servo, and  the 
axial force was applied till the sample was damaged. Three 
group samples were taken for the uniaxial compressive test 
of red sandstone under dry and saturated states. The 
confining pressure of triaxial compressive test was 5, 10, 20, 
30, and 40 MPa, respectively, as shown in Fig. 2.  

The dry and saturated uniaxial compressive tests were 
carried out with three group samples, respectively. The test 
procedure is as following: 

(1) Samples were selected by the longitudinal wave 
velocity and appearance characteristics. 

(2) Dry samples: the samples were put into the drying 
oven, setting the temperature at 105℃and drying for 24 h. 

(3) Saturated samples: some dry samples were put into 
the water, measuring the weight of the samples every other 
day till the weight of each sample did not change. 

(4) The uniaxial and triaxial compressive tests were 
carried out on the rock mechanics test system, the loading 
rate was 0.002 mm/s, and acoustic emission monitoring was 
carried out at the same time. 
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(a) Test device                        (b) Uniaxial failure sample 

Fig. 2. The test device and uniaxial failure sample of red sandstone. 
 
4. Results and Discussion 
 
4.1 Strength variation characteristics 
The stress-strain curves of the uniaxial and triaxial tests are 
shown in Fig. 3. As seen from Fig. 3(a), C-8, C-9, and C-10 
represent the dry samples and H-1, H-2, and H-3 indicate the 
saturated samples, respectively. The dry and saturated 
samples all have experienced four stages, such as 
compaction, elasticity, yield and post-peak failure. The 
uniaxial compressive strength and the elastic modulus of the 
dry samples are larger than that of the saturated ones.  

It can be seen from Figs. 3(b) and 3(c), the triaxial 
compressive strength and the elastic modulus of the dry and 
saturated samples all increase with increase of the confining 
pressure. And the post-peak behaviors gradually change 
from ductility to brittleness for all samples with increase of 
the confining pressure.   

 
(a) Dry and saturated samples under uniaxial compressive tests. 

 
(b) Dry samples under triaxial compressive tests. 

 
(c) Saturated samples under triaxial compressive tests. 

Fig. 3. Stress-strain curves of dry and saturated red sandstone under 
different test conditions. 
4.2 Strength degradation characteristics 
The elasticity modulus E is the slope of the approximate 
straight section of the stress-strain curve (30-70% peak 
strength), the deformation modulus Es is the slope of the line 
from the origin to the peak of the stress-strain curve. 

To study the influence of the saturated water on the 
deformation and strength characteristics of the samples, the 
degradation rate is defined as : 

 

                            (1) 

 
where, 

 
is the strength or deformation of the dry sample.  

is the corresponding strength and deformation of the 

saturated sample. When  is less than , it is called 
strengthening rate. 

As seen from Fig. 4, that there is a close relationship 
between the strength degradation rate and the softening 
coefficient (the ratio of the saturated peak strength to the dry 
peak strength) and confining pressures. In general, with 
increase of the confining pressure, the strength degradation 
rate decreases and then tends to a certain value, while the 
softening coefficient increases and tends to another value. 
When the confining pressure is less than 20 MPa, the 
strength degradation rate decreases rapidly with increase of 
the confining pressure. While when the confining pressure is 
greater than 20 MPa, the strength degradation rate tends to 
be 16.50%. The uniaxial compressive strength degradation 
rate is the largest, and the strength degradation rate of the 
uniaxial compressive sample is 1.92 times of that of the 
triaxial compressive sample under high confining pressure.  

When the confining pressure is less than 20 MPa, the 
softening coefficient increases rapidly with increase of the 
confining pressure. While when the confining pressure is 
greater than 20 MPa, the softening coefficient tends to be 
0.835. The softening coefficient at high confining pressure is 
1.23 times of that at low confining pressure, which show that 
the saturated water has a significant effect on the strength 
degradation of the red sandstone under uniaxial compressive 
test and the softening effect is obvious. When the confining 
pressure is greater than 20 MPa, the strength degradation 
effect and softening effect tend to a certain value 

η

η=
fz − fB
fz

×100%

fz
fB

fz fB
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Fig. 4. The strength degradation rate and softening coefficient under 
different confining pressures. 

 
As seen from Fig. 5, the confining pressure has a 

significant influence on the degradation rate of the elastic 
modulus and deformation modulus. EMDR represents elastic 
modulus degradation rate, DMDR represents deformation 
modulus degradation rate. Similarly, 20 MPa is the turning 
confining pressure of the degradation rate change. When the 
confining pressure is less than 20 MPa, the degradation rate 
of the elastic and deformation modulus decreases 
approximately linearly with increase of the confining 
pressure. When the confining pressure is greater than 20 
MPa, the degradation rate of the elastic and deformation 
modulus fluctuates around a certain value.  

 

 
Fig. 5. Degradation rate curves of the elastic(deformation) modulus 
under different confining pressures.  

 
The average value of the degradation rate of 20, 30, and 

40 MPa confining pressure is determined as the certain 
value. With increase of the confining pressure, the 
degradation rate of the elastic and deformation modulus 
tends to be 15.04% and 7.99%, respectively. The 
degradation rate of the elastic and deformation modulus 
under uniaxial compressive test is 27.77% and 34.10%, 
respectively. The degradation rate of elastic and deformation 
modulus under compressive uniaxial test is 1.85 and 4.27 
times of that under the 30 and 40 MPa confining pressures, 
respectively. The degradation law of the elastic and 
deformation modulus affected by saturated water is basically 
the same, but the degradation rate of the elastic modulus is 
greater than that of the deformation modulus. 

 
4.3 Polyline strength criterion 
In Fig.6, the complete fitting is that the data of the uniaxial 
and triaxial compressive test are all fitted, the shielding 
fitting is only to fit the triaxial compressive data. SCFIDS 

represents strength complete fitting in dry state, SSFIDS 
represents strength shielding fitting in dry state, SCFISS 
represents strength complete fitting in saturated state, and 
SSFISS represents strength shielding fitting in saturated 
state. The maximum and the minimum principal stress of the 
samples under dry and saturated states subjected to the 
compressive tests are shown in Fig. 6.  

 
Fig. 6. Peak strength curves variation with confining pressure. 
 

In Fig.6, the test data of the dry and saturated red 
sandstone are fitted with Coulomb strength criterion, 
respectively: 
 

                              (2) 
 
where, is the maximum principal stress. is the 
minimum principal stress, m is the uniaxial compressive 
strength of the dry and saturated samples obtained from the 
complete and shield fitting. k is the influence coefficient of 
the confining pressure on the strength of the samples. In 
addition, the maximum and the minimum principal stress 
can be expressed as Eq. (3): 
 

                   (3) 

 
The internal friction angle  and cohesion c of the dry 

and saturated samples can be obtained as follows: 
 

                 (4) 
 

                      (5) 
 
The calculation results of each parameter are listed in 

Table 1. It can be seen from Table 1 that the complete fitting 
considering the uniaxial compressive test data increases the 
internal friction angle and decreases the cohesion. The 
saturated water makes the strength of the red sandstone 
weaken, and the internal friction angle and cohesion 
decrease. But the decrease of the internal friction angle is 
smaller and the decrease of cohesion is larger. For complete 
and shielding fitting, the internal friction angle is reduced by 
5.18% and 6.27%, and the cohesion is reduced by 24.50% 
and 19.85%, respectively. It can be seen that the effect of the 
saturated water on the degradation of the cohesion of the 

σ 1 = kσ 3 +m

σ 1 σ 3

σ 1 =
1+ sinϕ
1− sinϕ

σ 3 +
2ccosϕ
1− sinϕ

ϕ

ϕ = arcsin((k −1) / (k +1))

c = m(1− sinϕ ) / 2cosϕ
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samples is significant, while the effect on the degradation of 
the internal friction angle is small. 

 
Table 1. Strength parameters of the dry and saturated 
samples. 

Name k m (MPa) (°) c (MPa) 

Complete fitting  
in dry state 5.31 90.33 43.09 19.59 

Complete fitting  
in saturated state 4.78 64.70 40.86 14.79 

Shielding fitting  
in dry state 4.88 102.82 41.28 23.27 

Shielding fitting  
in saturated state 4.34 77.65 38.69 18.65 

 
As can be seen from Fig. 6, the complete and shielding 

fitting of the dry and saturated samples intersect at 30 MPa. The 
complete fitting is in good agreement with the experimental 
data from 0 to 30 MPa, and the shielding fitting agrees well 
with the experimental data when the confining pressure is 
greater than 30 MPa. As shown in Fig. 7, the new polyline 
strength criterion of the dry and saturated samples taking 30 
MPa as the turning confining pressure is established. 

The polyline strength criterion of the dry red sandstone is: 
 

        (6) 

 
The polyline strength criterion of the saturated red sandstone 

is: 
 

        (7) 

 

 
Fig. 7. The polyline strength criterion of the dry and saturated red 
sandstone. 
 
4.4 Three-dimension strength criterion 
In the three-dimension principal stress space, the strength 
criterion is usually expressed as a combination of the meridian 
and deviatoric plane functions. The straight line that three 
principal stresses are equal is the hydrostatic pressure axis, the 
plane perpendicular to the hydrostatic pressure axis is called a 
deviatoric plane. The distance between a point on the 
hydrostatic pressure axis and the coordinate origin is called 
hydrostatic pressure . 
 

                     (8) 

As shown in Fig. 10,  is the first invariant 

of the stress tensor.  is the distance from the failure curve on 
the deviatoric plane to the hydrostatic pressure axis (r is the 
maximum value of ), and  is the Lode angle. 

 

 
    (9) 

 

    (10) 

 

                  (11) 

 
                            (12) 

 
where,  is the second invariant of the stress deviator. 

Deviatoric plane function  is the expression form of the 
strength envelope on the deviatoric plane.  

Many scholars have put forward many kinds of deviatoric 
plane function. In this study, the William-Warnke’s deviatoric 
plane function is used, which meets the requirement of the 
convexity. The specific expression is as follows. 

 
 

(13)
 

 

                                 (14) 

 
where,  is the internal friction angle of the sample. The 
internal friction angle is 43.09° in the dry state and 40.86° in the 
saturated state. The corresponding K is 0.629 and 0.642, 
respectively. When plotting the deviatoric plane function, the 
Lode angle is taken from -30° to 30°, and other areas are 
obtained according to the symmetry. The envelopes of the 
deviatoric plane strength of the dry and saturated samples is 
shown in Fig. 8. 

 
Fig. 8. The deviatoric plane function of the dry and saturated red 
sandstone. 

ϕ

σ 1 = 90.33+5.31σ 3 (0 ≤σ 3 ≤ 30MPa)
σ 1 = 102.82+ 4.88σ 3 (30MPa ≤σ 3)

⎧
⎨
⎪

⎩⎪

σ 1 = 64.70+ 4.78σ 3 (0 ≤σ 3 ≤ 30MPa)
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⎧
⎨
⎪
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ξ

ξ = σ 1 +σ 2 +σ 3( ) / 3 =I1 / 3

I1=σ 1 +σ 2 +σ 3

rσ

rσ θσ
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)
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To construct the three-dimension strength criterion, the 
characteristics of the meridian plane strength envelope should 
be clarified. Based on the triaxial compressive test, these data 
in - meridian plane are analyzed and fitted by the 
quadratic function. It can be seen that the fitting curves can well 
describe its strength law in Fig. 9. a represents , b 

represents . SIDS represents strength in dry state, SISS 
represents strength in saturated state, SFCIDS represents 
strength fitting curve in dry state, and SFCISS represents 
strength fitting curve in saturated state. 

The meridian function of the dry red sandstone is as follow: 
 

     
(15) 

 
The meridian function of the saturated red sandstone is as 

follows. 

   
(16) 

 
Fig. 9. Strength fitting curves of the red sandstone in meridian plane. 

 
Combining the meridian plane function and the deviatoric 

plane function, the three-dimension strength surface of the dry 
and saturated red sandstone can be obtained, as shown in Figs. 
10 and 11. The three-dimension strength surface in the saturated 
state is smoother than that in the dry state. The three-dimension 
strength criterion of the dry red sandstone is expressed by the 
meridian plane Eq. (15) and the deviatoric plane Eq. (13), and 
the three-dimension strength criterion of the saturated red 
sandstone is expressed by the meridian plane Eq. (16) and the 
deviatoric plane Eq. (13).  

When the stress state of the dry and saturated 

red sandstone is known,  can be calculated according 
to the above formulas, and then determining whether the rock is 
failure in the three-dimension stress space. 

 
4.5 Failure characteristics of samples 
The failure characteristics of the dry and saturated samples 
under uniaxial and triaxial compressive tests are shown in Fig. 
12. The damage degree of the samples under the uniaxial 
compressive test is severe, and the brittleness is significant. In 
the dry state, there are many small cracks on both sides of the 
main fracture surface, the saturated water makes the damage 
degree of the samples weaken, and the small cracks disappear. 
Under the uniaxial and low confining pressure, the red 
sandstone has a large fracture angle and the multiple main 
fracture surfaces close to upright, which is a typical tensile 
failure mode. Figs.12(a) and 12(b) show that the typical shear 

failure with a single fracture surface occurs when the confining 
pressure of the red sandstone is greater than 10 MPa in the dry 
state and greater than 5 MPa in the saturated state.  

 

 
Fig. 10. The three-dimension strength surface of the dry red sandstone. 
 

 
Fig. 11. The three-dimension strength surface of the saturated red 
sandstone. 
 

In general, the fracture angle in the dry state is larger than 
that in the saturated state, and the fracture angle decreases 
obviously in the saturated state with increase of the confining 
pressure. According to the failure morphology analysis in Fig. 
12, the dry red sandstone is more brittle and the saturated water 
reduces its the brittleness. Under the uniaxial and low confining 
pressure, the confining pressure constraint is lower, and the 
internal damage distribution zone is wide. Many microcracks 
gather and develop in many directions, form many main fracture 
surfaces, and the failure degree is serious. When the confining 
pressure is higher, the confining pressure constraint is larger, 
the internal damage is concentrated. The microcracks gather and 
develop in a single direction, form a single fracture surface, and 
the failure is concentrated.  

 

 
(a)  In dry state 

I1 / 3 2J2

2J2

I1 / 3

2J2 =22.15+ 0.9944× (
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(b) In saturated state 

Fig. 12. Failure samples of red sandstone under uiaxial and triaxial 
compressive tests.  
 
 
5. Conclusions 
 
Through the uniaxial and triaxial compressive tests on the 
dry and saturated red sandstone, the influences of the 
saturated water on the strength and deformation of the red 
sandstone were obtained, and the polyline and three-
dimension strength criteria were proposed. The main 
conclusions are as follows. 

(1) The saturated water has a significant effect on the 
strength degradation of the red sandstone under the uniaxial 
compressive tests, and the softening effect is obvious. When 
the confining pressure is greater than 20 MPa, the strength 
degradation rate and softening coefficient tend to a certain 
value. The degradation rate of the uniaxial compressive 
strength is 1.92 times of that of the triaxial compressive 
strength. The softening coefficient under high confining 
pressure is 1.23 times of that under the uniaxial compressive 
tests. 

(2) When the confining pressure is less than 20 MPa, the 
degradation rate of the elastic and deformation modulus 
decreases linearly with increase of the confining pressure. 
And when the confining pressure is greater than 20 MPa, the 
degradation rate of the elastic and deformation modulus tend 
to be 15.04% and 7.99%, respectively. The effect of the 
saturated water on the degradation of the elastic modulus is 
greater than that of the deformation modulus. 

(3) According to the complete fitting and shielding 
fitting, a polyline strength criterion taking 30 MPa as the 

turning confining pressure was established. Combining the 
quadratic function of the strength of the red sandstone in the 
meridian plane and the specific deviatoric William-Warnke 
function, a three-dimension strength criterion of the dry and 
saturated red sandstone was constructed. 

(4) The internal damage of the red sandstone in the 
uniaxial compressive tests is serious. Many microcracks 
gather and develop along many directions, form many main 
fracture surfaces, and the degree of the failure is serious. The 
development of the damage is concentrated in the triaxial 
compressive tests, the microcracks gather and develop in a 
single direction, form a single main fracture surface. The 
saturated water reduces the brittleness of the red sandstone, 
makes the fracture surface regular, and the fracture angle is 
smaller than that in the dry state. 

The polyline and three-dimension strength criteria of the 
dry and saturated red sandstone proposed in this study are 
simple and easy to use, and can better predict the strength of 
the intact rock mass in underground engineering. The 
surrounding rock in the actual engineering often has many 
joints and cracks, which weaken the integrity of the rock 
mass and affect its strength. Therefore, the characteristics of 
the joints and cracks will be introduced into the polyline 
strength criterion to further expand the scope of application 
of the polyline strength criterion proposed in the further 
study. 
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