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Study on the influence of pore 
water pressure on shear mechanical 
properties and fracture surface 
morphology of sandstone
Jiaxin Cheng 4,5, Yixin Liu 1,2,3,4,5*, Chuanhua Xu 1,2,4, Jiang Xu 6 & Mingzhi Sun 1,2

To further investigate the weakening effect of pore water pressure on intact rock mechanics properties 
and characteristics of fracture surface after failure, direct shear tests of sandstone were conducted 
under different pore pressure. A 3D scanner was employed to digitize the morphology of the post-
shear fracture surface. The variogram function was applied to quantify the anisotropic characteristics 
of post-shear fracture surface. The relationship between deformation during shear failure of intact 
rock and quantitative parameters of fracture surface after shear failure was initially established. It can 
be found that amplitudes of the sinusoidal surface determine the maximum value of variogram, and 
period affect lag distance that reach the maximum value of variogram. Test results revealed that the 
increase of pore pressure has obvious weakening effect on shear strength and deformation of rock. 
Moreover, the increase of pore pressure makes the shear fracture surface flatter. It can be obtained 
that both Sillmax and Rangemax are positively related to shear strain, but negatively related to normal 
strain.
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The development and utilization of underground space and the efficient exploitation of deep resources are 
important issues affecting the sustainable development of society. The mechanical properties of rock and the 
characteristics of its fracture surface are very important for understanding the internal processes of the earth, 
predicting and controlling natural disasters, and reasonably and efficiently exploiting underground  resources1–5. 
The study of the rock fracture surface can also improve our ability to prevent and respond to geological disasters, 
thereby reducing the damage of geological disasters to the environment and communities, and achieving more 
sustainable community development.

It is well known that these characteristics may be affected by factors such as pore pressure, which in turn 
affects the strength and strain of the rock, as well as the failure mode of the rock. Alessandro, Verdecchia et al.6 
analyzed the seismic activity in southern Kansas and found that even fluid diffusion of less than 0.1 MPa would 
lead to changes in pore pressure and coulomb stress, thus triggering earthquakes. Sun et al.7 studied the pos-
sibility of triggering earthquakes during the entire hydraulic fracturing process from fracturing to stopping, and 
considered factors such as fault location, direction and location. Mehrabifard and  Eberhardt8 found that under the 
conversion stress state of  SH >  SV >  Sh, the reservoir faults with a depth of 1 to 6 km reached the critical slip state 
more widely under the influence of fluid injection than under the compressive stress state of  SH >  Sh >  SV, which 
increased the risk of large earthquakes caused by fluid injection. Hassib et al.9 found the basis of fluid injection 
affecting pore pressure changes and triggering earthquakes at the junction of Abu Dirwa fault, Khor El-Raml area, 
Seiyal and Kurkur faults. The study of Luo et al.10 shows that in the Lijiang-Xiaojinhe fault zone, groundwater 
penetrates into the deep crust along the fault, which increases the fluid pressure in the pores and accelerates the 
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water–rock chemical reaction, resulting in a decrease in the strength of the fault zone and eventually triggering 
an earthquake. Dal Zilio et al.11 used the H-MEC model to study how the change of pore fluid pressure affects the 
sliding of seismic faults, and found that fault rupture is related to the porous elastic coupling in the finite width 
shear zone, and then put forward the importance of considering hydrogeological structure.However, the existing 
literatures have discussed more about the geological data and monitoring data of the engineering  sit8–10,12–15, the 
mechanism of coupled hydromechanical processes are still poorly  understood16–19 .

It can be obtained by summarizing the aforementioned studies, there are two prerequisites for the failure: (a) 
rock mass is under compression and shear coupling loading and may be in critical instability  state20, (b) pore-
pressure alteration caused by fluid percolation or  injection21,22. By constructing high-resolution 3D models of 
seismic velocity structure and pore pressure field, Tan et al.23 concluded that earthquakes are mainly caused by 
an increase in pore pressure on seismogenic faults due to the presence of water or gas. In addition, the distur-
bance of pore elastic stress and aseismic slip caused by hydraulic fracturing may also lead to the formation of 
some earthquake swarms. Wu et al.24 proposed that the increase of pore pressure and water wedge effect can 
lead to two kinds of shear expansion, which occur before the tensile failure. Mei et al.25 revealed that under the 
influence of continuous hydraulic coupling, the specimen showed the characteristics of tensile shear failure. The 
macroscopic fracture of the outer surface was Z-shaped and the interaction between the cracks increased the 
number of seepage paths and accelerated the formation of macroscopic cracks.

It is now widely believed that fluids are capable of exerting significant chemical and mechanical influence on 
earthquake  faulting8. In laboratory testing, a great deal of works has been done to study the relationship between 
rock deformation and fluid  flow26–28. Zhao et al.29 found that the fracture network affected by small cracks can 
lead to significant damage and slip phenomena in rock at the same time. The change of stress will lead to the 
fluctuation of pore pressure in low permeability rock matrix, which promotes the fracture process of rock. Zhong 
et al.30 conducted an undrained cyclic triaxial compression test on saturated coal samples and found that pore 
overpressure provided tensile stress, resulting in a large number of macroscopic tensile cracks, which was directly 
manifested as the expansion and deformation of coal samples. However, direct shear test has obvious advantages 
in controlling normal load and was often used to study shear mechanism of rock  mass31–33.

In this paper, laboratory tests which coupling compressive-shear stress and pore pressure were carried out on 
sandstone samples. The effect of pore water pressure on the degradation of shear properties of intact sandstone 
is studied. Furthermore, morphologic characteristics of shear fracture surface and anisotropy were analyzed 
quantitively by variogram. Analyzing the morphology characteristics of the fracture surface can not only infer 
the fracture  process34,35, but also further understanding the hydraulic coupling mechanical behavior of rock 
mass after shear  failure36.

Materials and methods
Sample preparation
Sandstone with better homogeneous isotropy was selected for testing. The sandstones samples were obtained 
from Three Gorges Reservoir, Chongqing, China. The samples were primarily comprised of quartz, feldspar, 
chert and muscovite with a grain size distribution of 0.1 to 0.5 mm. Drilling cores without obvious fractures 
were selected and cut into cubes with dimensions of approximately 100 × 100 × 100  mm3. The Young’s modulus 
is 6.79 GPa, the Poisson ratio is 0.26, the uniaxial compressive strength is 81.04 MPa, and the density is 2.32 g/
cm3. Before testing, the specimen should be saturated. In the saturation process, a dry sample was inundated 
in a tank filled with purified water for 1 h, and then it was taken out and weighed. The operation was repeated 
every hour until the weight of the specimen remained unchanged. At this time, the sample was considered to be 
saturated. Figure 1 shows picture of some sandstone samples.

Testing apparatus
A direct shear test apparatus for coupled hydro-mechanical was  developed37. It was designed to allow for testing 
rock materials under different loading conditions, including constant load or constant displacement rate. The 
pore water pressure was loaded by the plunger pump. During the direct shear test, the test system can automati-
cally record the shear force, normal force and displacement data. Force diagram of samples in direct shear test 
is shown in Fig. 2.The process of direct shear test includes the following two steps: (1) A constant loading rate 

Figure 1.  Picture of some sandstone specimen.
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of 0.05kN/s was applied to the specimen until the predetermined normal stress was reached. (2) through the 
horizontal actuator, the specimen was loaded at a shear rate of 0.005 mm/s.

The morphology of the shear fracture surface was scanned using an ATS system. The ATS systems provide 
an optical method based on a combination of white light fringe projection (see Fig. 3), triangulation, and phase 
shifting for fast and accurate calculation of high-dense 3D point  clouds38.

Informed consent
Informed consent was obtained from all subjects involved in the study.

Results
Stress and strain
Under uniaxial compression conditions, the complete stress–strain curve of a complete rock exhibits an initial 
stage of upward depression during loading, which is caused by the closure of microcracks inside the  rock39. 
Similarly, the shear stress-shear strain also increased in concavity form (see Fig. 4a). The variation trend of 
shear stress-shear strain curve was more consistent under different pore pressure. Hence, only the parameters 
at the peak shear stress were compared and analyzed. As shown in Fig. 4b, the peak shear stress decreased with 
the increased of pore water pressure, which indicated that pore water pressure decreases the effective stress and 
lowered the friction coefficient between particles and cementitious  materials8. It was worth noting that with the 
increase of pore water pressure, the dispersion of peak shear stress increased. This was due to the fact that under 
compressive-shear stress, tension cracks initiated and propagated first, then were coalesced by shear cracks and 
leading to shear  failure37,40. Pore water pressure have a weakening effect that was attributed to a drop in the surface 
energy which needed to create a new  crack41. Due to the uncertainty of crack initiation, the influence of water 
wedge effect different. As pore pressure increased, normal strain increased and shear strain decreased at peak 
shear stress (see Fig. 4c,d). It indicated that water pressure plays a dominating role in the promotion of tension 
cracks propagation. In the shear failure process of samples under compressive-shear stress, the normal restraint 
is less, tension cracks account for a larger proportion, shear cracks account for a smaller proportion, resulting 
in the decreased of shear strain and the increased of normal strain.

Figure 2.  Force diagram of specimens.

Figure 3.  Principle of the advanced topometric sensor system.
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Morphological characteristics of shear fracture surface
Strength, deformability and flow properties of rock mass depend very much on the surface roughness of 
 joints42–44. Usually, roughness on natural rock joint planes is anisotropic. Therefore, it is imperative to know the 
variation of surface morphology in various  directions45. For this purpose, the variogram function was employed 
to identify the roughness characteristics of the surface because it was designed to characterize spatial  variations46.

The variogram γ (h, θ) is defined as the average of the squares of the delayed amplitude differences:

where N(h) is the number of pairs of data whose lag is h,Z(xi, yi) is the height at point (xi, yi) and [Z(xi, yi) − h(θ)] 
is the height at a radial distance h in a direction θ from (xi, yi).

The theoretical variogram models without a sill include the power model and the logarithmic model. The 
transition models comprise the spherical, exponential and Gaussian  models47. Here, Spherical model was a used 
to fit variogram function (see Fig. 5) and defined to be:

where C0 is nugget effect, C is sill, a is range, h is lag distance.
Figure 6 shows sinusoidal surface with different amplitudes (A) and periods (T) and its corresponding vari-

ogram. It can be found that amplitudes (A) of the sinusoidal surface determines the maximum value of variogram 
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Figure 4.  Variation curve of shear failure parameters under different pore pressure, (a) shear stress and normal 
strain versus shear strain with pore pressure = 0 MPa, (b) peak shear stress, (c) peak shear strain, (d) peak 
normal strain.
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(sill), and periods (T) affect lag distance (range) that reach the maximum value of variogram. Therefore, the 
parameters of the variogram used in this paper include the range a, the sill C.

Figure 7 shows parameters distribution curve of variogram under pore pressure of 0 MPa. It can be seen that 
the fluctuation of the fracture surface has obvious directivity, undulating along the shear direction, but it is rela-
tively flat along the vertical direction of shear (see Fig. 7a,b). Correspondingly, the maximum of sill is along the 
shear direction, and the maximum of range is perpendicular to the shear direction (see Fig. 7c,d). This consistent 
with the conclusions obtained in Fig. 6. Therefore, it is possible to prove the effectiveness of the sill represents 
the height of the fluctuation body in fracture surface, and the range represents the single fluctuation body and 
can reflect frequency of fluctuation.

Anisotropic evolution under different pore pressure
To quantify the anisotropy of shear fracture surface, the anisotropic coefficient (ξ) which defined as the ratio of 
physical and mechanical parameters in the weakest direction to those in the strongest direction was adopted. 
The anisotropic coefficient ξ was defined as

where min{Pθ} represented and max{Pθ} is the minimum value and the maximum value of the related param-
eters, respectively.

Figure 8 shows curves of parameters of variogram function of shear fracture surface under different pore 
pressure. It can be seen that as pore pressure increased, the max of sill (Sillmax) and the max of range (Rangemax)48,49 
both decreased. However, the anisotropic coefficient of sill (ξSill) and the anisotropic coefficient of range (ξRange) 
increased with pore pressure increased. This can be indicated that the fluctuation height of the shear fracture 
surface reduced and the frequency of fluctuation increased. As mentioned above, pore pressure gradient field 
can have a dominating effect on the propagation direction of the main tensile crack. Increasing the pore pressure 
enhanced the number of tension cracks and make the cracking path more complexity. Furthermore, the existence 
of pore pressure reduced the effective normal stress, the direction of the resultant force tends to the direction of 
shear. Altogether, the increase of pore pressure makes the shear fracture surface flatter.

Discussion
It has long been recognized that the roughness of rock discontinuities has a significant impact on the shear 
strength characteristics of discontinuous rock  masses50. However, the surface roughness is also a key point 
which reflects the physics and mechanics of the fracture  process51. The shear strain and normal strain under 
compressive-shear stress determined the combination mode of crack  propagation52. And crack propagation path 
determined the roughness of fracture surface. Here, the average normal strain and shear strain at peak shear 
stress and corresponding quantitative parameters of shear fracture surface under different pore pressures were 
listed (see Table 1). It can be obtained that both Sillmax and Rangemax are positively related to shear strain, but 
negatively related to normal strain. The nonlinear fitting function obtained is as follows:

where δ is shear strain at peak shear stress, ν is normal strain at peak shear stress.
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By establishing the relationship between strain and fracture surface morphology of intact rock, it is helpful 
to estimate the second sliding instability of intact rock after shear failure.( The second sliding instability of rock 
refers to that the rock structure will gradually damage after a period of stable creep under the action of continu-
ous stress, resulting in the development of microcracks and pores in the rock. When these defects reach a certain 
degree, the creep rate of the rock will suddenly increase, which is the second sliding instability. )

Conclusions
Coupled hydromechanical processes play a major role in natural crustal processes. It has proved that the pore 
water pressure has a direct weakening effect on the mechanical properties of rock mass. As the important infor-
mation, the post-shear fracture surface could not only reflect the process of intact rock failure but also contributes 
to the second failure of jointed rock. Then, Laboratory tests which coupling compressive-shear stress and pore 
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Figure 6.  Sinusoidal surface and its corresponding variogram, (a) A = 1, T = 2π, (b) A = 1, T = π, (c) A = 0.5, 
T = 2π, (d) A = 1, T = 4π, (e) A = 2, T = 2π, (f) variogram.
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pressure were carried out on intact sandstone samples. The morphology of the post-shear fracture surface was 
digitized by using a 3D scanner. The variogram function was employed to quantify roughness of post-shear 
fracture surface under different pore pressure. The following conclusions were obtained:

1. The increase of pore water pressure plays a dominating role in the promotion of tension cracks propagation 
and significantly weakens the shear strength of intact rock. The pore water pressure reduces the effective 
stress which influence crack mode and crack path. When rock sample reach the peak shear stress, normal 
strain increase and shear strain increase with pore pressure increase.

2. The variogram function is validate to quantify the morphology of fracture surface. The parameters of vari-
ogram, sill and range, could reflect the height of the fluctuation body in fracture surface and the frequency 
of fluctuation, respectively.

3. The shear fracture surface is anisotropic, the change is most obvious along the shear direction with the change 
of pore water pressure. As pore pressure increased, the max of sill (Sillmax) and the max of range (Rangemax) 
both decreased.

4. The relationship between deformation during shear failure of intact rock and quantitative parameters of frac-
ture surface after shear failure is established. It can be obtained that both Sillmax and Rangemax are positively 
related to shear strain, but negatively related to normal strain.

Exploring the mechanism of pore water pressure through the anisotropic characteristics of shear crack sur-
faces can help to more accurately evaluate the rock mechanical behavior under different groundwater condi-
tions, accurately quantify the surface characteristics of rock cracks, and have important application significance 
for geological engineering practice, disaster prevention and reduction strategy formulation, and efficient and 
sustainable development of underground resources.

In this study, we focused on the performance of intact sandstone under the coupling effect of compressive 
shear stress and pore pressure, but did not take into account the common characteristics of primary fractures 
in natural rocks. This indicates the limitations of studying rock types and their mechanical states, and also 
points out the direction of our future research. In addition, this experiment only considers pore water pressure 
as a single variable and does not involve other potential influencing factors in the natural environment, such 
as climate change and chemical erosion. In future research, we plan to introduce these additional variables to 
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comprehensively examine the coupling effect of compressive shear stress and pore pressure under the combined 
action of comprehensive factors.

Data availability
All data related to this paper may be requested from the corresponding author.
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