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Abstract
The objective of this study is to experimentally determine the effects of pore pressures on the compressive strengths of Tak
granite, Lopburi marl and Lopburi marble. Failure strengths are determined for various stress rates and confining pressures
both under dry and saturated conditions. The applied axial stresses are controlled at constant rates of 0.001, 0.01,
0.1, 1.0 and 10 MPa/s. The confining stresses are maintained at 0, 3, 7, to 12 MPa using a polyaxial load frame. The
specimens are prepared to obtain rectangular blocks with nominal dimensions of 50x50x100 mm’. The results indicate
that the strengths of the saturated specimens are lower than those of the dry specimens, particularly under high confining
pressures and high loading rates. The elastic modulus of dry specimens is higher than that of the saturated specimens.
Based on the Coulomb criterion, the cohesions of the dry and saturated specimens are comparable. The dry specimens
yield slightly higher friction angles than the saturated specimens. The distortional strain energy density required to fail the

low porosity rocks under dry condition is slightly higher than that under saturated condition.
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1. Introduction

The compressive strength and deformability of rocks are important parameters for the design and stability analysis
of geologic structures. The effects of stress rate on the compressive strength and elastic modulus of rocks have long been
recognized. It has been found that rock compressive strength and deformation modulus decrease with the loading rate
[1-4]. Pore pressure has also been known as one of the factors lowering the rock strengths [5-8]. The rock compressive
strengths decrease significantly as the water content increases. The measurement of pore pressure and its effect on the
strength and deformability of low porosity rocks is however very difficult. The influence of water on deformability of rocks
is also reflected as a reduction of Young’s modulus and increase of Poisson’s ratio, which indicates that the saturated
rocks will deform more than the dry ones under the same stress condition [9-11].

The objective of this study is to experimentally determine the effects of pore pressures on the compressive strengths
of granite, marl and marble. The rock strengths are determined for various stress rates and confining pressures both under
dry and saturated conditions. This is primarily to indirectly reveal the effects of pore pressure on the mechanical behavior
of low porosity and low permeability rocks. The distortional strain energy density at failure is determined to describe the

rock strength as a function of mean strain energy.

2. Sample Preparation

The rock samples used in this research are Tak granite, Lopburi marl and Lopburi marble. The specimens have been
prepared to obtain rectangular blocks with nominal dimensions of 5050100 mm?® for the uniaxial and triaxial compression
tests. A minimum of 40 specimens are prepared for each rock types. The specimens are cut and ground to obtain the
perpendicularity and parallelism to comply with the ASTM standard practice [12]. They are prepared to test under dry and
fully saturated conditions. Under dry condition the specimen are over dried for 24 hours before testing. Under saturated
condition the specimens are submerged under water in pressure vacuum chamber for 24 hours in order to saturate the
specimens (Figure 1). The granite, marl and marble have average water contents (w) of 0.14%, 2.71% and 0.09%,

respectively (Figure 2).

3. Test Method

The laboratory testing includes uniaxial and triaxial compression tests. Loading rates vary from 0.001, 0.01, 0.1,
1 to 10 MPa/s. A polyaxial load frame [13] is used to apply confining pressures from 0, 3, 7 to 12 MPa (Figure 3).
The sample preparation, test methods and calculation follow relevant ASTM standard practices. The elastic modulus and
compressive strength are measured. Neoprene sheets are used to minimize the friction at all interfaces between the loading

plate and the rock surface. The tests are performed by increasing the axial stress to the rock specimen. The axial and
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Figure 1 Sandstone specimens submersed under water in vacuum chamber.
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Figure 2 Water contents as function of time.
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lateral strains are measured as a function of time until failure occurs. The dial gages are installed to measure the axial

and lateral strains. During the test, the axial strain, lateral strain, and time are monitored.

igure 3 Polyaxial load frame used in this study.

Figure 3  Polyaxial load frame used in this study.

4. Test Results
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4.1 Strength properties
The strengths of the saturated specimens are lower than those of the dry specimens, particularly under high confining
pressures and high loading rates. Figure 5 shows the maximum principal stress (51 r) as a function of the applied loading

rates.
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Figure 5 Maximum principal stress as a function of applied loading rate for dry and saturated specimens.
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Based on the Coulomb strength criterion the cohesion and internal friction angle of the rocks have been calculated. The
cohesions of the dry and saturated specimens are comparable (Figure 6). The dry specimens yield slightly higher friction

angles than the saturated specimens (Figure 7). The shear strength (7) can be represented by:
r=c+o, tang (1)

where ¢ is the normal stress, c is the cohesion and ¢ is the friction angle. They can be determined as a function of the

stress rate as follows (Figures 6 and 7):
¢ = In(Go,/A) + v (2)
o= w ln(é’o;/o’i) +1 (3)

The parameters jy, % @, t are empirical constants.

Substituting equations (2) and (3) into (1) the shear strength of rocks can be presented as a function of stress rate:
T=[ yin(do,d) + y] + o, tan [@in(Fo,d) + i (4) (4)

4.2 Elastic parameters.

The elastic modulus (E) and Poisson’s ratio (V) are determined from the tangent of the stress-strain curves at 50%
failure. The elastic modulus of the rock increases with loading rate (Figure 8). The influence of pore pressure on the
rock deformability is reflected as the reduction of the Young’s modulus. The Poisson’s ratios of saturated specimens are
slightly higher than those of the dry ones, and tend to be independent of the loading rate (Figure 9). Under lower loading
rate of 0.001 MPa/s the elastic and Poisson’s ratio under dry and saturated condition are similar. This suggests that the
pore pressure has no effect on the rock strengths if there is sufficient time to allow water to flow out of the specimens.

The elastic parameters can be best represented by:

E=K(3o,/A)° (5)
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Figure 6 Cohesion as a function of applied loading rate for dry and saturated specimens.

v=ualn (ﬁo-,/d) +f

c (MPa)

Granite

M

O Cpy = 0.269In(5c,/t)+9.98 MPa
B Cs, = 0.290In(5c,/At)+9.55 MPa

0
0

15 5

¢ (MPa)

0

LILBLILLLLL | LILBLRLLLLL g LILBLILLLLL T rrrmm

.0001 0.001 0.01 0.1 1 10

Marl

O Coy = 0.497In(G,/2)+11.58 MPa
B Cs. = 0.479In(dc,/5t)+11.48 MPa

T T T T T T T I ¢ T T 1 T rmm

0.0001 0.001 0.01 0.1 1 10

15 5

10

¢ (MPa)

0

Marble

.-

O Cpy = 0.147In(Po,/7t)+10.52 MPa
B Csy = 0.170In(é0,/2t)+10.58 MPa

LR S B R e R e R e

0.0001 0.001 0.01 041 1 10

Po,/2t (MPals)

The parameters & & o, [ are empirical constants.

(6)
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Figure 7 Friction angle as a function of applied loading rate for dry and saturated specimens.

4.3 Strain energy density criterion.

The strain energy density principle is applied here to describe the rock strength and deformation under different
loading rates. The distortional strain energy (Wd) at failure can be calculated from the shear modulus and octahedral shear

stresses for each rock specimen as follows [14]:
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Figure 8 Elastic modulus as a function of applied loading rate for dry and saturated specimens.
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Figure 9 Poisson’s ratio as a function of applied loading rate for dry and saturated specimens.

The mean strain energy (W ) at failure can also be derived as a function of the bulk modulus and mean stress at failure.
m
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The elastic parameters G and K can be determined for each specimen using the following relations:

- (9
2(1+v)
k- £ (10)
31-(2v)

Regression on the test results shows that the distortional strain energy increases linearly with the mean strain energy for

dry and saturated conditions (Figures 10 and 11) which can be best represented by:

W,=2W, +v (11)

The parameters I and u are empirical constants. The strain energy criterion gives an advantage that both stress and strain

at failure are incorporated to define the point at which the rock can absorb the maximum energy before failure occurs.

5. Discussions and Conclusions

The results indicate that the granite, marl and marble have average water contents of 0.149%, 2.71% and 0.09%,
respectively. The strengths of the saturated specimens are lower than those of the dry specimens, particularly under high
confining pressures and high loading rates. This is because under low loading rates the rock specimens are subject to the
consolidated drained condition as the pore water has sufficient time to seep out from the specimens. Under high loading
rates however the specimens are subject to the consolidated undrained condition where the trapped pore water builds up the
pore pressure and reduces the total failure stresses of the rocks. The elastic modulus of dry specimens is higher than that
of the saturated specimens. A power equation can be used to describe the increase of the elastic modulus with the loading
rate. The Poisson’s ratios of saturated specimens are slightly higher than the dry specimens and tend to be independent

of the loading rate.
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Figure 10 Distortional strain energy density (Wd) at failure as a function of mean strain energy (Wm) for dry specimens.

The cohesions of the dry and saturated specimens are comparable. The dry specimens yield slightly higher friction
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Figure 11 Distortional strain energy density (Wd) at failure as a function of mean strain energy (W )

for saturated specimens.

angles than the saturated specimens. A multi-axial strength criterion is developed to describe the distortional strain energy

density of rock at failure as a function of the mean strain energy. The energy required to fail the low porosity rocks under
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dry condition is slightly higher than that under saturated condition. The distortional and mean strain energy is calculated
from the principal stresses at failure and the rate-dependent elastic modulus. This means that if the total stresses and the
loading rate are known, the proposed strength criterion can be used to predict the strength and deformation of in-situ

rocks under dry and saturated conditions.
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