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Abstract
This study is devoted to experimental investigation of effects of pore pressure on plastic deformation and failure of a water-

saturated limestone. The experimental study is composed of three different groups of laboratory tests. The basic

mechanical behavior of the rock is first characterized by drained triaxial compression tests on water-saturated samples

without pore pressure. The results are compared with those obtained in a previous study from triaxial compression tests on

saturated samples with a constant pore pressure. In the second group, water injection tests under a confining pressure of

20 MPa and different values of deviatoric stress are realized to study the effect of pore pressure increase. Finally,

undrained triaxial compression tests are carried out for investigating the coupling effect of plastic deformation and pore

pressure variation. Based on experimental data, the validity of effective stress concept for plastic yielding and failure

strength is discussed.

Keywords Effective stress � Limestone � Plastic deformation � Poroelasticity � Pore pressure � Porous rocks

1 Introduction

Porous rocks are generally saturated by one or several

fluids. Under mechanical loading and temperature change,

important variation of pore pressure can be generated. For

many engineering applications, it is important to study

effects of pore pressure on deformation behavior and

mechanical strength of porous rocks. Since the Biot’s

theory of poroelasticity [2], a great number of studies have

been performed on experimental investigation of elastic

behavior of saturated porous rocks. The poroelasticity has

been extended to nonlinear rheology [3], anisotropic

materials [6, 8, 35], to materials with induced damage by

microcracks [32, 45, 48]. Different experimental tech-

niques have been proposed for the measurement of

poroelastic parameters in saturated porous materials

[4, 15, 17, 20, 29]. Poroelastic theory has also been

successively applied to the analysis of deformation, insta-

bility and failure in various engineering contexts [26].

Some studies have been devoted to undrained poroelastic

response to deviatoric stress change and to effect of tem-

perature-induced pore pressure on the strength of porous

rocks [21, 22]. Using homogenization techniques, poroe-

lastic coefficients have been determined as responses of

microstructure [12, 23].

On the other hand, most porous rocks also exhibit plastic

deformation. Extensive experimental studies are available

on the characterization of plastic deformation in porous

rocks [1, 11, 16, 33, 39, 42]. In general, two plastic

deformation processes can be identified, the irreversible

collapse of voids and the plastic shearing related to fric-

tional sliding between mineral grains. The plastic behavior

of porous rocks is also strongly influenced by confining

pressure. There is a clear transition from brittle to ductile

behavior when the confining pressure increases [5, 28, 40].

Various constitutive models have also been developed for

porous rocks. In general, one can find models either with a

single yield surface or with two distinct yield surfaces to

describe the two plastic processes. However, the descrip-

tion of plastic deformation and failure strength with pores

pressure variation in porous materials is still an open issue.
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A number of previous studies have been so far performed

to investigate effects of pore pressure variation on plastic

yielding, earthquake rupture dynamics, nucleation of slip-

weakening rupture instability and other features

[13, 14, 19, 36, 37, 46, 48]. The concept of effective stress

is generally involved for both elastic and plastic fields

[7, 34, 43, 47]. However, the existence and validity of

effective stress concept for plastic deformation and failure

strength in saturated and partially saturated materials are

still an open issue [9, 19, 38, 42, 46]. With the help of

nonlinear homogenization techniques, some micro-me-

chanical studies have been reported on the effective stress

concept for plastic yield and strength criteria in saturated

materials [10, 24]. In addition, one can also find experi-

mental studies on chemical effects of pore fluids on

mechanical properties of porous rocks [7, 16, 31, 41, 44]. It

is found that the plastic yield and strength criteria are

affected by physical and chemical processes in pore fluids

such as dissolution, wettability, capillary force and other

factors.

In our previous study [14], we have investigated the

basic mechanical behavior and the effect of plastic defor-

mation on the permeability evolution of a saturated lime-

stone in drained triaxial compression tests with a constant

pore pressure of 5 MPa. As an extension to the previous

study, the objective of this paper is to study the effect of

constant or varying pore pressure on plastic deformation

and failure strength of saturated porous rocks by per-

forming a series of new laboratory tests. For this purpose,

the same limestone as that used in Han et al. [14] is

selected in the present work. The experimental program is

composed of three groups of laboratory tests. A series of

drained triaxial compression tests are first performed on

water-saturated samples without pore pressure but with

different values of confining pressure, which are chosen in

a special way so that the values of effective confining

pressure (defined as the difference between confining

pressure and pore pressure) are the same as those used in

the previous study. The effect of a constant pore pressure

on plastic deformation and failure strength is therefore

discussed. Then, another series of triaxial compression tests

are carried out by injecting water into samples at different

levels of deviatoric stress. The objective is to investigate

the consequence of pore pressure increase on plastic

deformation and failure. Finally, undrained triaxial com-

pression tests are realized in order to study the coupling

effect between plastic deformation and pore pressure

variation.

2 Experimental procedure and results

The present study is performed on Anstrude limestone from

Bourgogne in France. This rock has been previously

investigated by Lion et al. [20] and Han et al. [14]. The

lithology, microstructure and mineralogy of this rock have

been characterized in the previous papers. Anstrude lime-

stone is composed of about 98% calcite and 2% quartz,

with an average porosity of 20% and an initial permeability

of about 6 9 10-16 m2. The experimental scatter is a

common phenomenon in laboratory tests. It is mainly

caused by the natural scatter of samples and by the dif-

ferences of testing procedure. In order to reduce the

experimental scatter, the tests presented in this paper are

carried out with the same procedures. The hard task is to

reduce the natural scatter of samples. For this purpose, the

samples used in the previous study of Han et al. [14] and in

the present study are all carefully drilled from a homoge-

neous block without macroscopic cracks. If some abnormal

results are obtained from a test, a second test is performed

to verify the results.

The following methodology is adopted. The basic

mechanical behavior of Anstrude limestone has been

studied in Han et al. [14] through a series of drained triaxial

compression tests on saturated samples with a constant

pore pressure of 5 MPa. In the present work, the emphasis

is put on the effect of pore pressure on plastic deformation

and failure strength of the limestone. For this purpose,

three groups of laboratory tests will be performed. In the

first group, drained triaxial compression tests are per-

formed on saturated samples without pore pressure. (Or the

pore pressure is equal to zero.) The values of confining

pressure are especially selected so that the values of

effective confining pressure, which is defined as the dif-

ference between nominal confining pressure and pore

pressure, are identical for two series of tests, respectively,

performed with 0 and 5 MPa pore pressure. In this way, we

shall identify the effect of a constant pore pressure on

plastic deformation and failure strength of limestone. In the

second group of tests, the pore pressure is increased by

injecting water into samples at different levels of deviatoric

stress until failure at a selected confining pressure. The

purpose of these tests is to investigate the mechanical

responses of limestone to pore pressure increase. Finally, in

the third group, a series of undrained triaxial compression

tests are realized with different confining pressures in order

to capture the coupling process between the evolution of

pore pressure during deviatoric stress loading, plastic

deformation and failure behavior.

All the tests are performed using a custom-designed

autonomous and auto-compensated triaxial testing device.

This is mainly composed of a cylindrical cell and three

536 Acta Geotechnica (2019) 14:535–545

123



pressure generators and a computer monitoring system. It is

possible to independently apply and monitor confining

pressure, axial stress, inlet and outlet pore pressures. The

axial strain is measured by two LVDT transducers, which

are placed between the bottom and top platens inside the

cell. The radial (or lateral) strain is measured by a custom-

designed strain ring placed at the middle height of sample.

The detailed presentation of the device and strain mea-

surement techniques was given in Han et al. [14]. All the

samples, used in the previous study [14] and in this study,

were carefully drilled from a big block without macro-

scopic cracks and homogeneous at the sample scale. The

size of cylindrical samples is 37.5 mm in diameter and

75 mm in length. All tests will be performed in a room

with a temperature controlled around 20 ± 2 �C.

2.1 Triaxial compression tests with a constant
pore pressure

The drained triaxial tests with a constant pore pressure are

performed by three steps. The confining pressure (noted as

Pc = r3) is increased to a selected value in the first step.

The pore pressure (noted as Pi) is then increased by water

injection to a desired value in the second step. At the third

step, the axial stress (noted as r1) is finally applied with a

given axial strain rate (noted as de1/dt) in order to capture

post-peak response of sample. The axial strain rate is

chosen as slow as possible so that the over-pore pressure

does not create a significant disturbance of the prescribed

uniform pore pressure inside the sample. In the present

study, the axial strain rate was selected as 5 9 10-6/s. Note

that in the previous study [14], a series of drained triaxial

compression tests with a constant pore pressure of Pi-

= 5 MPa have been performed with seven different con-

fining pressures such as 8, 11, 15, 20, 30, 40 and 55 MPa.

In order to capture the effect of a constant pore pressure, in

the present study, drained triaxial compression tests are

performed on saturated samples but without pore pressure

(Pi = 0 MPa). Seven specific values of confining pressure

are selected: 3, 6, 10, 15, 25, 35 and 50 MPa. These values

are selected in a way that the effective confining pressures

defined as the difference between confining pressure and

pore pressure (Pc - Pi) are identical for the two series of

tests, respectively, performed in the previous and present

studies. Therefore, the results obtained from the two series

of tests can be compared and their differences can be used

to interpret the effect of pore pressure. In Fig. 1, we present

the deviatoric stress defined as (r1 - r3) versus the axial

strain and lateral strain (noted as e3). In this figure, the

stress–strain curves are presented in two separate groups,

respectively, for ‘‘low’’ and ‘‘high’’ confining pressures.

The definition of low and high confining pressures is rel-

atively subjective and mainly based on the general trend of

mechanical behavior. For the tests under ‘‘low’’ confining

pressures, the basic behavior of limestone is typically

elastic brittle or elastoplastic brittle, and the failure state of

sample can be clearly identified by a peak stress. In con-

trast, for the tests under ‘‘high’’ confining pressures, the

basic behavior of limestone is elastoplastic ductile, and no

peak stress can be defined until a relatively large axial

strain. Detailed discussions on the effect of constant pore

pressure will be given in the next section.

2.2 Water injection tests

In these tests, the sample is first subjected to a classical

drained triaxial compression loading without initial pore

pressure. When the deviatoric stress reaches a selected

value and the strains become stable (green points in Fig. 2),

an increase in pore pressure is generated by injecting water

into the sample until the peak deviatoric stress is obtained

(blue points in Fig. 2). After the peak stress, the water

injection is continued with the same flow rate and the axial
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Fig. 1 Comparisons of stress–strain curves between drained triaxial

compression tests with a constant pore pressure (Pi = 5 MPa) [14]

and without pore pressure (Pi = 0). a ‘Low’ confining pressures,

b ‘high’ confining pressures
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strain is controlled by the corresponding pressure genera-

tor. It is thus possible to capture the post-peak behavior of

sample during the water injection test (after the blue points

in Fig. 2). Four tests are performed under a confining

pressure of 20 MPa and with the deviatoric stresses of 36.5,

42.0, 47.5 and 53 MPa, respectively. The water is injected

from the inlet point, while the outlet point is closed. The

water injection flow rate is 0.003 ml/s. Both the inlet and

outlet pressures are measured during the injection. The

inlet pore pressure is slightly higher than the outlet one, but

the difference is less than 0.1 MPa due to the relatively

high permeability of limestone and the small injection rate.

The overall and individual curves of deviatoric stress ver-

sus axial and lateral strains are presented in Fig. 2. The

variations of pore pressure are shown as functions of the

axial and lateral strains in Fig. 3.

2.3 Undrained triaxial compression tests

The undrained triaxial compression test is performed in

three steps. The selected confining pressure is first applied.

An initial pore pressure is then set up in order to insure a
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Fig. 2 Overall curves (a) and individual curves (b–e) of deviatoric stress versus axial and lateral strains during triaxial compression tests with

water injection at different values of deviatoric stress and under a confining pressure of 20 MPa
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good saturation state and to better measure variation of

pore pressure during test. Finally, the axial stress is applied

while the pore fluid circuit is closed from the exterior of

sample. Fours tests are performed with four different

confining pressures (6, 10, 23 and 38 MPa) and an initial

pore pressure of 3 MPa. The axial strain rate is the same as

that used in drained tests. In Fig. 4, we present the devia-

toric stress versus the axial and lateral strains as well as the

pore pressure, respectively.

3 Effects of pore pressure

As discussed in the previous study [14], the basic

mechanical behavior of Anstrude limestone is character-

ized by two plastic deformation processes: pore collapse

and plastic shearing. The effective mean stress threshold

for pore collapse is about 44 MPa. Under low effective

confining pressures (3, 6 and 10 MPa), the plastic shearing

is the dominant process producing the strain softening in

the post-peak regime and volumetric dilatancy. On the

other hand, under high effective confining pressures (25, 35

and 50 MPa), the pore collapse plays an essential role and

is responsible for volumetric compaction and ductile fail-

ure process. For an intermediate effective confining pres-

sure such 15 MPa, there is a competition between the two

plastic processes and it represents the transition point from

brittle to ductile behavior of material. In this section, we

shall discuss the effect of a constant pressure on two plastic

deformation processes and failure strength of limestone.

3.1 Influence of a constant pore pressure

According to Fig. 1, for the effective confining pressures

higher than 10 MPa, the stress–strain curves obtained,

respectively, from tests without pore pressure and those

with a constant pore pressure of 5 MPa [14] are nearly

identical. However, for two low effective confining pres-

sures (3 and 6 MPa), it seems that the peak deviatoric stress

of samples with pore pressure is slightly lower than that of

samples without pore pressure for a same value of effective

confining pressure. In order to quantity the effect of pore

pressure, we have determined the stress threshold, respec-

tively, for the initial plastic shearing in the tests with low

confining pressures, the pore collapse and onset of plastic

shearing in the tests under high confining pressures. Under

a low confining pressure, after the elastic limit, there is a

clear transition from volumetric compressibility to dila-

tancy during the deviatoric loading. In order to better

investigate the plastic volumetric strain transition, an

elastic reference line is added on the basis of the extrapo-

lation of the approximately linear part of the deviatoric

stress versus volumetric strain curve. It is found that the

plastic volumetric dilatancy threshold nearly coincides

with the plastic shearing threshold. Under a high confining

pressure, after the elastic limit stress, there is an important

volumetric compaction due to the plastic pore collapse,

followed by a clear transition from compaction to
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stress versus axial and lateral strains, b deviatoric stress versus pore

pressure
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dilatancy. Therefore, two reference lines can be added on

the deviatoric stress versus volumetric strain curve. The

first one defines the elastic strain slope, and the second line

defines the average slope of the quasi-linear part of the

curve during the pore collapse process. With the help of

these two lines, it is easy to identify the pore collapse

threshold and the plastic shearing threshold. The more

detailed description for the determination of the onset

points was presented in Han et al. [14]. The obtained

results are presented in the diagram of deviatoric stress

versus effective mean stress (rm - Pi, rm = (r1 ? 2r3)/3),
as shown in Fig. 5. Except the small difference of peak

strength mentioned before, the onset of pore collapse and

plastic shearing are almost not affected by the pore pres-

sure. These results indicate that the mechanical behavior of

limestone in triaxial compression tests is approximately

controlled by the effective confining pressure defined

according to the effective stress of Terzaghi. More detailed

discussions about the effective stress concept will be given

in the next section.

3.2 Analysis of water injection tests

In Fig. 6, the loading paths during the water injection tests

are indicated by the horizontal lines in the diagram of

deviatoric stress (r1 - r3) versus effective mean stress

(rm - Pi). In this figure, the initial shearing threshold

surface, the pore collapse surface and the peak strength

surface are also illustrated. The corresponding variations of

axial and lateral strains are presented in Fig. 3. It is seen

that the mechanical responses of limestone during the

water injection phase are dependent on the values of

deviatoric stress of injection point, respectively, equal to

36.5, 42, 47.5 and 53 MPa. When the deviatoric stress is

low, e.g., 36.5 MPa, the water injection point is in the

elastic domain. The water injection process should generate

elastic tensile strains at both the axial and lateral directions.

This is the case for the lateral strain as shown in Fig. 3.

However, one gets a compressive axial strain. This is not

verified by the isotropic poroelastic theory. There are

several possible reasons to explain such a compressive

strain induced by the water injection. Based on some pre-

vious studies [27], the water injection can enhance the

pressure solution process in limestone and induce a

weakening of both elastic modulus and mechanical

strength of material. Therefore, if such a weakening effect

exists, the water injection can induce a decrease in plastic

yield stress of limestone and then generate additional

plastic strains. Due to the applied deviatoric stress, the

additional axial plastic strain should be compressive.

However, additional investigations are needed to confirm

the weakening effect of water injection in limestone. With

the increase in pore pressure due to water injection (mov-

ing to the left on the diagram), the plastic shearing surface

is reached as shown in Fig. 3. When the peak strength

surface is finally reached, there is a material softening and

a diminution of pore pressure. Moreover, the diminution of

pores pressure is directly related to an important volumetric

dilatancy. For higher levels of deviatoric stress (42, 47.5

and 53 MPa), the injection point is behind the initial pore

collapse surface. This means that the material is in the

plastic domain when the water injection is started. How-

ever, during the water injection phase, due to the increase

in pore pressure before peak strength, there is an elastic

unloading with respect to the pore collapse surface. How-

ever, when the plastic shearing surface is reached, the

plastic deformation occurs but only due to the shearing

process. Therefore, the plastic deformation during the

water injection phase is dominated by the plastic shearing

process.

3.3 Analysis of undrained tests

In Fig. 7, we present the curves of deviatoric stress versus

axial and lateral strains as well as pore pressure versus

axial strain separately for each value of confining pressure.

In Fig. 8, the stress paths during the undrained tests are

illustrated with respect to the initial plastic shearing sur-

face, pore collapse surface and peak strength surface. It can

be seen that the mechanical response of limestone during

undrained triaxial compression tests is also influenced by

confining pressure, in particular in terms of pore pressure,

volumetric dilatancy and peak strength.

Let us first consider two tests under a low confining

pressure (6 and 10 MPa). In the initial elastic zone, there

are quasi-linear relations between strains, pore pressure

increase and deviatoric stress. When the plastic shearing

surface is reached, plastic deformation occurs with the

shearing process. The plastic deformation produces a slight
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volumetric dilatancy but the total volumetric strain remains

compressive. The pore pressure should continue to increase

but with a reduced rate. Some scatters from this theoretical

prediction are found on the experimental data obtained. It

seems that the pore pressure drop starts before the volu-

metric compressibility–dilatancy transition point is

reached. This may be attributed to possible heterogeneous

distribution of pore pressure inside the sample. After the

onset of volumetric dilatancy, the plastic strains become

more significant and the pore pressure decreases quickly.

The peak strength surface is then reached, and the peak

deviatoric stress is obtained. The peak strength is more

pronounced when the confining pressure is lower, and this

indicates the transition from brittle to ductile behavior. The

pore pressure continues to decrease during the post-peak

regime and finally approaches zero. One obtains some

residual stress–strain regime. Note that in these two tests,

the pore collapse surface is never reached. Therefore, the

plastic deformation is entirely controlled by the shearing

process.

For the test under a high confining pressure (38 MPa),

after an initial elastic phase, the plastic pore collapse sur-

face is reached before reaching the shearing surface. The

two plastic processes have a competitive influence on pore

pressure evolution. The pore collapse process produces a

volumetric compaction. As a consequence, one gets a

significant increase in pore pressure. When the plastic

shearing is reached, a volumetric dilatancy is produced and

the rate of pore pressure increase is reduced. The volu-

metric compressibility–dilatancy transition is then

observed, and one observes a quasi-constant phase of pore

pressure. Finally, the pore pressure decreases with the

increase in volumetric dilatancy. In this case, the plastic

pore collapse process plays an essential role in the pore

pressure evolution while the material failure is controlled

by the plastic shearing.

For the test with an intermediate confining pressure

(20 MPa), both two plastic processes are also activated.

However, the plastic shearing is reached before the plastic

pore collapse. Even if the plastic shearing process produces

a volumetric dilatancy, the overall volumetric strain

remains compacting and the pore pressure continues to

increase. Progressively, the plastic shearing process

becomes dominant with respect to pore collapse. One

obtains the transition from compressibility to dilatancy and

the decrease in pore pressure.

4 Discussions

The presence of fluid can affect the mechanical behavior of

rock through both chemical and mechanical interactions

[28]. As mentioned above, there are some differences of

plastic yield and failure surfaces between tests without and

with pore pressure. For a better understanding of such

differences, the experimental results obtained are now
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analyzed in terms of effective stress concept and chemical

effect of pore fluid.

4.1 Discussion on effective stress concept
for plasticity

Based on a macroscopic kinematic assumption, Coussy [8]

has introduced the concept of effective stress for poroe-

lasticity theory by the relation rij
p = rij - bpdij, with b B 1

being the plastic effective stress coefficient, which is

physically different with the Biot’s coefficient for poroe-

lasticity theory.

In Fig. 5, the threshold stresses for plastic shearing, pore

collapse and peak strength are presented, respectively,

from the tests without pore pressure (pi = 0) and with a

constant pore pressure (pi = 5 MPa). One can see that the

pore collapse threshold obtained from the test with pi-
= 5 MPa is slightly lower than that from the test with

pi = 0. By assuming the validity of plastic effective stress

concept and by neglecting for the moment any chemical

effect of water on limestone, one can easily deduce b\ 1

for the studied limestone. Following this concept, the

effective confining pressure (Pc - bpi) in a test with

Pc1; pi [ 0 should be higher than that in a test with Pc2,

pi = 0 if Pc1 - pi = Pc2. As a consequence, the plastic

shearing threshold for the test with pi[ 0 should be higher

than that of the test with pi = 0. This theoretical prediction

is not verified by the experimental data in Fig. 5. Indeed,

the initial plastic shearing surface issued from tests with

pi = 5 MPa is slightly lower than that issued from those

with pi = 0. A similar result can be obtained about the peak

strength surface. The peak strength of samples with pore

pressure is generally lower than that in samples without

pore pressure. The stress paths followed in the water

injection tests are shown in Fig. 6. One can make the same

remark as the tests with a constant pressure. For instance,

for the tests performed with low deviatoric stress levels

(36.5 and 42 MPa), it is clear that the peak deviatoric

stresses obtained in the water injection tests are lower than

that obtained the triaxial compression tests without pore

pressure. As a conclusion, it seems that the effect of pore

pressure on plastic deformation and strength cannot be

explained by the mechanical effect only. It seems that the

presence of pore fluid induces a chemical degradation

which affects both plastic yield stress and peak strength.

4.2 Discussion on degradation effect of pore
pressure

The objective here is not to present a detailed study on

physical and chemical reactions between water and lime-

stone. We just want to discuss the effects of pore pressure

increase on plastic deformation and strength of limestone.

However, it is useful to mention some possible physical

and chemical processes between water and limestone
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observed in some previous studies. One can invoke the

dissolution of contact surfaces by the inter-granular pres-

sure solution [18, 25, 30, 31, 44]. It was found that the

effect of chemical dissolution is generally amplified by the

increase in pore pressure [27]. For the limestone studied

here, as presented above, under a low effective confining

pressure, the mechanical behavior of limestone is clearly

affected by the increase in pore pressure. In contrast, the

mechanical behavior under a high effective confining

pressure seems not affected by the increase in pore pres-

sure. In order to confirm this result with a higher pore

pressure, we have performed two additional triaxial com-

pression tests with a constant pore pressure of 18 MPa and

two confining pressures of 33 and 53 MPa, respectively. In

Fig. 9, the obtained results are compared with those

obtained from the tests with Pc = 15 MPa, pi = 0 and Pc-

= 20 MPa, pi = 5 MPa, and with Pc = 35 MPa, pi = 0 and

Pc = 40 MPa, pi = 5 MPa, respectively. It is clear that the

peak strength for the test with Pc = 33 MPa, pi = 18 MPa

is lower than that with Pc = 20 MPa, pi = 5 MPa, which is

again lower than that with Pc = 15 MPa, pi = 0, as shown

in the deviatoric stress–volumetric strain curves. For the

three tests with an effective confining pressure of 35 MPa,

the deviatoric stress versus axial strain curves are almost

identical. However, the deviatoric stress versus volumetric

strain curves show a clear difference. It is clear that the

compaction–dilatation transition for the test with Pc-

= 53 MPa, pi = 18 MPa is lower than that with Pc-

= 40 MPa, pi = 5 MPa, which is again lower than that

with Pc = 35 MPa, pi = 0. At the same time, the plastic

volumetric strain due to pore collapse is amplified by the

increase in pore pressure. Therefore, the presence of pore

fluid could induce a degradation effect on the plastic

yielding and failure strength of limestone and this degra-

dation effect is amplified when the pore pressure is higher.

5 Conclusions

Effects of pore pressure on both plastic deformation and

strength of saturated limestone have been investigated in

this work. The experimental results have confirmed that the

plastic deformation is characterized by pore collapse and

shearing. The pore collapse is responsible for volumetric

compaction, while the shearing induces a volumetric dila-

tancy. The plastic deformation is dominated by the pore

collapse process under high confining pressures but by the

shearing process under low ones. There is a transition from

brittle to ductile behavior with the increase in confining

pressure.

The water injection induces an increase in pore pressure

and then a decrease in effective confining pressure. This

enhances the plastic shearing process, volumetric dilatancy

and shearing failure. Further only the plastic shearing is

activated in such a loading path.

The pore pressure evolution in undrained triaxial tests is

also influenced by two plastic processes. At a low confining

pressure, the deviatoric stress induces plastic dilatancy due

to shearing process and then a decrease in pore pressure.

But at a high confining pressure, the deviatoric stress
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induces a plastic compaction due to pore collapse and

enhances the increase in pore pressure. The pore collapse

dominates the pore pressure evolution during the first stage

of loading, while the plastic shearing dominates the peak

strength and pore pressure evolution during the second

stage.

The concept of effective stress for plastic deformation

and peak strength has been revisited. It is found that the

validity of the classical Terzaghi’s effective stress concept

was not fully verified. The plastic yield stress and peak

strength in the samples with pore pressure are generally

lower than those in the samples without pore pressure for a

same effective confining pressure. It seems that the scatter

with the effective stress concept can be attributed to a

degradation effect of pore fluid pressure. The presence of

pore fluid can induce a decrease in plastic yield stress and

peak strength, and the degradation effect is amplified by

the increase in pore pressure. However, further investiga-

tions are still needed to identify and quantify the origins of

degradation effect by pore fluid pressure in limestone.

References

1. Baud P, Schubnel A, Wong TF (1999) Dilatancy, compaction,

and failure mode in Solnhofen limestone. J Geophys Res

105(B8):19289–19303

2. Biot MA (1941) General theory of three dimensional consolida-

tion. J Appl Phys 12:155–164

3. Biot MA (1973) Non-linear and semi-linear rheology of porous

solids. J Geophys Res 78:4924–4937
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