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� Concrete is subjected to biaxial compression under different strain rates.
� The strength of dry and saturated concrete increases with increasing strain rate.
� The strengths and DIF of strengths of dam concretes under dynamic biaxial loading are described.
� The dynamic biaxial compression failure criterion of saturated dam concrete is established.
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The effect of saturation coupled with loading rate on the behavior of dam concrete was investigated
under the biaxial compression. Dynamic biaxial compressive experiments on dam concrete cubes with
an edge length of 250 mm (dry and saturated) were carried out using a large static and dynamic triaxial
electro-hydraulic servo multiaxial testing system. The specimens were loaded in biaxial compressive
stress states (with the stress ratios of 0:1, 0.25:1, 0.5:1, 0.75:1 and 1:1 respectively) under static and a
series of dynamic loading velocities (with strain rates ranging from 10�5/s to 10�2/s). The ultimate
strengths of dry and saturated concretes were found to increase with the increase of strain rate, while
the damage pattern and ultimate strength are closely related to the magnitude of lateral pressure exerted
on the specimen. In addition, the dynamic failure criterion is proposed to characterize both the effects of
strain rate and water content on the ultimate strength of dam concrete under biaxial compressive stress
states. By testing dry and saturated specimens, the effect of water content on concrete strength was also
examined. The experimental results indicate that the static compressive strengths of saturated concrete
are lower than those of concrete in dry state, but on the contrary the dynamic strengths of saturated con-
crete is higher than those of concrete in dry state. The strain rate effect on strength of saturated concrete
is more significant than that of dry concrete in lateral confining pressure, indicating that the saturated
concrete is more rate-sensitive than dry concrete. As explained through a basic mechanical analysis, this
dissimilarity is mainly attributed to the inertia effect and the viscosity of pore-water inside the saturated
concrete during fast (quasi-static or dynamic) loading.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is one of the most commonly used building materials.
It is applied to build house, dam, port, bridge, nuclear safety shell,
etc. And concrete structures suffer not only static loads but also
dynamic loads such as wave stroke, earthquake, impact, explosion
etc. Under such dynamic conditions, the strain-rate causes the
material behavior to be significantly different from what is
observed under quasi-static conditions. As well known, strength
of concrete depends on the rate of loading, and the values of
strength increase as the stress or strain rate increases.

Much research has been conducted since Abrams [1] observed
the rate-sensitive behavior of concrete when he carried out com-
pressive tests in 1917. There are many research achievements
[2–9] about the rate features of concrete. Bischoff and Perry [10]
reviewed the test results of concrete in dynamic compressive load-
ing. Malvar and Ross [11] summarized the test results of concrete
in dynamic tensile loading. Bicanic and Zienkiewicz [12] general-
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Table 1
Mix proportion of dam concrete (unit:kg/m3).

Water Cement Fly ash Sand Aggregate size (mm) Water
reducer

5–20 20–
40

40–
80

120 214 53 549 442.5 442.5 590 0.214
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ized the dynamic behavior of concrete based on the experimental
results in uniaxial stress state and established dynamic constitu-
tive model.

In recent years, a lot of efforts have been dedicated in the
dynamic behavior, only in uniaxial tension and compression. Partly
because of the difficulty in conducting multiaxial dynamic experi-
ments, few tests have been reported in the literature concerning
the strength and deformation of concrete subjected to varying
strain rates and confining pressures. At present, a great deal of
experimental research on the deformation and strength of the
common small-aggregate concrete has been carried out [13–16],
but multiaxial experiments on large-aggregate concrete commonly
used in hydraulic engineering are seldom done, except for a few
biaxial experiments on large-aggregate concrete carried out by
Song et al. [17].

In practical engineering, large-aggregate concrete is often used
in hydraulic engineering such as various gravity dams and arch
dams, etc. Concrete structures, such as dams, bridge piers, offshore
structures, and marine petroleum platforms, often serve in ambi-
ent water, and the water content of concrete will have a certain
influence on the mechanical behavior. Therefore the concrete could
be in saturated or unsaturated states due to water pressure and
different types of original defects in the concrete. In the past few
decades, many works about the effect of water content on the sta-
tic properties of concrete have been performed [18–27]. The
dynamic mechanical properties of concrete are supposed to be
affected by free water in the concrete defects, however very few
references about the influence of water content on dynamic prop-
erties of concrete could be found. It is very important to conduct
special experiments to investigate the mechanical properties of
concrete with respect to saturation effect and loading rates in order
to facilitate the dynamic performance analysis of hydraulic struc-
tures accurately.

As is well known, concrete material is sensitive to the rate of
loading. Many studies have been undertaken on the behavior of
concrete under uniaxial dynamic loading, as reviewed by Bischoff
and Perry [10] for uniaxial compression and by Malvar and Ross
[11] for uniaxial tension. However, the dynamic characteristics of
concrete under multiaxial stress state are still not well understood
due to the lack of experimental data. Only limited dynamic multi-
axial experimental studies of concrete under high loading rates
have been carried out because of the difficulty for such type of test.
From the available literature [28–33], it can be found that the
dynamic strength of concrete under multiaxial compressive stress
state is also higher that in static state, but the enhancing magni-
tude is less than that of concrete under uniaxial compressive load-
ing. Consistent conclusions need more experimental and
theoretical support. Up to now, researches about the effect of water
content on the dynamic behavior of concrete have been focused on
the uniaxial state with different moisture content at high strain
rates [34,35]. It is shown that the strain rate effect of saturated
concrete is more significant than that of normal concrete.

The effect of water content on the behavior of concrete is not
taken into account in today’s design code. For this reason, it is nec-
essary to carry out experimental investigation into the mechanical
behavior of saturated concrete, especially the quasi-static and
dynamic characteristics under multiaxial stress state. In this paper,
through large numbers of experiments, the strength of dam con-
crete under the condition of saturation has been studied in the
stress state of biaxial compression under different strain rates
(10�5–10�2/s). The experimental results of dry and saturated con-
crete have been analyzed. By fitting the dam concrete experimental
data, the dynamic failure criterion is established in the stress state
of biaxial compression.
2. Materials and experimental program

2.1. Materials and mix proportions

The three-graded concrete is commonly used in the upstream face of arch dam.
To well match with the real mix proportion of dam concrete in the current study,
the size grading of the three-graded coarse aggregate is determined as: large size
stone (40–80 mm): mid size stone (20–40 mm): small size stone (5–20 mm)
= 4:3:3. This composition of coarse aggregate is a traditional mixture in Chinese
code for mix design of hydraulic concrete (DL/T5330-2005), in which the maximum
size of the coarse aggregate is set as 80 mm. Meanwhile, the minimum length size
of the specimen should not be less than three times of the maximum aggregate size
according to the test code for hydraulic concrete (SL352-2006). As a result, the spec-
imens in this paper were all designed as cubes with dimensions
250 � 250 � 250 mm. The cement was ordinary Portland cement, which was pro-
duced by Dalian Onoda Cement Plant and one-level fly ash. The mixtures contained
fly ash to save cement and to reduce the heat of hydration for practical application.
The sand was natural river sand with fineness modulus of 2.6. Table 1 shows the
mix proportions by weight of the mixture dam concrete.
2.2. Casting and curing of specimens

The cement, sand, aggregate and fly ash were mixed for about 3 min, then water
and water reducer were added, and mixed for two additional minutes. The speci-
mens were vibrated to be dense and solid using a high frequency resistance vibra-
tor. Specimens of 250 mm3 cube were cast in steel moulds. After 24 h, the
specimens were removed from the steel moulds and placed in a condition of
20 ± 3 �C and 95% RH (relative humidity) for 28 days. The six sides of the specimen
were ground to ensure that the specimen had flat edges and right-angled corners.
The specimens were divided into two batches: one was stored in fresh water till
tested, and the other was naturally cured at room condition.
2.3. Apparatus and testing methods

Triaxial testing system used in this project is shown in Fig. 1. The multiaxial
experiments were conducted on the servo-hydraulic multiaxial testing system
designed by Dalian University of Technology, which made great contributions to
the studies of concrete multiaxial constitutive and failure criterion [36–40]. This
testing machine is capable of developing three independent compressive or tensile
forces. The tensile and compressive loads can reach 1000 kN and 2500 kN, respec-
tively. The loads are applied by means of six loading jacks that were equipped with
spherical, self-aligning heads to obtain uniform distribution of stress on the speci-
mens. Forces were measured by the calibrated loading cells with the accuracy of
0.1%. Meanwhile, the deformation was measured by linear variable differential
transformer (LVDT) with the accuracy of 0.001 mm.

The regulation circuit for a constant stress-ratio experiment with a constant
displacement rate in the major loaded direction was used in the tests. In order to
obtain the stable failure modes in the descending stage, the displacement from
the output of two LVDTs was employed in computation of strain of the specimens
and also used as the feed-back signal to each specimen. The specimens were loaded
in biaxial stress states. The lateral pressure was maintained at a fixed proportion to
the axial load, with the stress ratios of 0:1, 0.25:1, 0.5:1, 0.75:1, 1:1 respectively.
The displacement rates for dam concrete were set as 0.005 mm/s, 0.05 mm/s,
0.5 mm/s and 5 mm/s, which corresponding to the strain rates of 2 � 10�5/s,
2 � 10�4/s, 2 � 10�3/s and 2 � 10�2/s, respectively. In order to eliminate the
restraint induced by the loading platens on the specimen surfaces, the friction-
reducing pads [19] were placed between the platens and the specimen for all com-
pressive loading platens. The pads consist of three plastic membranes with two lay-
ers of butter between them. For each specific stress ratio, at least three specimens
were tested and their average values were used as the presented test results, if it is
discrete largely, the numbers of the specimens should be increased and tested.



Fig. 1. Photo of the electro-hydraulic servo multiaxial testing system.

Table 3
Average strength of saturated dam concrete under dynamic biaxial compression
loading (MPa).

Stress
ratio

Strain rate (s�1)

10�5 10�4 10�3 10�2

r2 r3 r2 r3 r2 r3 r2 r3

0:1 0 17.11 0 26.16 0 24.83 0 27.82
0.25:1 6.19 24.76 6.97 27.89 8.13 32.51 8.74 34.97
0.5:1 13.31 26.62 14.69 29.37 16.41 32.81 15.73 31.45
0.75:1 18.36 24.48 20.99 27.99 23.67 31.56 26.29 35.05
1:1 22.90 22.90 27.79 27.79 29.70 29.70 34.31 34.31
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3. Test results and discussion

3.1. Average strength

The experimental results of dry and saturated dam concrete at
different strain rates under biaxial compression are given in Tables
2 and 3.
3.2. Failure mode

3.2.1. Influence of strain rate
As shown in Fig. 2, different failure modes of specimens with

stress ratio equal of 0.5:1 can be observed at different strain rates.
The specimen developed a couple of cracks that propagated paral-
lel to the loading direction and were distributed uniformly around
the exterior surface under the static loading condition. It is
observed that the number of cracks is increased significantly and
more microcracks may develop along the major crack as the strain
rate increases. For normal strength concrete under loading, the
microcracks readily develop and grow along the aggregate–matrix
interfaces due to high stress concentrations at these interfaces and
due to weak interfacial bonding. These microcracks coalesce and
develop into macrocracks under increased loading, leading to a
premature failure of concrete compared to mortar. More coarse
aggregates are broken along the fracture surfaces with the increase
of strain rate. This might be attributed to the fact that when sub-
jected to higher strain rate, cracks do not have enough time to
propagate along the path of least resistance; they are forced to
propagate through regions of greater resistance, compared to that
in lower strain rate. Therefore, more coarse aggregates might be
included in the fractured surfaces and a higher stress level is
needed to bring the specimens to failure.
Table 2
Average strength of dry dam concrete under dynamic biaxial compression loading
(MPa).

Stress
ratio

Strain rate (s�1)

10�5 10�4 10�3 10�2

r2 r3 r2 r3 r2 r3 r2 r3

0:1 0 20.34 0 21.57 0 23 0 24.83
0.25:1 6.63 26.51 6.75 26.98 7.01 28.05 8 32
0.5:1 13.62 27.24 14.63 29.25 15.45 30.9 16.72 33.43
0.75:1 20.06 26.75 20.27 27.03 22.37 29.82 24.65 32.87
1:1 24.69 24.69 26.31 26.31 30.18 30.18 31.15 31.15
3.2.2. Influence of stress ratio
Fig. 3 demonstrates the failure modes observed for different

stress ratios at the strain rate of 10�3/s. Fracture of the concrete
specimens under uniaxial compression is characterized by the for-
mation of a major crack and some minor cracks developing parallel
to the direction of applied load. The stress ratio is the major influ-
encing factors of the failure mode. Fracture of the specimens with
lateral stress ratios 0.25:1, 0.5:1 and 0.75:1 respectively is charac-
terized by the formation of several major cracks, at an angle of 20–
30� to the direction of applied loading. When the specimens are
subjected to the biaxial compression with stress ratio equal to
0.75:1, the failure surface of the specimen is flat and parallel to
the free surface. It is observed that the failure modes of dam con-
cretes mainly depend on the stress ratio, whereas are independent
of the strain rates.

3.3. Stress–strain curves

From Fig. 4, it can be seen that the strength of concrete under
biaxial compression increases with the increase of strain rate.
The shapes of the stress–strain curves corresponding to different
strain rates are similar. The effective modulus for confined speci-
mens is slightly higher than that for unconfined ones. The linear
part of the curves extends with the rising strain rate. From stress
point higher than 50% strength until peak stress point, the increase
in tangent modulus of the curves becomes more pronounced with
the rising strain rate in the inelastic range. For concrete specimens,
as the strain rate is increased, both the initial slope and the peak
stress increase.

3.4. Biaxial compressive strength and dynamic increase factor (DIF)

In Table 2, the ultimate strength of dam concrete in biaxial com-
pression state is higher than the uniaxial compressive strength at
any strain rate owing to the effect of lateral confinement. At a spec-
ified strain rate, the strength increment depends on the biaxial
stress ratio. The maximum biaxial strength occurs at a stress ratio
of 0.5 and 0.75 for any strain rate investigated. In a quasi-static
test, strength with stress ratio of 0.5:1 is higher than uniaxial com-
pressive strength by about 33.9%. These results are in agreement
with the results of other researchers [41–44]. The ultimate
strength of concrete under biaxial compression was higher than
under uniaxial compression owing to the increased confinement
from biaxial compression. It is possible to explain the observed
behavior considering that the confinement restrains the crack
propagation after the concrete cracks. It also may be attributed
to the different grading of aggregate [45], when aggregate particles
increase in size, they delay continuous crack growth, extending the
period of crack propagation, so the aggregate maximum sizes
increase results in a higher increase of ultimate strength.

Relationship between the dynamic strength increment and the
strain rate under different stress combinations are shown in Fig. 5.
With increasing of the strain rate, the ultimate strength at any



Fig. 2. Typical failure modes of specimens under biaxial compressive stress states (a = 0.5) at different strain rates Strain rates are (a) 10�5/s; (b) 10�4/s; (c) 10�3/s; (d) 10�2/s
respectively.
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stress ratio tends to increase. However, the increment at different
stress combinations is not identical. The strain rate was calculated
from the linear portion of the strain–time curves in tests. It can be
seen from Fig. 5 that the test strength of concrete increased grad-
ually as strain rate increased. In order to formulate the relationship
between the strength increment and strain rate, a relationship
between the strength and strain rate was established by fitting
the test data as follows

f bd
f us

¼ aþ b logðe=esÞ ð1Þ

where es is the quasi-static strain rate, its value being selected as
10�5/s in this paper; e is the current strain rate; fus is the uniaxial
compressive strength of concrete in quasi-static loading; fbd is the
dynamic strength of concrete in biaxial stress state; a, b are param-
eters depending on the stress ratio. In this study the values of the
coefficients a and b, which are determined by the least square
method fitting to the test results, are listed in Table 4.

3.5. Effect of water content

3.5.1. Test results for dry and saturated specimens
The test results about dry and saturated specimens under

dynamic biaxial compression are shown in Tables 2 and 3 respec-
tively. In this paper, the strain rate of 10�5/s is defined as the quasi-
static strain rate. The uniaxial compressive strength of saturated
concrete at strain rate of 10�5/s is less than 15.9% compared to
the dry ones. But the uniaxial compressive strength of saturated
concrete at strain rate of 10�2/s is more than 10.7% compared to
the dry ones. The typical stress–strain relationships of saturated
and dry concretes at different strain rates (10�5/s, 10�3/s and
10�2/s) under the uniaxial stress state are shown in Fig. 6. The
quasi-static strength of saturated concrete decreased compared
with those of dry concrete. At strain rate of 10�2/s, the dynamic
critical strain of saturated concrete increased compared with those
of dry concrete. The critical strain of both kinds of concretes
decreased with the increase of strain rate. The strength of both
kinds of concretes increased with the increase of strain rate. The
strength of saturated concrete increased more than that of dry con-
crete. The difference may due to the free water in the concrete.

3.5.2. Comparison of the quasi-static behavior of dried and saturated
concretes

Along with the quasi-static results of dry concrete, the quasi-
static strength of saturated concrete is given in Fig. 7. It can be seen
that the strength of saturated concrete is almost not less than the
uniaxial compressive strength, which agree with the condition of
dry concrete. Moreover, according to the overall tendency of obser-
vation, the ultimate strength of concrete under biaxial compres-
sion was higher than under uniaxial compression owing to the
increased confinement from biaxial compression. The relative
strength increase was dependent on the biaxial stress ratio and
the maximum increases occurred at a stress ratio of 0.5 for both
dry and saturated concrete. It can be seen the same common char-
acteristics under biaxial compression for both dry and saturated
dam concrete. Generally speaking, the strength of saturated con-
crete is less than the dry ones at any stress ratio.

The quasi-static average strengths of dry and saturated concrete
under biaxial compressive are plotted in Fig. 8. Under mechanical
confining pressure, the strength of dry concrete shows more signif-



Fig. 3. Typical failure modes of specimens under different stress states at strain rate 10�3/s stress ratios are (a) a = 0.25; (b) a = 0.5; (c) a = 0.75; (d) a = 1 respectively.
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icant confining pressure effect than that of saturated concrete. The
normalized strength of dry concrete is higher than that of satu-
rated concrete under the same confining pressure. The strength
under confining pressure is much more than the uniaxial compres-
sive strength regardless of dry and saturated concrete. But the
quasi-static strength of dry concrete is higher than that of satu-
rated concrete under all the stress ratios. Water pressure within
the pore structure of concrete especially developed under the sat-
urated state is responsible for the strength decrease. As mentioned
above, the biaxial compression can to different extent increase the
strength of the concrete. However, after reaching the ultimate
strength, water pressure in the pore structure will also increases.
As a result, more cracks may develop and grow on the aggre-
gate–matrix interfaces due to the weak interfacial bonding ability.
This procedure will result in the failure (crack accumulation) along
the third direction, i.e. perpendicular to the loading surface.
3.5.3. Comparison of the dynamic behavior of dried and saturated
concretes

Fig. 9 shows the test results of the dynamic biaxial compressive
strength of saturated concrete at different strain rates versus the
confining pressure, which indicates that the confining pressure
strengthening effects also exist for saturated concrete at different
strain rates. The dynamic strength of saturated concrete at biaxial
compressive is much more than the dynamic uniaxial compressive
strength. The strain rate effect on the strength has a tendency to
increase at any stress ratio. From the test results of the Fig. 9, it
is noticed that the strength at the same stress ratio in the different
strain rates is different. Moreover, the maximum biaxial strength
of the saturated concrete occurs at the stress ratio of 0.5 for any
strain rate investigated.

The average strength of dry concrete and saturated concrete
under confining pressure are plotted in Fig. 10. The normalized
strength of dry concrete is higher than that of saturated concrete
under the same confining pressure. Whereas, under dynamic load-
ing, the strength of dry concrete is lower than that of saturated
concrete. Increase of the strength for saturated specimens related
to the presence of free water.

3.5.4. Influence of free water on the strength of the dam concrete
From test results, it is found that the free water has a major

influence on the compressive behavior under high strain rate.
The failure of concrete is controlled by the development of cracks.
Under the condition of quasi static loading, the volume deforma-
tion of concrete lies in compressive state before peak stress. There-
fore, free water in the saturated concrete is pushed into the tip of
cracks, which acts as a wedge to the crack [46,47]. Under dynamic
loading, such as that produced by near-field denotation or ballistic
impacts on concrete infrastructure, can generate very high-
intensity triaxial stress states in concrete material [48,49]. Accord-
ing to fracture mechanics, the sliding displacement of original
crack is proportional to the far field stress, therefore the velocity
of sliding or the viscous force of water in the cracks is proportional
to the loading rate [50]. Therefore, because of the viscosity of free
water and inertia effect, which leads to the enhancement of
dynamic strength of saturated concrete based on fracture
mechanics.

Under the compressive state, shearing and sliding occurs
between original micro inclined cracks. The water in two plates



Fig. 4. Stress–strain curves of dry dam concrete at different strain rates. Stress ratios are (a) a = 0 (b) a = 0.25; (c) a = 0.5; (d) a = 0.75; (e) a = 1 respectively.
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acts not as lubricated layer but as resistance force for the relative
movement between them. So the water viscosity should affect
the properties of concrete. The viscosity of fluid relates not only
with the essential property of the fluid, but also with the effective
aperture of pores and cracks [51,52]. The influence of water, espe-
cially those in micro-scale pores should be taken into account,
because the viscosity of water in these pores increases dramati-
cally. Considering this classic case, the phenomenon could be
explained by the Newton’s equation of viscosity. According to it,
the shear stress can be expressed by [53–55]:

sw ¼ F
A
¼ g

U
h
¼ g

du
dy

ð2Þ
where F is the loading, A is the area corresponding to F between
original micro inclined cracks, U is the velocity due to the loading
F, g is the coefficient of water viscosity, du

dy is the velocity gradient,

sw is the shear stress, the viscous resistance is inversely propor-
tional to the distance h and to the rate of the displacement. Accord-
ing to fracture mechanics, the velocity of sliding or the viscous force
of water in the cracks is proportional to the loading rate because of
the sliding displacement of original crack is proportional to the far
field stress [56].

From Eq. (3), it’s clear that the effective shear stress along the
original crack is affected by the viscous force which can delays
the crack propagation [47].



Fig. 5. Relationship between the dynamic strength increment and the strain rate
under different stress combinations.

Table 4
Fitting parameters of the linear logarithmic relation.

Stress ratio (r2:r3) Fitting parameters

a b R2

0:1 0.99 0.0734 0.987
0.25:1 1.27 0.0863 0.737
0.5:1 1.34 0.0981 0.988
0.75:1 1.28 0.104 0.868
1:1 1.21 0.1141 0.924

Fig. 6. Stress–strain relationships of saturated and dry dam concrete under the
uniaxial stress state.

Fig. 7. Static biaxial compressive strength of saturated dam concrete at all stress
ratios in comparison with that of dry dam concrete.

Fig. 8. The quasi-static average strengths of dry and saturated concrete at all the
stress ratios.

Fig. 9. Dynamic biaxial compressive strength of saturated dam concrete at all the
stress ratios.
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se ¼ sedry � f r
� ð3Þ

where sedry is the effective shear stress in dry concrete; f is a constant
related to the geometry of crack.

Compared with static strength, it can be found that the dynamic
compressive strength of concrete increased greatly under high
strain rate. A very important factor, which may cause the dynamic
strength enhancement of concrete with increase of strain rate, is
the free water in the pores of concrete. At low strain rates, the
strain rate effect is mainly due to the micro-viscosity mechanism
of concrete. Free water in the pores is similar to ‘‘wedging effect”,
which may accelerate extending of the micro-crack. Thus, free
water in the cracks aggravates the damage of concrete. The influ-
ence of inertia effect is marginal on the strength of the concrete
at low strain rates. Experimental results demonstrate that free
water in concrete has significant influence on the strain rate effect.
The physical background is that under dynamic loading, the flow
and transformation of free water in concrete defects induce the
damping effect that is similar to the Stefan effect in fluid dynamics.
Because of this damping effect, the resistant to micro-crack propa-



Fig. 10. Dynamic biaxial compressive average strength of saturated dam concrete
at all stress ratios in comparison with that of dry dam concrete.

Fig. 11. Strength envelop for dam concrete under biaxial stress.
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gation is higher under dynamic loading than that under static
loads. The lateral confinement comes from both the contact surface
restriction and the lateral inertia during rapid compression. How-
ever, the stress response of concrete is hydrostatic stress depen-
dent, and therefore, it has completely different response to the
lateral confinement. The fact is that the compressive strength of
cement-based material can be largely enhanced by the lateral
confinement.

For confined compressive tests, saturated materials under com-
pressive loading, the loading does not only result in compression of
the solid material, also the pore spaces, and thus the pore water
will be compressed. Since the material in confined tests is imper-
meable, the water can’t be drained from the pores and pore pres-
sures in the capillary pores existed. Also though pore air will be
compressed, it is claimed that the compressibility of the air is too
high to generate noticeable pore air pressures [57]. The term pore
pressure is therefore restricted to denote pressures in the pore
water. From the Fig. 10, it is found that the strength of fully satu-
rated concrete under lateral confined dynamic compression is lar-
ger than the dry ones at strain rates 10�4/s; 10�3/s; 10�2/s, but at
strain rates 10�5/s, it is lower than the dry ones. Under the biaxial
compression state of quasi static loading, the free water in the sat-
urated concrete is pushed into the tip of cracks, which acts as a
wedge to the crack. While under the dynamic loading, the free
water in the concrete along the original crack is affected by the vis-
cous force which can delays the crack propagation.

According to the existing research, the effect of water in con-
crete has been realized already, but the mechanism is not clear
yet [8]. Most of explanations were approached from the physical
point of view [56]. It is pointed out that the pore-water in concrete
can diminish the internal frictional coefficients [58]. The presence
of water in concrete can reduces the effectiveness of Van der Waals
attractions, due to the increasing distance between solid gel parti-
cles and so secondary bonds diminish [59,60]. From the mechani-
cal point of view, pore-water pressure developed in concrete
increases the high stress concentrations at the tip of cracks that
will accelerate the damage of concrete. Under high loading rates,
the pore pressure is capable of generating tensile strains in con-
crete and further causing its failure in some cases [61].

Under confining pressure, because of the limitation of two load-
ing directions, cracks developing along the third direction (no load-
ing direction) after reaching ultimate strength, so confining
pressure play an important role. Pore-water pressure occurred
due to the initial volumetric contraction of the material, reducing
the effective lateral stress is defined in the form given below [62]
r0 ¼ r� pm ð4Þ
where r is the applied lateral confining pressure; p is the pore
water pressure built up due to the initial volumetric contraction
of the material; and m is the porosity of the material.

In some specific cases, the effective stress is expressed in the
following form [63,64]:

re
ij ¼ rij � bpdij ð5Þ

where re
ij is the plastic effective stress; rij is the total stress; b is a

plastic effective stress coefficient and less than 1; p is the pore
water pressure; and dij is the Kronecker symbol.

4. Dynamic strength characteristics in octahedral stress space

The combination of stress invariants is utilized to construct the
dynamic strength criterion in which the octahedral stress roct, the
shear stress soct are defined as the normal and shear stress compo-
nents, respectively, acting on a plane that makes equal angles with
each of principal stress directions (called the octahedral stress
plane). The direction of the octahedral shear stress soct is defined
as the angle of similarity h. The octahedral stresses are calculated
by the following equations respectively.

roct ¼ 1
3
ðr1 þ r2 þ r3Þ ð6Þ

soct ¼ 1
3

ðr1 � r2Þ2 þ ðr1 � r3Þ2 þ ðr2 � r3Þ2
h i1=2

ð7Þ

h ¼ arccos
2r1 � r2 � r3

3
ffiffiffi
2

p
soct

ð8Þ

For concrete under multiaxial static stress states, the relation-
ship between dynamic normal and shear stresses can has already
been proposed as:

sdoct
f us

¼ a1 þ a2
rd

oct

f us
þ a3 log

e
es

ð9Þ

where fus is the static uniaxial compressive strength for strain rate
of 10�5/s; rd

oct and sdoct are the dynamic octahedral normal and shear
stresses, respectively; a1, a2 and a3 are the fitting parameters which
associated with material properties. By fitting to the test data, a1, a2
and a3 are determined as 0.402, 0.213 and 0.031 respectively, with
the multiple correlation coefficient being 0.928.

The above mentioned relationship in Eq. (9) is depicted in
Fig. 11 and the test results are also shown for comparison. It indi-
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cates that the Eq. (9) is suitable to express the dynamic biaxial
compressive failure criterion. Test results of biaxial compression
under the same stress ratio are on the straight lines. It can be seen
clearly that the strength of concrete at any given stress ratio
(depicting by the straight lines in Fig. 11) increases with the
increase of strain rate.

The process of strength reduction in sorption was termed
wetting-weakening by Pihlajavaara [18] who proposed a relation-
ship between water content and the uniaxial strength by the form:

f w=f 0 ¼ ð1� cwrÞ1=2 ð10Þ

where fw is the uniaxial strength of saturated concrete; f0 is the uni-
axial strength of drying concrete; c is a constant; andwr is the water
content.

Because it is difficult to construct a general functional form of
failure criteria for the saturated concrete in octahedral stress space,
the principal stress space will be considered to develop the failure
criteria in order to take into account the influence of water content
as well as the effect strain rate. Based on the experimental results
of saturated concrete, it can be concluded that the strength
enhancement of concrete in biaxial stress states is attributed to
both the strain rate and the effect of the water content. A simple
expression for the evaluation of dynamic strength of concrete in
biaxial stress state is suggested as follows

f bd
f us

¼ P1 þ P2 logðe
�
=esÞ þ P3

ð1þ aÞ2
þ P4a
ð1þ aÞ2

" #
ð1� P5wrÞ1=2 ð11Þ

where P1, P2, P3, P4 and P5 are the fitting parameters which associ-
ated with material properties. By fitting to the test data P1, P2, P3, P4
and P5 are determined as 1.384, 0.124, �0.184, �0.184 and �0.482
respectively.

The calculated values of the model for the strength of the con-
crete in Eq. (11) in Fig. 12 and the test results are also shown for
comparison. It can be seen that the calculated strength values for
saturated concrete by Eq. (11) are higher than that of the dry con-
crete. Moreover, one can also note that the predicted results by Eq.
(11) match well as a whole with those obtained experimentally. It
indicates that the Eq. (11) is suitable to express the dynamic biaxial
compressive failure criterion. It should be noted that the proposed
strength criterion takes into account the strain-rate effect, the con-
fining pressure effect and the effect of the water content indepen-
dently and thus it is unable to reflect the coupled effect of strain
rate, lateral pressure and the effect of the water content reason-
Fig. 12. Comparison between the calculated values by the model of Eq. (11) and the
test results.
ably. However, because the test data are somewhat scattered, the
proposed strength relation is regarded as acceptable.

These results from the article, in our opinion could draw a final
conclusion about the effect of free water on the dynamic compres-
sive strength. However, further studies are still necessary for
understanding about the strain-rate effect on multiaxial compres-
sive strength of saturated concrete in dynamic tests.

5. Conclusions

By using the multiaxial dynamic test set-up, a series of biaxial
rapid compressive loading tests with five stress ratios a (a = 0:1,
0.25:1, 0.5:1, 0.75:1, 1:1) on 120 total specimens were carried
out under different strain rates (10�5/s, 10�4/s, 10�3/s and 10�2/
s). Based on the experimental results of dry and saturated con-
cretes under dynamic biaxial stress state, the following conclusions
can be drawn:

(1) The dynamic compressive strength of dry and saturated con-
crete confined in one lateral direction increases with
increasing the strain rate, but the magnitude of increment
depends on the lateral stress ratio. The maximum biaxial
strength occurs at the stress ratio of a = 0.5.

(2) The strength prediction expression (Eq. (11)) for concrete
under biaxial stress state which reasonably reflects both
the strain-rate effect and the effect of water content is pro-
posed. The calculated results with this equation are proved
to be in good agreement with experimental data.

(3) The crack patterns and failure modes of the specimens
observed in the dynamic experiments with strain rates rang-
ing from 10�5/s to 10�2/s are very similar to those observed
in static experiments. It is also found that the failure modes
and crack patterns of the specimens are predominantly con-
trolled by the lateral stress ratio and almost not affected by
the strain rate.

(4) The static compressive strengths of saturated concrete are
lower than those of the dry concrete at all the stress ratios
involved in the current study. On the contrary, however,
the dynamic compressive strengths of saturated concrete
are higher than those of the dry concrete under high strain
rate. This implies that the strain rate effect on the strength
of saturated concrete is more significant than that of the
dry concrete, especially when subjected to the lateral con-
finement, Thus it can be concluded that the saturated con-
crete is more rate-sensitive than dry concrete. The inertia
effect and the viscosity of pore-water within concrete are
regarded as the two main factors to induce the enhancement
of dynamic strength of saturated concrete.
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