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In this paper, an experimental study was conducted on the influence of water pressure on concrete strength. Specimens were put in
a self-designed device, applying 0–4MPa water pressure on concrete, and then taken out for both static and dynamic compressive
tests. Results showed that high water pressure caused inevitable damage to concrete, leading to 13.4% reduction in strength under
4MPa water pressure. Specimens with lower strength grade were damaged more severely while under the same water pressure.
Also, as water pressure increased, the moisture content of concrete grew linearly, and the trend for specimens with higher
compressive strength was slower. A correlation was established between the water content increment and the reduction rate of
strength. Moreover, the dynamic compressive strength decreased as water pressure increased but still higher than the static
strength, illustrating an apparent strain rate effect. Meanwhile, water pressure and moisture content increment barely had any
influence upon DIF within the testing conditions. Furthermore, equations for calculating both static and dynamic reduction rates
of strength were built, based either on water pressure or on moisture content increment caused by that. Equations for strength
prediction were also provided.

1. Introduction

A series of 300m high arch dams have been constructed in
the high seismic areas among Midwest China, such as
Xiaowan Arch Dam (292m), Jinping-I Arch Dam (305m),
Xiluodu Project (278m), and Baihetan Arch Dam (289m),
and more will be constructed [1].(e water pressure on dam
concrete approaches to 3MPa. Since concrete is considered a
porous material, whether high water pressure would dete-
riorate its static and dynamic mechanical properties requires
further investigation [2, 3].

Scholars mainly focus on the effect of moisture content
on mechanical properties of concrete, in which specimens
were not put under water pressure. It has been generally
believed that the static strength of concrete declines with
increasing water content [4–7]. (e strain rate effect of wet
concrete was found to be apparent when the loading rate was
between 0.5/s and 1.25/s [8]. According to Ross [9], the
accumulation of moisture content would increase the rate
sensitivity and dynamic compressive strength of concrete

under the strain rate of 1/s–10/s. Similar results were ob-
tained under the strain rate of 10−6/s–10−3/s by Wu et al.
[10]. When the strain rate was as high as 100/s, higher water
content would also lead to lower compressive strength. (e
dynamic compressive strength of saturated specimens held
77% of that of dry ones [11].

Reinhardt et al. [8] concluded based on tests that when
the loading rate was between 0.5/s and 1.25/s, the strain rate
effect of wet concrete was apparent. Ross et al. [9] studied
that under impact loading (1/s and 10/s), the tensile strength
of concrete grew obviously with the accretion of relative
humidity. Wu et al. [10] experimented under a high loading
rate of 100/s, with the conclusion that higher the water
content, lower the compressive strength. (e dynamic
compressive strength of fully saturated specimen held 77%
of that of dry ones. According to Bartlett andMacGregor [5],
the accumulation of moisture content would enhance the
rate sensitivity of concrete, and dynamic compressive
strength raised along with moisture content under a strain
rate of 1/s–10/s. Zhou et al. [11] carried out tests under a
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loading rate in the range of 10−6/s–10−3/s, and the outcome
also confirmed that point of view.

A few experimental pieces of research involved the
influence of water pressure on the compressive strength of
concrete. Clayton [12] summarized based on tests that
after being subjected to 60MPa water pressure for six days,
the compressive strength and flexural strength of concrete
decreased 12% and 50%, respectively. Li and Du [13]
experimented on the effect of water pressure, in the range
of 0–2.5MPa, on mechanical properties of concrete. As
water pressure increased, the static compressive strength,
tensile strength, and elastic modulus decreased gradually,
with a strength degradation of 32.6% at maximum. Wang
et al. [14] also reported the nonlinear decrease of static
compressive strength when water pressure increased from
0 to 10MPa. Results of Van Der Wegen et al. [15] illus-
trated that almost no negative impact had high water
pressure (10MPa) on concrete strength. Bjerkeli et al. [16]
conducted experiments with a testing condition of 8MPa
water pressure, with an opinion that water pressure barely
had substantial ramifications on static compressive
strength. A unified theory could not be formalized based
on the few test results mentioned above yet. It is necessary
to carry out further experimental research on the influence
of water pressure on static and dynamic compressive
strength of concrete.

Several mechanisms explaining the effect of water
content on strength have been raised. Butler [17] was in
support that water flow driven by the difference between
the internal and external water pressure led to active pore
water pressure. (is caused tensile stress, local splitting
formation, and eventually strength degradation. Bary et al.
[18] analyzed the effect of pore water pressure by coupling
external mechanical loading and pore water. Rossi [19] and
Zheng and Li[20] explained the increase of strength under
impact loading based on Stefan effect that the cohesive
stress induced by water in cracks inhibited the growth of
cracks. According to Oshita and Tanabe [21], the volume
strain of concrete was the most significant factor affecting
pore water pressure, and the pore pressure accelerated
crack development. Shen and Xu [22] were in favor that the
increase of porosity enhanced the impact of moisture
content on strength, proposing a strength-porosity-satu-
ration model based on the Ryshkewitch [23] model. By
molecular dynamics simulation, Zhou and Liang [24]
concluded that due to water molecular entering the C–S–H
structure, the interatomic distance was entrenched, and
atomic interactions were weakened. (is resulted in the
degradation of overall tensile properties. Also, the incre-
ment of moisture content enhanced the sensitivity of
tensile strength.

(e present paper aims at the engineering safety
evaluation of 300-meter high arch dams. (e static and
dynamic compressive strength of concrete under
0–4MPa water pressure was investigated experimentally,
and their changing pattern was analyzed. An interpre-
tation of the underlying mechanism of these changes was
provided.

2. Materials and Methods

2.1. ExperimentalDevices. A set of high water pressure device
was designed in order to study the effect of water pressure on
concrete, as illustrated in Figure 1. (e maximum working
pressure was 4MPa, for simulating 400m water depth at
maximum. (e testing apparatus contained two parts, a
pressure pump and a primary pressure-maintaining device.
(e latter consisted of several components: an internal
pressure-maintaining chamber, a safety valve, a water inlet
valve, a water outlet valve, and an exhaust valve. Components
were connected by flanges and sealing rings to ensure the
tightness of the whole apparatus. (e effect space of the
internal chamber is V500mm× 400m, both inside and
outside of which were coated with anticorrosive painting. In
the working state, the device needed to be slightly repres-
surized every 24 hours for maintaining the pressure.

Previous research has demonstrated that after being
immersed in pressurized water (more than 1MPa) for 48
hours, the water content of concrete tends to be stable [14].
In the present study, the water pressure was maintained for
96 hours, so water could permeate into specimens suffi-
ciently. After being pressurized for the required length of
testing time, specimens were taken out of the device and put
into clean water for curing. After the difference between
internal and external pressure of the specimens dissipated,
they were taken out and surfaces of which were dried. All
specimens were put in the laboratory for 3 hours before
further tests.

(e static and dynamic compression tests were carried
out afterward. (e electrohydraulic servo compression test
machine was applied in the static tests, while the dynamic
tests were conducted with the Split-Hopkinson Pressure Bar
(SHPB). (e ending faces of specimens were polished
smoothly. However, faces of specimens were found not
parallel with the compression bar perfectly, which might
result in uneven stress distribution during impact loading. A
universal head was employed to ensure that the specimen fits
the pressure bar well, reducing the influence of the uneven
fitness on test results.

2.2. Specimens. In the experiments, the 42.5 ordinary
Portland cement was used as the cementitious materials.
0.4–2.5 continuous gradedmedium sand was used as the fine
aggregate, and gravel with the maximum particle size of
15mm was used as the coarse aggregate. (e water-reducing
agent applied was the polycarboxylic acid superplasticizer.
(e w/c was 0.38, and the concrete mixture ratio by weight is
listed in Table 1. (e mixture and procedure of making
specimens were designed according to GB175-2009, Com-
mon Portland Cement, a Chinese testing standard [25].
Specimens were casted in cylindrical PVC molds with an
external diameter of 75mm. (e mixture was poured into
molds, vibrated and compacted twice. Specimens were re-
moved from the molds after 24 hours and then cured in
water for 28 days. Both ends of the specimens were sliced off
with the numerical control cutting machine.(e cut surfaces
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were polished to keep them smooth and complete. Even-
tually, the specimens were cut into cylinders with a height of
147mm, and discs with a height of 37mm. Since specimens
were tested after more than 180 days, one could ignore the
influence of age on concrete strength.

2.3.TestConditions. First, specimens were put into the water
pressure simulation device, subjected to different levels of
water pressure for 96 hours. Regarding the applied water
pressure (0, 1, 2, and 4MPa), specimens were divided into
four groups, namely A, B, C, and D. After this, static
compression tests were conducted on cylinder specimens
(A0–D0) and disc specimens (A1–D1). Dynamic com-
pression tests were conducted on disc specimens (A2–D2).
Group numbers of specimens are listed in Table 2. (e load
in the static test was applied at the rate of 0.5MPa/s. (e
loading rate in dynamic test was determined by impact
pressure, which was set to 0.7MPa. (ree specimens were
tested under each condition, in a total of 36 of the whole
research. Moreover, the moisture content of specimen
subjected to different water pressure was measured. For
specimens taken out of the water pressure device, mass of
each was measured both before and after drying at 60°C for
48 hours. (e gap between two measurements relative to the
value before drying was defined as the moisture content. All
test procedures were set according to DL/T 5150-2001, Teat
Code for Hydraulic Concrete [26].

3. Results and Discussion

3.1. Failure Pattern. (e failure pattern of specimens in the
SHPB test is presented in Figures 2(a)–2(d). When the

impact pressure was 0.7MPa, the fracture of specimens was
relatively complete. As the time of the SHPB test was very
short, the energy inside specimens needed to be released
rapidly, so cracks could only develop along with the interface
between coarse aggregates and concrete matrix. Specimens
broke into fragments of nearly equal size. Specimens sub-
jected to higher water pressure before tests broke into pieces
more uniform in size and had fewer large fragments.

(e failure pattern of the cylindrical specimens in static
compression test is shown in Figures 2(e)–2(h). One single
or several vertical through cracks exist in the damaged
specimens. (is demonstrated a combination of split and
shear failure. However, little difference could be observed
among the cylinder specimens processed by different water
pressure in static tests.

3.2. Static Compressive Strength of Concrete Subject to Water
Pressure. (e static compressive strength of specimens
under different water pressure was obtained by experiments,
as demonstrated in Table 3. It could be summarized that with
the increase of water pressure, the strength of cylinder
specimens illustrated an overall downward trend. While the
reduction rate of strength increased. When the water

Table 1: Concrete mixture ratio by weight.

Concrete compositions (kg/m3)
w/c ratio

Water Cement Fine aggregate Coarse aggregate Superplasticizer
180 474 668 1089 3.80 0.38

Exhaust valve Water inlet valve

Security
valve

Flange

Specimens

Water
pump

Water outlet valve

Figure 1: High water pressure device.

Table 2: Group numbers of specimens.

Water pressure (MPa)
Static test

Dynamic test
Cylinder Disc

0 A0 A1 A2
1 B0 B1 B2
2 C0 C1 C2
4 D0 D1 D2
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pressure increased from 0MPa to 1MPa, 2MPa, and 4MPa,
the average reduction rate of compressive strength was 7.3%,
2.5%, and 13.4%, respectively.

Disc specimens exhibited the same characteristic as
cylinders. (ere was a linearly decreasing relationship be-
tween static strength and water pressure, as shown in Ta-
ble 4. Due to the size effect and confinement effect, the static
strength of disc specimens was significantly higher than that
of the cylinders. When the water pressure rose from 0MPa
to 1MPa, 2MPa, and 4MPa, the average reduction rate of
compressive strength was 7.1%, 4.4%, and 11.8%, in re-
spective.(e strength of specimens subjected to 4MPa water
pressure decreased by about 12%, no matter the size.
(erefore, the ratio of diameter to height has little influence
on the reduction rate of strength.

(e correlation between water pressure and the reduc-
tion rate of strength studied in this paper is depicted in
Figure 3. It could be found that in the range of 0–4MPa
water pressure, the influence of water pressure on the
concrete strength was basically linear, the fitted equation of
which is shown as equation (1).

Other research similar to the one in this study is Li’s [13].
He studied the influence of water pressure, in the range of
0.5–2.5MPa, on the strength and moisture content of
concrete. Both Li and this paper designed experiments using
the same test code, DL/T 5150-2001. Moreover, he consid-
ered the effect of strength grade, with specimens of two
different standard strength grade which are referred to as L1
and L2, respectively, in this paper. Li’s data are also depicted
in Figure 3, illustrating the same pattern:

Ds � 1 −
fc

fc0
� k1Pw, (1)

where Ds is the damage in concrete caused by water pres-
sure, defined as the reduction rate of strength, fc is the static
compressive strength processed with water pressure, and fc0
is the strength under no water pressure, in MPa. Pw is the
water pressure, in MPa. k1 is the parameter obtained by
fitting, and the specific values are listed in Table 5.

In Table 5, A0–D0, A1–D1, and A2–D2 refer to the
specimens tested in this research, which are cylinders in
static compression, discs in static compression, and discs in
dynamic compression, respectively. (e design compressive
strength of specimens (150 mm× 150mm× 150mm) was
40MPa with a measured strength of 45.35MPa. L1 and L2
refer to specimens in Li’s research [13], the design com-
pressive strength was 15MPa and 20MPa, while the tested
strength of which was 16.90MPa and 26.7MPa, respectively.

It could be observed in Table 5 that specimens with
higher standard strength have lower reduction rate of
strength. (e relationship between k1 and the measured
compressive strength is illustrated in Figure 4 and fitted as
equation (2). In that, the standard strength of materials has
an impact on the damage degree of concrete:

k1 � −1.5 + 196 · f
−1
cu ,

R
2

� 0.99.
(2)

In which, fcu is the measured compressive strength of
concrete, in MPa.

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 2: Failure mode of specimens under different water pressure. (a–d) Dynamic loading under 0 MPa, 1 MPa, 2 MPa, and 4 MPa water
pressure; (e–h) static loading under 0 MPa, 1 MPa, 2 MPa, and 4 MPa water pressure, respectively.

Table 3: Static compressive strength of concrete under different water pressure/MPa (cylindrical specimens).

Serial number Water pressure Specimen 1 Specimen 2 Specimen 3 Average Ds

A0 0 45.04 45.97 43.88 44.96 0
B0 1 41.25 40.75 43.04 41.68 7.3%
C0 2 43.27 44.73 43.50 43.82 2.5%
D0 4 38.34 37.21 41.27 38.94 13.4%
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According to equation (1) and equation (2), the rela-
tionship among the strength of concrete, water pressure, and
standard strength could be illustrated as follows:

fc � fc0 −1.5 + 196f
−1
cu Pw. (3)

(e tested reduction rate and the calculated values
according to equation (3) are demonstrated in Figure 5. (e
root-mean-square error (RMSE) of L1, L2, and A0–D0 was
1.20, 2.27, and 2.88, respectively.

3.3. Dynamic Compressive Strength of Concrete Subject to
Water Pressure. Dynamic strength of specimens showed a
clear-cut lowering trend with increasing water pressure, which
could be seen in Table 6 and Figure 6. As water pressure
increased from 0MPa to 1MPa, 2MPa, and 4MPa, the average
reduction rate of compressive strength was 4.30%, 5.38%, and
11.73%, in respective. (e correlation between the rate of

dynamic strength loss and water pressure is nearly linearly
almost the same as in the static state, as shown in Figure 3. In
the SHPB test, the parameter k1 according to equation (1) is
2.961, while the coefficient of correlation is 0.99.

Re
du

ct
io

n 
ra

te
 o

f s
tre

ng
th

 (%
)

A0–D0

A1–D1

A0–D0 fitted line

A2–D2

A1–D1 fitted line

A2–D2 fitted line

L1 [13]

L1 fitted line

L2 fitted line

L2 [13]

0

5

10

15

20

25

30

1 2 3 40
Water pressure (MPa)

Figure 3: Effect of water pressure on the reduction rate of strength.

Table 5: Fitting parameters of the relationship between reduction
rate of strength and water pressure.

Parameters A0–D0 A1–D1 A2–D2 L1 [13] L2 [13]
k1 3.139 3.005 2.961 10.255 5.333
R2 0.87 0.91 0.99 0.99 0.96

Table 4: Static compressive strength of concrete under different water pressure/MPa (disc specimens).

Serial number Water pressure Specimen 1 Specimen 2 Specimen 3 Average Ds

A1 0 79.16 82.18 76.10 79.15 0
B1 1 78.86 77.45 84.31 80.21 7.1%
C1 2 71.81 77.91 77.32 75.68 4.4%
D1 4 68.82 70.67 69.86 69.78 11.8%

k1

k1 fitted line

10 20 30 40 50 60 700
fcu (MPa)
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Figure 4: Influence of strength grade of concrete on the parameter k1.
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Figure 5: Calculated values of the static reduction rate of strength
versus tested values.
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As displayed in Figure 6, the dynamic compressive strength
of concrete was higher than the static strength under the same
water pressure, illustrating a lucid strain rate effect. (e dy-
namic increase factor (DIF), defined as the ratio of dynamic and
static strength of specimens, demonstrates the changing pattern
of compressive strength along with strain rate, in another word,
the strain rate sensitivity. As test results shown, DIF were all in
approximation to 1.60 under 0–4MPa water pressure. It could
be concluded that under the influence of water pressure no
more than 4MPa, the dynamic increase factor of concrete is not
sensitive to the change of water pressure.

3.4. Moisture Content. (e specific measuring method of
concrete moisture content is as follows. First, specimens
were put into an oven set with 60°C for 48 hours. (e weight
of specimens was measured, both before and after drying.
(emoisture content of concrete, defined as the gap between
twomeasurements compared with the value before drying, is
illustrated as follows:

ωc �
mw − md

md
× 100%. (4)

Here, ωc is the moisture content of the specimen (%) .mw
and md are the weight of the specimen measured before and
after drying, in respective.

(e results of the moisture test are shown in Table 7. For
specimens processed by 0MPa, 1MPa, 2MPa, and 4MPa
water pressure, the average moisture content of which was
1.986%, 2.283%, 2.217%, and 2.512%, respectively. It con-
sistently raised with the increment of water pressure. Before
reaching 1MPa water pressure, the increasing speed of water

content was the fastest, which became slower afterward until
4MPa water pressure.

3.5. Relationship between the Increment of Moisture Content
and the Reduction Rate of Strength. Based on connectivity
with the outside, the pores in concrete are divided into
connected pores and unconnected pores. When concrete is in
the state of no water pressure, the free water only existed in the
connected pores. However, with the effect of water pressure,
the cell wall between the connected and unconnected pores is
broken down by pressure, leading to penetration of free water
into unconnected pores along with the accumulation of
moisture content in concrete. (e increment of moisture
content and the deterioration of concrete (penetration of pore
walls due to water pressure) is thus related.

Concrete specimens with three types of strength grades
mentioned above were chosen to study the relationship
between moisture content increment and water pressure, as
depicted in Figure 7.(e effect of water pressure onmoisture
content increment is presented as follows:

Δωc � k2Pw. (5)

Here, Δωc is the increment of moisture content of the
concrete specimen under different water pressure (%) , k2 is
the parameter obtained from fitting, and the value of which
is listed in Table 8.

It could be observed from Figure 7 that the increment of
moisture content grew linearly with water pressure increase.
(e increase of moisture content of specimens with higher
strength was smaller under the same water pressure. (is
could be attributed to the difference in their porosity, as it is
lower if the strength of concrete is higher [27–29], and the
cell wall between the connected and unconnected pores is
thicker. It takes higher pressure to break down the pore walls
of concrete with higher strength. In that, the strength of
concrete has certain impact on the increment of water
content, and the relationship between the parameter k2 and
the compressive strength of concrete is presented as follows:

k2 � 6.05 × 104 f
2
cu + 0.020fcu + 0.464. (6)

Table 6: Dynamic compressive strength of concrete under different water pressures (MPa).

Serial number Water pressure Specimen 1 Specimen 2 Specimen 3 Average Ds

A2 0 70.30 70.60 72.80 70.99 0
B2 1 68.36 72.79 62.67 67.94 4.3%
C2 2 65.31 69.37 66.62 67.10 5.48%
D2 4 58.33 66.80 62.85 62.66 11.73%
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DIF = 1.60
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Figure 6: Influence of loading rate on compressive strength of
concrete.

Table 7: Moisture content of concrete under different water
pressure.

Water pressure (MPa) 0 1 2 4

Moisture content (%)

Specimen 1 1.884 2.284 2.410 2.558
Specimen 2 2.203 2.311 2.157 2.356
Specimen 3 1.871 2.255 2.083 2.623
Average 1.986 2.283 2.217 2.512
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Here, fcu is the measured compressive strength of
concrete, in MPa.

In combination of equations (3), (5), and (6), the re-
duction rate of strength could be illustrated as follows:

Ds �
k1

k2
Δωc �

−1.5 + 196 · f−1
cu

6.05 × 104 f2
cu + 0.020fcu + 0.464

Δωc.

(7)

(e calculated reduction rate of strength based on
equation (7) is demonstrated in Figure 8, exhibiting a rel-
atively close developing trend with experimental data
overall. (e RMSE of L1, L2, and A–D was 1.99, 3.06, and
1.55, in respective.

Both static and dynamic compressive strength of con-
crete decreased as the increment of moisture content aug-
mented, as shown in Figure 9. (eir trend with the increase
of moisture content was quite similar and synchronous. It
could be concluded that the moisture content augmentation
barely had any influence on DIF. (e equation describing
the dynamic compressive strength of water-pressurized
concrete is as follows:

fc,d � fc0 1 −
k1

k2
Δωc 

_ε
_ε0

 

k3

. (8)

Here, fc,d is the dynamic compressive strength. _ε and _ε0
are the loading rate of the dynamic and static tests, the value

of which is 102/s and 2.5×10−5/s, respectively, in this study.
k3, a parameter obtained by fitting, is 0.0309. k1 and k2 are
demonstrated in equation (2) and equation (6), respectively.

4. Conclusions

In this paper, the influence of water pressure on concrete
was studied by experiments. Both static and dynamic
compression tests were carried out on specimens sub-
jected to different water pressure environments, investi-
gating the influence of water pressure on static and
dynamic strength of concrete. (e conclusions can be
drawn as follows:
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Figure 7: Increment of moisture content of specimens under
different water pressure.
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Table 8: Fitting parameter in the relationship between the moisture
content increment and water pressure.

Parameters A–D L1 [13] L2 [13]
k2 0.136 0.628 0.565
R2 0.97 0.99 0.97

Static
Dynamic
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Figure 9: Effect of moisture content on the strength of concrete.
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(1) High water pressure causes inevitable damage to
concrete. Under pressure between 0 and 4MPa, the
static and dynamic compressive strength of concrete
decreased along with the increase of water pressure.
(e reduction rate of strength reached up to 13.4% at
maximum while the water pressure was 4MPa.
Moreover, the strength grade of concrete has a
specific effect on the reduction rate of compressive
strength. Concrete with lower initial compressive
strength is more vulnerable to damage. Based on
water pressure and standard compressive strength of
concrete, an equation calculating the reduction rate
of compressive strength was provided.

(2) (e moisture of concrete increases almost linearly
along with water pressure, which would eventually
result in the reduction of strength. (e increment of
moisture content augmented slower under the same
testing condition if the initial compressive strength
of concrete is relatively higher. An equation, for-
mulated on water pressure and increment of mois-
ture content, has been established to predict the
reduction rate of compressive strength.

(3) (e dynamic compressive strength of concrete de-
teriorates with the increase of water pressure. (e
dynamic compressive strength was higher than the
static for specimens under the same water pressure,
reflecting an evident strain rate effect. With the same
increment of moisture content in concrete, the re-
duction rate of static and dynamic strength was
nearly the same. Moreover, almost no effect had the
increment of moisture content on the DIF of con-
crete. Based on the increment of moisture content
due to water pressure, a predictive equation for the
dynamic strength of concrete was built.

For further work, we will study the effect of water
pressure on pore size distribution of concrete. (e rela-
tionship among water pressure, strength damage, and pore
size distribution will be addressed. Also, how mineral ad-
mixtures change the performance of concrete under water
pressure will be surveyed. In addition, the seepage-stress
coupling will be applied into the damage mechanism
analysis.
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