
1 INTRODUCTION 
 
As well known, in the whole world, there exist 
plenty of constructed concrete dams and construct-
ing concrete dams. The presence of cracks during ei-
ther the construction period or the running period of 
concrete dam are generally regarded to be unavoid-
able and moreover will seriously influence the 
safety, integrality and durability of dam.1. Tradi-
tional design method for dam takes into account the 
action of water pressure, self-weight as well as other 
loads such as ice pressure, earthquake load and wind 
load. However, the impact of water pressure distrib-
uted over the crack face on the mechanical behavior 
of concrete dam seldom is involved. Recent re-
searches on this issue 2,3show that water pressure in-
side cracks accelerates the extension of crack and 
eventually greatly reduces the ultimate failure load 
sustained by structure. Hence, it can be said that the 
estimated load response of concrete dam based on 
the traditional design method is not safe. As a result, 
in order to improve the existing design codes, espe-
cially code in China, and for having better and 
enough understanding of the effect of water pressure 
inside crack on the fracture behavior of concrete, it 

is quite necessary and important to carry out the re-
lated work.        

In 1995, Brhuwiler and Saouma experimentally 
investigated the fracture behavior of concrete under 
water pressure. In their report, the distributed shape 
of water pressure along crack face with the devel-
opment of crack is main care. In order to describe it, 
wedge splitting fracture geometry is used and crack 
mouth opening displacement controlling-loading 
mode is designed. Later, using the same experimen-
tal arrangements and loading pattern, Slowik and 
Saouma further studied the effect of loading rate on 
the change of water pressure along crack face with 
the development of crack. However, besides these, 
the associated experimental work is rather few. Es-
pecially in China, the study on it can be accurately 
said to be in vacancy.  

Therefore, in this paper, as a first attempt, the 
Brhuwiler and Saouma’s work is firstly followed, in 
which crack mouth opening displacement (CMOD)-
controlling loading mode is adopted. Then, a differ-
ent loading mode, i.e., load-controlling loading 
mode is adjusted according to the available test con-
dition. Also, in our tests, to experimentally monitor 
the initial cracking load and measure crack length, 
electric-resistance strain gauges are strategically ar-
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ABSTRACT: The main purpose of this paper is to experimentally determine the fracture parameter of con-
crete under water pressure. Wedge splitting fracture geometry is used. Similar to the work by Brhuwiler and 
Saouma, in order to obtain the true load-crack mouth opening displacement curve (P-CMOD), cycle loading-
unloading of water pressure is carried out. At the stage of loading and unloading of water pressure, two dif-
ferent loading modes are used. One is constant crack mouth opening displacement (CMOD)-controlling load-
ing mode. Another is constant load P-controlling loading mode. For the former 11 specimens are tested while 
for the latter 7 specimens are tested. In the tests, to monitor the initial cracking load and measure crack length, 
electric-resistance strain gauges are used and strategically arranged on surface of specimens. Then, from the 
measured data, the double- K fracture parameters proposed by Xu and Reinhardt, i.e., the initial fracture 
toughness KIc

ini and unstable fracture toughness KIc
un are experimentally determined. The results indicate that, 

compared to constant CMOD loading mode, for constant P loading mode the operation is easy. Therefore, it is 
more applicable for common lab. The results also show that the cycle loading of water pressure accelerates 
the development of crack and hence results in a sharp decrease in the maximum load. However, water pres-
sure has little effect of on the initial cracking load.     



ranged on the surface of specimen. Finally, two frac-
ture governing parameters propose by Xu and 
Reinhardt4, i.e.,the initiation fracture toughness KIc

ini 
and unstable fracture toughness KIc

un are experimen-
tally determined, based on the double-K fracture 
model which was recommended and had been ac-
cepted as a theoretical base of “fracture test specifi-
cation for hydro-engineering concrete” in China.  

2 EXPERIMENTS AND RESULTS 

2.1 Test setup 
Wedge splitting fracture geometry is used. The di-
mensions of specimens are present in table.1. In this 
test, a total of 18 specimens are cast. The mix pro-
portion of used concrete is 1:2.17:3.29:0.52 (cement: 
sand: aggregate: water by wt.). The maximum size 
of coarse aggregate is 30mm. Fine aggregate is river 
sand, with the maximum size of 5mm.  

In the tests, besides water pressure, specimens are 
subjected to applied external mechanical load. The 
experimental setup is shown in Figure.1. During the 
testing, all specimens are loaded on the oil-pressure 
controlling testing machine with the maximum ca-
pability of 5000KN.Water is injected by a dynamo-
electric pressure pump.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Experimental setup 

 
In order to exert water pressure, during the whole 

fracture process, a close system must be made. 
Therefore, the rubber thin membrane is glued around 
the direction of the development of crack. Further-
more, for preventing leakage caused due to poor 
seal, the steel plate is used outside the rubber mem-
brane and clamped using tightening bolts. In order to 
control the input and output of water pressure, two 
manometers are mounted on the water-injecting pipe 
and drainpipe, respectively, as shown in Figure.1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. The arrangement of electric resistance strain gauge 
 
In this test, two different length electric resistance 

strain gauges are used. Figure.2 shows the arrange-
ment of electric resistance strain gauges. For side 
gauges (amount of 12), the short are used and con-
nected by full bridge circuit method in order for ar-
resting the initial cracking load and measuring de-
velopment length of crack, while for the mid gauges 
(amount of 7), the long are adopted and connected 
by means of half bridge circuit method in order to 
measure the opening of crack. To avoid the damage 
of mid strain gauges caused because of the use of 
rubber member and steel plate, epoxy glue is 
brushed on the surface of them. MTS clip extensom-
eter is mounted in the groove to measure the value 
of the crack mouth opening displacement CMOD. 
Finally, all readings are continuously picked by data 
collecting system.  

 
Table1.  The dimension of specimen   __________________________________________________ 
length   height   thickness   a0     wedge     wedge 
(mm)    (mm)    (mm)    (mm)   angle(θ) weight(Kg) __________________________________________________ 
400    400     200      180      15°      0.168 __________________________________________________ 

2.2 Load mode 
To eliminate the effect of action of water pressure, 
rubber membrane and steel plate on the true load-
crack mouth opening displacement curve, during ex-
erting external mechanical load, water pressure is 
cyclically firstly loaded, then held and finally 
unloaded. In every cycle, two different loading con-
trolling modes are used. Firstly, following the stud-
ies carried out by Brhuwiler and Saouma, during 
loading- unloading of water pressure the value of 
CMOD keeps constant, called constant CMOD load-
ing mode. Then, after considering our existing ex-
perimental conditions, another loading mode, named 
as constant mechanical load P loading controlling 
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method is used, in which mechanical load still holds 
constant during the whole cycle of loading-holding-
unloading of water pressure. The below will show 
the difference of the two loading modes. 

2.2.1 “constant CMOD” loading mode and 
experimental result 

For good comparison, in Figure.3, the principle of 
constant CMOD loading mode used in the work of 
Brhwiler and Saouma (1995a) is again present.  

In Firgure.3, from O point to A point, only me-
chanical load P is applied. At this stage, with the in-
crease in mechanical load, the displacement CMOD 
linearly increases. Then, water pressure is loaded up 
to the designed value of test. During this process, the 
displacement is controlled to keep constant. Because 
of this, the mechanical load must drop, as demon-
strated from A point to B point in the picture. At 
next stage from B point to C point, holding water 
pressure, we again increase the mechanical load. 
Thus, the displacement will correspondingly in-
crease. After these, the water pressure is gradually 
unloaded by the drainpipe. At this stage, due to 
which displacement is again kept unchangeable, me-
chanical load will increase. The part from C point to 
D point in the picture shows features of this stage. 
Up to now, a loading-holding-unloading cycle of 
water pressure is finished. Continuing to repeat this 
cycle, a true load-crack mouth opening displacement 
curve can be obtained.  

 
Figure 3. the principle of constant CMOD loading mode 

 
Using this loading mode, we carry out four sets of 

tests of which values of water pressure are different, 
i.e., 0 MPa, 0.1 MPa, 0.2MPa and 0.3 MPa. Eleven 
specimens are cast. However, because of the diffi-
culty in seal especially in the case of high water 
pressure, only three different water pressure, i.e., 0 
MPa, 0.1 MPa and 0.2MPa are carried out success-

fully. Figure 4 shows the obtained P-CMOD curve 
by this loading mode. From this figure, it can be 
seen that the maximum load of specimen and the ini-
tial slope of P-CMOD curve under water pressure 
are sharply smaller than those under dry condition. 
Also, it can be seen that with the increase in water 
pressure, the reduction in maximum load is remark-
able, too. This shows that the cycle loading of water 
pressure before the maximum load heavily damages 
concrete and hence accelerates the development of 
crack. 

 
Figure.4. The curve of P-CMOD 

2.2.2 “constant mechanical load” loading mode and 
experimental result 

However, due to lack of closed-controlling operation 
system, control of CMOD is rather difficult, hence 
limiting the number of cycle as shown in Figure4. 
Considering this, a different loading mode was 
adopted in the following experiment. 
 

 
 

Figure.5 Load mode and curve of constant mechanical load 
 



Figure 5 shows that detailed procedures of this 
loading method. It can be seen that the mechanical 
load still keeps constant during the whole cycle of 
loading-holding-unloading of water pressure. How-
ever, during every cycle, for example AA´B´B, 
crack mouth opening displacement firstly increases 
from A point to A´ point, then keeps a constant 
value and finally withdraws from B´ point to B 
point. Thus, based on this method, in order to plot 
the P-CMOD curve, one only need delete the seg-
ments of AA´B´B, CC´D´D, EE´F´F… and so on.  
 

 
Figure.6. (a) P-CMOD curve (b) Enlarge drawing 
(c) Comparision between mechanical load and water pressure 

 
In this batch of tests, water pressure is 0.02MPa. 

Seven specimens are tested. The experimental re-
sults are plotted in Figure.6. From this figure, it can 
be seen that using this loading method many cycles 
of water pressure before maximum load are 
achieved. Every fluctuant part on the curve means a 
cycle of water pressure.  

2.3 Determination of Double-K fracture parameters  

2.3.1 Double-K criterion 
 

A large number of experimental observations had 
verified that in concrete crack development under-
goes three different stages, i.e., crack initiation, sta-
ble crack propagation and unstable crack propaga-
tion. In order to describe such observation, double-K 
fracture model was proposed by Xu and Reinhardt 4. 
Then, they further developed the corresponding ana-
lytical calculation equations for the determination of 
double-K fracture parameters introduced in their 

model. Using the two parameters, i.e., the initiation 
fracture toughness KIc

ini and unstable fracture tough-
ness KIc

un, they constructed double-K fracture crite-
rion4,  
(1) when ini

IcKK = , the crack begins to develop; 
(2)when un

Ic
ini
Ic KKK << , the crack develops in sta-

ble state; 
(3) when un

IcKK ≥ , the crack propagates in unstable 
state; 

2.3.2 Determination of double-K fracture parameter 

2.3.2.1 The determination of Young’s module  
 
Because of the use of the rubber membrane and steel 
plate in the test, we consider that concrete is locally 
strengthened. Therefore, the measurement value of 
Young’s module by the standard testing procedure 
can be not true. Therefore, instead of direct experi-
mental measurement, the Young’s modules of all 
specimens are determined using equation (1)5.  
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whereα＝a0/D; B=specimen thickness; D= speci-
men height; a0=initial crack length and ci=initial 
compliance which is equal to the reciprocal of the 
initial slope of P-CMOD curve. 
 
2.3.2.2 the determination of the critical effective 
crack length ac   
 
Now, it had been generally accepted that the pres-
ence of fracture process zone ahead of initial crack 
tip is associated with the nonlinear fracture behavior 
of concrete. Therefore, to determine the unstable 
fracture toughness, the influence of fracture process 
zone must be taken into account. Often, elastic-
equivalent method is used in many fracture models. 
Among these models, double-K fracture model con-
siders that the nonlinear fracture process zone can be 
equated in terms of a linear asymptotic superposi-
tion. Thus, every point on the nonlinear segment of 
load-crack mouth opening displacement curve can 
be viewed as a representation of linear cases.4, 6 Ac-
cording to this assumption, for wedge splitting ge-
ometry, critical effective crack can be determined by 
substituting maximum load and corresponding criti-
cal crack mouth opening displacement into equation6 
(1): 

max/)( BcVE α=                          (2) 
in which cmax=CMODc/Pmax. 
 



2.3.2.3 the determination of the unstable fracture 
toughness KIc

un  
 
Based on linear asymptotic superposition, substitut-
ing the calculated the critical effective crack length 
ac and the maximum load Phmax into the equation 
(3)7, the unstable fracture toughness KIc

un can be de-
termined. 
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Whereα＝ac/D; Phmax=(Pmax+mg)/2tanθ; m= the 
weight of wedge loading equipment; θ= wedge an-
gle , Pmax= the maximum of vertical load. 
 
2.3.2.4 the determination of initial fracture tough-
ness KIc

ini 

 

Figure.7. The change of load with the strain  
 
Double-K fracture model considers that when the 
initial crack does not develop, the specimen remains 
in elastic state. Therefore, if one can measure the 
initial cracking load, replacing the initial crack 
length a0 and the cracking load Pini into the equation 
(4), the initial fracture toughness KIc

ini can be deter-
mined. To determine it, in this paper, we use elec-
tric-resistance strain measurement technique. Fig-
ure.7 shows the change of strain measured by side 
strain gauge near to crack tip with the increase of 
load. From this figure, it can be seen that when wa-
ter pressure is unloaded the strain at crack tip also 
takes on withdraw, but when water pressure is re-
loaded again strain then begins to increase. How-
ever, once initial crack develops, namely crack 
passes by the strain gauge near to the initial crack 
tip, stress will be released and hence strain starts to 
gradually decrease. According to this, from the fig-
ure7, the cracking load can be determined. Thus, one 
can have initial fracture toughness.  
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Whereα0＝a0/D. 
 

The results of the second batch of tests are sum-
marized in the table2. In this test, concrete compres-
sion strength is 39MPa. In this table, the calculated 
Young’s modulus also is listed. According to the 
above steps, the unstable fracture toughness and ini-
tial fracture toughness are calculated and placed in 
the table2.   
Table 2 The results of E, Phmax,CMOD, KIc

un, KIc
ini _______________________________________________ 

Specs.    E     Phmax     CMODc    KIc
un     KIc

ini 
     (GPa)   (KN)    (mm)   (MPam1/2)  (MPam1/2) _______________________________________________ 
ws-1    49.12    25.06   0.154    2.621    0.552 
ws-2    48.30    20.32   0.132    2.183    0.495 
ws-3    46.28    22.40   0.164    2.500    0.429 
ws-4    48.42    24.12   0.183    2.795    0.352 
ws-5    47.36    25.01   0.139    2.422    0.411 
ws-6    46.75    25.65   0.121    2.191    0.532 
ws-7    47.26    23.02   0.145    2.364    0.463 
Aver.   47.64    23.65   0.148    2.439    0.462 _______________________________________________ 
 

From table 2, we can easily see that unstable frac-
ture toughness and initial fracture toughness are 
about 2.44MPam1/2, 0.46MPam1/2, respectively. For 
the initial fracture toughness, this value is close to 
that obtained in previous work where fracture tests 
under dry condition were performed on specimens 
with the similar compression strength8. Therefore, it 
can be concluded that the action of water pressure 
does not alter the value of initial fracture toughness.  

3 CONCLUSIONS 
 
In this paper, the impact of water pressure distrib-
uted along crack face on the fracture behavior of 
concrete under nature dry condition is experimen-
tally investigated. Following the researches carried 
out by Brhuwiler and Saouma, using the constant 
CMOD loading mode, the first batch of tests are per-
formed on 11 specimens. The results show that the 
action of water pressure reduces the maximum load 
of structure, and that as water pressure goes up the 
maximum load will drops sharply. 

However, the difficulty in controlling constant 
CMOD using common testing machine limits the 
use of this approach. Therefore, another loading pat-
tern where the mechanical load is kept to be constant 
during the whole cycle of loading-holding-unloading 
of water pressure, called constant P loading mode is 
proposed. According to this loading mode, the fac-
ture tests of seven specimens under water pressure 
of 0.02MPa are carried out. From the obtained load-



crack mouth opening displacement and the change 
of strain near to crack tip, double-K fracture parame-
ters are calculated. The results indicate that the ac-
tion of water pressure has little influence on the ini-
tial fracture toughness.  
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