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Abstract 
Concrete vessels are being used to store and isolate hazardous materials. 
However, cracks in concrete cause leakage of these hazardous materials. 
The objective of this study is to develop a suitable model to simulate water 
leakage through cracks using experimental and numerical techniques. 
In the experimental studies, wedge-splitting tests are performed on 
reinforced concrete specimens which are pressurized by water during 
different stages of crack propagation. 

The experiments are then numerically simulated using finite element 
program based on the discrete crack m·odel to analyze the behavior of 
cracks in concrete and interface of reinforcement. Wedge-splitting 
specimen of plane concrete and simple bonding test of rebar are also 
simulated to evaluate the crack property in concrete and interface property 
on reinforcement in advance. Two kinds of fluid models for two different 
stages of water leakage are proposed. 
Key words: Reinforced concrete, Water leakage, Wedge-splitting test, 
Discrete crack model 

1 Introduction 

Concrete vessels are being increasingly used to store and isolate hazardous 
materials such as chemicals, liquid gas, and low level radioactive liquid 
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is a relatively impermeable its 
permeable. 

concrete and gas been experimentally 
concrete by Suzuki(l992) and Iriya(l992), 

on crack propagation have 
Furthermore, Reich(1993) 

water pressure-fracture 

fracture properties and leakage flow 
experimental studies, wedge-splitting tests 
concrete specimens. These specimens were 

.... ~ .. ..., .... .,,,_,,were pressurized by water different stages 
experiments were 

,_.,,_.,,n .... 1n• program crack model. 
investigations, fluid ................. ...,.h, 

and outlet pipes were 
small holes ( ¢ 

water along 
A membrane was epoxied on the surface 

r\rP•"\TPTTT side water leakage. 
were conducted as shown in 1. The concrete 

requirements for watertight structure and it is 

components: 1) 
loading device; 

to measure hydrostatic pressure the 
load was controlled by 

a pressurized water 
Water leaked through the outlet 

,,.,.,,,,......,,.,. is measured. were loaded at a 
water pressure and they were pressurized at 

CMOD to leakage (and 0.2 mm 

reinforcement. 
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curves specimens 1, 2, 
specimen 1 exhibits typical 
specimens have a drastically 
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Figure 1 Dime~sions of specimen 

Specimen 
Number 

Inner 
Pressure 

MPa 

Reinforcements Arrangement of 
Reinforcement 

1 0 
2 0 
3 0 
4 0.3 
5 0.3 
6 0.3 

7 0.3 
8 0.2 

None 
<P 13 mm rebar 
<P 9 mm rebar 
</> 13 mm rebar 
<P 9 mm rebar 
<P 6 mm straight 

bar 
</> 9 mm rebar 
</> 9 mm rebar 

2. Concrete 

W/C Max. Cement Water Sand 
ratio agg. 

size 

40% 25 mm 505 202 530 
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Figure 2 
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Figure 3 shows that the leaking flow starts when minimum crack width 
which derived from the later numerical analysis becomes approximately 
0.05 to 0.07 mm. Leaking rate is significantly reduced when rebars are 
located in the center, and it is proportional to the applied pressure. 

Figure 4 shows the water pressure distribution measured by pressure 
transducers for specimens 6 and 7. This figure shows that the pressure is 
gradually built-up as the CMOD increases; however, once flow starts, the 
hydrostatic pressure distribution remains constant. During water flows, 
the pressure above the reinforcement is about the same as the pressure 
applied through the inlet pipe, but below the reinforcement, there is a linear 
pressure decrease from full pressure to zero at the outlet. 
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Figure 3 Flow rate and minimum crack width relations 
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Figure 4 Pressure distribution specimen 6 7 

objective of these analyses is to identify 
crack and bond of the steel 
hydrostatic pressure. Another objective 
crack along the crack which fluid ......... '"' .............. .., 

Analyses were performed 
uses an interface crack model. 

surface 

cohesion, ¢ 1 the friction 
tangential component 

..... r.a .. -.-'~""°' traction. c and 
inelastic displacement uieff" 

5. 
G1 Gu are fracture energy of mode I 
break point coordinates can be expressed 

s = 1 
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W1 =0.75GF/ O" to 

We= 5GF/ O" 10 

at 

a tO 
r Linear model for 

Steel interface 

for concrete crack 

···········-..... 

WC uieff 

c 

W1 

Figure 5 Softening law (Cervenka 1994) 

3.2 Simulation of experiments in dry condition 

(3) 

(4) 

The load-CM OD relation of a wedge-splitting specimen of plain concrete is 
first simulated to identify the tensile strength and fracture energy G1• The 
optimized model properties are shown in Table 3. 

Table 3 Summary of constitutive properties 

Crack Steel Interface 
Width Thickness Circumference of reinforcement. 

of concrete Half circumference for large 
confinement in one direction. 

Normal stiffness 5640N/mm3 2820N/mm3 

Tangential 2360N/mm3 1160 N/mm3 

stiffness 
Tensile strength 2.35 MPa 2.35 MPa 
Cohesion 6MPa 22.0 MPa for rebar 

11.0 MPa for straight bar 
Angle of friction 60 deg 50 deg (Dry rebar) 

40 deg (Wet rebar) 
30 deg (Wet straight bar) 
10 deg (Wet re bar close to inner side) 

Angle of 45 deg 1.0 deg 
dilatancy 
Max. inelastic 0.7mm 0.7mm 
displacement of 
dilatancy. 
Fracture energy 0 .14N/mm (Dry) 0.14N/mm 
G1 0.05N/mm (Wet) 
Fracture energy 0.50N/mm 55.0N/mm 
Gn 
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Next, order to determine appropriate 
interface element between steel and ..,.,..,.,,.,.,,. ....... +,... 

Soroushian( 1991) are 
¢ rebars are pulled out 

displacement control. 
stress elements for both 
Interface elements are . ...,.,.,,,.,..,.+,,.r1 

summarized are .:>Ul-'"'"'~u, .... uu 

Subsequently, dry wedge-splitting JIJ\,;'\,;J.J . .l.JL\,;U.0 

3) are analyzed with two sets 
along the crack path, and another one 
reinforcement. It should noted 
01 .ci·n--..c .. -.TC' ............ , .... ""' .. ,_U.f"'., the bond was reduced 

reason reduction is the 
of the rebars which increased the 

wet specimens (specimens are .:>.1..1..1.J.UJ.U.\.'-'·U 

bonding properties crack 
conditions. 

Brilhwiler(l 995) indicated that hydrostatic pressure .............. ...,....,.., 
energy of concrete and proposed 

energy: 

- J.60 Pwo +O. 72 2
) 

fracture energy reduced where G1w is 
energy under 
expressed MPa. 

dry condition, 

Through a series of analyses, it was 

water pressure, G1 is a 
is water ...... , ........ ...., .. -~ 

concrete and the friction angle of steel interface ...,. ..... v ...... 'U 

hydrostatic pressures as shown Table 3. 
,,.,..,. .... ,, .... ,..,.,,,., 1s than 

crack 

We distinguish two cases: one 
another 

Reich(l993) proposed following 
width to model the transition of water pressure 
pressure concrete along the 
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p= 

p= 

( J ( )2 ( J3J w w w 
+b - +c -- +d --

1 wwo l WWO l wwo 

+b2(~)+c2(~J
2 

+d2(~)
3

J 
wwo WWO wwo 

water pressure in the crack, w is the crack width, w0 is 
below which water pressure is zero, wwo is the crack 
water pressure is equal to the full applied pressure, and w 1 is 

at a break point of the bilinear softening law. w0 wwo 
.............. ..., ....... v ......... of applied pressure and tensile strength of concrete. 

-------------------,----,, 
I 

I I 

p=-p 
l 2 wO 

WQ WrfWt WI Ww<J 

2 

6 Reich's model of pressure transition by a pair of cubic 

4 summarizes and wwo identified from 
measured and calculated pressure 

'-'1-''""""u .... ·AA 5 using these w0 and wwo values. We observe that w0 wwo 
specimens are larger than the values recommended by 

plain concrete. calculated water pressure 
diverge the measured pressure as CMOD 

crack reaches outlet and the water to 

4 Water pressure transition properties of Reich's model 

0.3MPa 
~oe:cm1en1 Specimen Specimen Specimen 

4 5 6 7 
0.008 0.018 0.018 0.018 
0.050 0.050 0.070 0.080 
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CMOD(mm) 

Measure -o--0.lmm 
-<>--0.2mm 
-&-0.3mm 

0.15 l----',----'J-----+-----'11------+-+-----'--+---'...,...__,~ -<>- >O.Smm 
Reich model·· -o - - O. lmm 

---<>··0.2mm 
---h.-·0.3mm 

Poiseille - -o- ·0.6mm 
flow --K--0.8mm 

--t- · 1.0mm 

0 20 40 60 80 100 

Distance from notch 

7 Simulated water pressure· 

Leaking 
fluid is flowing along a concrete crack, the flow is assumed to 

two-dimensional steady flow between two parallel plates, 

The flow rate 
an applied 

incompressible steady flow between two 
gradient is 

q =-1 w
3b(- dpj 

12 µ dx) 

rate, b is 
µ is the vv.,_,..t..a.J.vJ.vJLH 

In the case actual concrete crack, 
we introduce the ,.,.++,,.,..+,.,,,. crack width 

< 

RP! is a reduction factor obtained 
width derived from the finite ~ 1 " ...... ,, ..... ..- oJ,, ................. u. .... v.u. 

RP! which are L.Ll.LJU.•'-'·'-'··"' .. 

factor decrease 
case that 

5 
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5 Conclusion 

From this investigation, the following general conclusions can be drawn: 
Leaking flow rate is reduced if the rebar is placed close to the outlet. 
Interface elements can properly model the bond between steel and 
concrete. The effective bond area had to be reduced for the large 
confinement by compressive stress in one direction. 
Internal hydrostatic pressure reduces not only the fracture energy of 
concrete, but also the friction angle of reinforcement interface. 
Existing models for fluid fracture interaction, developed for unreinforced 
concrete, are satisfactory. However, when a flow is present, a Poiseille 
flow model should be adopted. 
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