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AIR LEAKAGE CHARACTERISTICS IN CRACKED CONCRETE

U. Greiner and W. Ramm

University of Kaiserslautern, Kaiserslautern, Germany

ABSTRACT

In the following paper a mathematical formulation for the air leakage rate through cracks in
concrete is given. The formula works well in good approximation for crack widths up to
1,30 mm and overpressures up to 0,80 MPa. The formula was found by means of systematical air
leakage tests using unreinforced test specimens with one “defined single crack". For
thermodynamical formulation, isothermal changes of the gas state during the leakage through the
crack was estimated and experimentally proved. By additional leakage tests using reinforced test
specimens, practical usability of the leakage formula for reinforced panels with a "typical crack
pattern" had been checked.

1 INTRODUCTION

Under accidental loading beyond design limits, containment vessels of prestressed concrete can
fail by cracking due to high internal pressure. Average numbers, widths and lengths of such
cracks, which develop in concrete membrane constructions as a result of tensile stresses, can be
calculated with relative accuracy. By this crack pattern it is possible to determine the leakage
area approximately. If the leakage area is known, it is now of great interest, to know, how much
gas will flow per unit time through this cracked area from the inside to the outside of the
containment.

To date, only a few experimental and theoretical investigations are avaliable on the topic of air
leakage characteristics through cracks in concrete. Generally known achievements are the works
by BUss (1972), RIZKALLA etal. (1984) and SUZUKI et. al. (1989). With these previous
experimental investigations the leakage through cracks in concrete structures was proved for
crack widths from 0,05 mm up to 0,40 mm and overpressures up to 0,20 MPa.

Since 1989, additional experimental investigations had been undertaken at the University of
Kaiserslautern (Germany). The objective was to clarify some open questions, especially regarding
the behavior of leakage under high overpressures (up to 0,80 MPa) and in case of larger crack
widths (up to 1,30 mm). The research programm was sponsored by the German Ministry for
Protection of Nature and Environment and Reactor Safety.
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2 EXPERIMENTAL INVESTIGATIONS

Fundamental inherent laws of gas leakage through cracks in concrete and especially the
determination of the characteristic wall friction coefficient were found by tests, referred in the
following as "tests with a defined single crack". "Defined single crack" means, that the crack
section, given by the flow through crack length (varied with 150, 300 and 450 mm) and the
perpendicular crack extension (200 mm at all tests) as well as the crack width (0,20 mm and
1,30 mm), was given by experimental adjustments and therefore was well known. The
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Fig. 1. Test setup "tests with a defined single crack"”

overpressure at the beginning
of the crack was raised in
steps of 0,10 MPa up to a
maximum overpressure  of
0,80 MPa. The investigations
included different concrete
types produced by different
grading curves of aggregate
(AB8, AB16 and AB32
(designations according to the
German Code DIN 1045)).
With some test specimens, the
temperature and the absolute
pressure of the gas was
measured at several points
along the flow through crack

length. These measurements had been done to get more information about the thermodynamical
behavior during the leakage process. The arrangement of all investigated test parameters is given
in table 1. and fig. 1. shows a typical test specimen of these tests.

Table 1.  Programm of "tests with a defined single crack"
test concrete used crack crack over- measurement  measurement
no. grading aggregate” length width pressure of pressure in  of temperature
curve L w Ap the crack in the crack
- - - [mm] [mm] [MPa] - -
1 2 3 4 5 6 7 8
1 AB 16 sand, gravel 300 0,2-1,3 0,1-0,8 no no
1.1 AB 16 sand, gravel 300 0,2-13 0,1-0,8 yes no
sand (0/2),
2 AB 16 gravel (2/8), 300 0,2-1,3 0,1-0,8 no no
chippings (8/16)
3 AB 8 sand, gravel 300 0,2-1,3 0,1-0,8 no no
3.1 AB 8 sand, gravel 300 0,2-1,3 0,1-08 yes no
4 AB 32 sand, gravel 300 0,2-1,3 0,1-08 no no
4.1 AB 32 sand, gravel 300 0,2-13 0,1-08 yes yes
5 AB 16 sand, gravel 150 0,2-1,3 0,1-0,8 yes no
5.1 AB 16 sand, gravel 150 0,2-1,3 0,1-08 yes yes
6 AB 16 sand, gravel 450 0,2-1,3 0,1-038 yes no
6.1 AB 16 sand, gravel 450 0,2-173 0,1-08 yes yes

* Designation according to German Code DIN 1045
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In a second test series, the gas leakage was testet using reinforced wall panels, which were
cracked under uniaxial and biaxial loading. These tests are referred to as "tests with a typical
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Fig. 2. Test setup "tests with a typical crack pattern”

crack pattern". The
reinforcement percentage
was i =1,00%. The maxi-
mum applied overpressure
was 0,40 MPa, the average
crack widths in the crack
pattern were set between
0,15 mm and 0,45 mm. Si-
milar to the "tests with a
defined single crack", varia-
tions of concretes produced
by different grading curves
were investigated. Table 2.
shows all investigated test
parameters, which were
investigated in the- "tests

with a typical crack pattern". In fig. 2. a cross section through the test specimen and test setup is

shown.
Table 2.  Program of the "tests with a typical crack pattern"
test concrete crack length crack width overpressure crack pattern
no. grading curve” L w Ap
- - [mm] [mm] [MPa] -
1 2 3 4 5 6
7 AB 16 300 0,1-04 0,1-04 uniaxial
8 AB 8 300 0,1-04 0,1-04 uniaxial
9 AB 32 300 0,1-04 0,1-04 uniaxial
10 AB 16 300 0,1-04 0,1-04 biaxial

*Designation according to German Code DIN 1045

3

3.1

Tests with a defined single crack

TEST RESULTS AND THERMODYNAMICAL ANALYSIS OF GAS LEAKAGE
THROUGH CRACKS IN CONCRETE

For the "tests with a defined single crack" the following basic test results were obtained:

o Apart from the flow through crack length, the overpressure at the beginning of the crack and
the crack width, the leakage rate of gas flow depends distinctly on the maximum size of the
aggregate used in the concrete mixture. The leakage rate decreases noticeably with increasing
diameter of the maximum aggregate size.

o The measurements of temperature in the inner crack area along the crack length and outside,
in the immediate vicinity of the crack end have shown, that the temperature was nearly
constant along the crack length.

Therefore, for the thermodynamical analysis of the leakage process isothermal changes of the gas
state were assumed for the derivation of the leakage-formula. Using the equations of continuity,
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momentum and state of gas for a perfect gas, the following equation for the gas leakage was
obtained (for detailed derivation see RAMM et al. (1992)):

R-T 2-W

q, =\/(P3—P§)'BZ'W2'—p3—'H

[1]

(with: q, = volume of leakage rate at the end of the crack, p, = absolute pressure at the
beginning of the crack, p, = absolute pressure at the end of the crack, L = flow
through crack length, B = flow through extent of the crack, W = crack width, R =
constant of gas, T = temperature, A = friction coefficient)

Leakage equations derived by RIZAKALLA (1984) and SUZUKI (1989) differ from Eq. 1 mainly in
the formulation of the wall shearing stress. The friction coefficient A used in Eq.1 was an
empirical value and must therefore be determined by experiments.

With the flow of compressible fluid in constant-area ducts with friction, the friction coefficient A
is a function of the REYNOLDS-number Re and of the wall roughness K = (k/D) (with: k = height
of roughness (in ducts defined as the roughness of sand) and D = diameter of the duct) for both,
laminar and turbulent flow:

A = A (Re/K)
withRe=p'v-D/n andK=k/D

[2]

With constant area (D = const) of the duct and constant mass rate of flow (p-v = const), A can
only depend on values which determine the dynamic viscosity 1. Because of n = 1(T) the friction
coefficient depends only on the temperature of gas. For the thermodynamical analysis an
isothermal change of gas state was assumed (T = const) and therefore A depends only on the
roughness of the crack:

A = A (k/D) 3]

While the ratio k/D is not changing over the crack length, A can be estimated as A = const over
the crack length. If the diameter of the duct D is replaced by the equivalent diameter D, given by
the gap area in the crack, D, can be written as D, ~ 2 - W. Because of experimental observations
which have shown, that the
leakage rate depends on the
curve of the wused
concrete, the value "height of the
roughness k" may be defined as
the maximum diameter of the used
aggregate. In a general form the
friction coefficient A can be
expressed as:

k=(a--2k—w)n+b [4]

n
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Friction coefficient A as a function of the crack
width W and the maximum aggregate size k.

(where a, b and n are empirical
values)

‘If the friction coefficient A is

plotted as a function of the crack
widthW  with  the curve

parameter k as maximum diameter of the aggregate (as is shown in Fig. 3.), by nonlinear
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regression analysis the following empirical equation of the dimensionless friction coefficient A is
obtained:

1 k
.| 0400 [ n (o 414)
M) v L049)] L 0,20.k0%% 0,024 5]

A=
( W
(with: k = maximum diameter of aggregate in mm, W = crack width in mm)

Because the friction coefficient is obtained by experiment, it can only be applied, remaining on
the safe side, in the experimentally proved parameter ranges:

e Crack width: 020mm < W < 1,30 mm
e Overpressure at the

beginning of the crack: 0,lJ0MPa < Ap < 0,80 MPa
¢ Grading curves: AB 8, AB 16, AB 32

The comparison of test results with calculated results (as is shown in fig. 4.) reveals a very good
correlation between test and calculations.

4000 ——— — 400

h Results of statistcal analysis:
3000 . 300} % .
g &
k] ® =
3 2000+ 1 2 2007 5 Mean value: x=0,984
5 8 7
s w 7 ] Standard-
10007 i 100 AN ] deviation: s=0,145
%95 ]
oxL P - 7 / .9‘7—. Coefficient
0 1000 2000 3000 4000 00 05 1.0 15 20 of variation: v=14,69%
Qrest Qrest /' Qcalculation
Fig. 4. Comparison of test results with calculated

results for "tests with a defined single crack"

3.1 Tests with a typical crack pattern

By the "tests with a typical crack pattern" the following basic test results were obtained:

o The leakage rates were distinctly lower than with the "tests with a defined single crack" (one
separate crack in unreinforced concrete). The reason for this observation is, that the
reinforcement has a noticable influence on the inner structure of the crack. The crack area
was considerably strangled in the region arround a single reinforcement bar (SCHIEBL et al.
(1991)). Therefore the effective leakage area was considerably smaller than in comparible
cracks in unreinforced sections.

o The aggregate grading curve of the used concrete has no verifiable influence on the leakage
rate. The reason for this observation is, that the reinforcement had a major effect on the

structure of the cracks.

Evaluation of the test results with Eq. 1 lead to a mean value 0,70 of the ratio between measured
and calculated leakage rates with a coefficient of variation of 34 %. Evaluating the test results
with the formulae of RIZKALLA et al. (1984), the mean value of the ratio between measured and
calculated leakage rates was 0,75 with a coefficient of variation of 17,3 %.
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Using both, Eq. 1 and the formula of RIZKALLA, the ratio of measured and calculated leakage
rates was smaller than 1. Thus, the claculated leakage rates are on the safe side (comp. Fig. 5).
On the other hand and first of all, it was important to determine the leakage area given by the
crack pattern. With known crack formulae only a rough prediction of the leakage area was
possible.
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Fig. 5. Comparison of test results with calculated

results for "tests with a typical crack pattern”

4 CONCLUSIONS

The formulae for the leakage rate (Eq. 1) and the friction coefficient (Eq. 5) established for
unreinforced, cracked concrete specimens are in very good correlation with the measured
experimental results of the "tests with a defined single crack". The formulae were experimentally
proved for crack widths up to 1,30 mm and absolute overpressures up to 0,80 MPa. Application
of the formulae to cracked, reinforced concrete elements is practicable. But it must be considered
that because of the reinforcement, the inner crack width is smaller than the crack width observed
at the surface, and consequently the leakage rate was reduced in the experiments.
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