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ABSTRACT

The quantitative evaluation of air flow rate holds significance in reactor containment buildings where
airtight performance is critical. This research undertook an examination to evaluate the air leakage rate in
cracked reinforced concrete elements. A hollow beam specimen, designed to endure pressures up to 200
kPa, was employed in a straightforward setup for an airtight pressure test. Subsequent to inducing tension
cracking in the bottom flange under transverse loading, air pressure was introduced to the air chamber, and
the ensuing air leakage rate was quantified as the loading magnitude increased. The experimental
parameters encompassed plate thickness and reinforcement ratio. The findings indicated a direct
proportionality between the leakage rate and the pressure differential, as well as the cube of the average
crack width, while an inverse relationship was observed with plate thickness and reinforcement ratio.

INTRODUCTION

Quantitative evaluation of the flow rate through cracks is required in order to predict the leakage rate of
radioactive materials in the case of severe accident in containment buildings. Research on air leakage in
concrete elements has focused primarily on containment buildings, so the term leakage rate has been used
interchangeably with flow rate. Rizkalla et al. (1984) conducted leakage rate experiments with a setup that
applied direct tensile forces to reinforced concrete panel members. Suzuki et al. (1992) conducted leakage
rate experiments using mainly unreinforced concrete specimens to investigate the effect of aggregate size
on leakage rate. Hutchinson and Soppe (2012) comprehensively investigated various experimental variables
such as reinforcement ratio, wall thickness, and concrete strength. The authors used a single pressure
difference to estimate permeability through the pressure decay method.

Many experiments used a limited range of pressure differences, mainly due to safety concerns and
the difficulty of maintaining an airtight pressure boundary at high pressures. Hanson et al. (1997) used a
reaction force slab similar in size to the test object to test the leakage rate of a full-scale wall, which could
be pressurized upto 0.45 MPa in a pressure chamber. Greiner and Ramm (1995) fixed the pressure chamber
to the specimen with a steel frame and stiffeners in order to apply high pressures (0.1 - 0.4 MPa). Stegemann
et al. (2005) loaded a concrete mass on top of a pressure chamber to pressurize a real-scale specimen with
a thickness of 1,200 mm. The authors achieved pressures up to 0.53 MPa without leakage at the interface
between the pressure chamber and the specimen.

As mentioned earlier, it is difficult to perform leakage rate experiments under high pressure
conditions, but it is necessary to evaluate the leakage rate at the design pressure of containment buildings,
which can reach up to 0.4 MPa (Choun and Park, 2015). The difficulty in setting up the test is to create the
conditions under which the concrete member is subjected to a constant tensile force that causes it to crack,
while the air pressure is applied to the member. In the case of the most commonly used tensile test, it is
difficult to create an airtight pressurized chamber while applying a tensile force. To create a pressurized
chamber, a separate steel structure must be connected to the concrete member and the joints must be tight
to prevent air leakage.
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In this study, a new experimental method using hollow beams was developed to overcome these
problems in the experimental setup. In order to induce cracks in the lower part of the beam, a tensile force
was applied to the lower flange with a typical four-point bending force, and the leakage rate was measured
by injecting air into the inner cavity. In this pilot test, we pressurized up to 0.2 MPa to validate the
experimental method, and the experimental variables are the thickness of the lower flange plate and the
bending reinforcement ratio. The results showed that the leakage rate was inversely proportional to the plate
thickness and reinforcement ratio, and the test piece could withstand up to 0.2 MPa.

EXPERIMENT PLAN

Table 1: Test matrix

Concrete Longitudinal
Depth, | strength | | ongitudinal | reinforcing

Specimen | h £, reinforcing | steel ratio, p,
Variable no. (mm) | (MPa) steel (%)
Baseline pPO1 300 28.3 4-D13 1.27
P02 275 275 5-D10 1.19

Thickness

P03 350 27.5 4-D16 1.32
Rebar P04 300 | 26.3 4-D10 0.70
ratio P05 300 26.3 4-D16 1.99

Specimens

Four-point bending tests were performed on five specimens. A bending crack was created in the lower part
of the beam and air was injected into the cavity through a compressor connected to the specimen to enable
flow measurement.

Table 1 shows the test matrix. The length and width of all specimens are 2,000 mm and 400 mm,
and four rows of ¢6 stirrups and cross-ties are spaced 75 mm apart, and the experimental variables are the
ratio of tensile bars placed in the lower flange where bending tensile force is applied and the thickness of
the flange.

The lower flange of the hollow section of the PO1 specimen is reinforced with 4-D13 bars, and
the thickness of the lower flange is 100 mm. PO2 and P03 were designed with concrete thicknesses of 75
mm and 150 mm, respectively, and 5-D10 and 4-D16 bars were placed to have similar reinforcement ratios
as P01. P04 and P05 were designed with 4-D10 and 4-D16 bars, respectively, with the rebar ratio as a
variable, and the lower flange thickness was 100 mm, the same as P01.

The same concrete was poured for all specimens, and the compressive strength of the specimens
on the day of testing ranged from 26.3 to 28.3 Mpa. All specimens were reinforced with 400 MPa grade
rebar.

Set-up and instrumentation

Figure 1 shows a schematic of the experimental setup and instrumentation plan. To measure the vertical
deflection of the specimen, two LVDTs were installed at the bottom of the specimen. Each LVDT was
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located in the center of the beam in the length direction and 50 mm inward from the edge in the width
direction. Four strain gauges were attached to each specimen to measure the deformation of the longitudinal
reinforcing steel bars. The gauge lines bypassed the bottom of the hollow section to avoid potential leakage
paths.

Pressure Flow Regulator
transducer meter %z' Filter

Applied load

4

I Specimen

Strain gauge ‘ ‘
—

LVDT

Figure 1. Drawing of the experiment set-up and instrumentation facilities

Since crack width is an important property in this experiment, a mechanical strain gauge with a
resolution of 0.001 mm was used to accurately measure it. The crack width was obtained by measuring the
deformation of the spacing of pre-attached steel markers. A total of six markers were attached to the bottom
of the beam. Each marker was spaced 150 mm apart in the length direction and 100 mm apart in the width
direction. For each experiment, the marker spacing was measured before loading and used as a default value,
and the strain was then obtained by subtracting the default value from the measured value for each loading
step. When multiple cracks occurred between markers, the strain was divided by the number of cracks to
calculate the average crack width.

In the air flow experiment, the pressure in the hollow section was measured with a pressure
transducer connected to the pipe, which has an accuracy of 1.5 kPa and can measure up to 1,000 kPa. On
the other branch of the pipeline, a compressor, air filter, regulator, and flow meter were connected. A
compressor with a maximum operating pressure of 800 kPa and a flow limit of 300 L/min was used. A flow
meter measured the flow rate at the inlet with an accuracy of 6 L/min and up to 200 L/min. The pressure in
the hollow section was manually adjusted by the regulator by checking the value of the pressure gauge.

Experiment Procedure

Initial airflow experiments were performed to determine the baseline leakage rate of the specimen prior to
cracking. Eight pressure levels (10, 20, 40, 60, 80, 100, 150, 200 kPa) were used in this experiment. This
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method follows the method of Bruce et al. (2023), who subtracted the baseline leakage rate from the leakage
rate after crack initiation to calculate the effective leakage rate.

For the structural test, a monotonic loading protocol with displacement control based on center
deflection was applied. After the initial airflow test, the specimen was subjected to a 0.7 - 1.5 mm deflection
where the first crack occurred. The loading rate was maintained at 0.01 mm/s during the experiment. After
crack initiation, the test was repeated with a load step size of 0.3 - 0.5 mm deflection. At each step, the
marker spacing was measured with the mechanical strain gauge before proceeding to the air flow test.

In the air flow test, the air flow rate was taken as the value at which the steady-state was reached
while maintaining the deflection. Steady-state was defined as a condition where the difference between
pressure and flow measured at 1-minute intervals is less than or equal to 2% of the previous value (Bruce
et al., 2022; Picandet et al., 2009). At low pressures, steady state was reached in 1 minute, but in the range
of 100 kPa and above it took several minutes.

RESULTS

Mechanical behavior
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Figure 2. Load - mid span deflection relationships

Figure 2 shows the load-deflection relationships. Specimens P01 - P04 were loaded up to a center deflection
of 3.2 mm, and specimen P05 was loaded up to 4.0 mm. The first crack occurred at a deflection level of 0.7
- 1.5 mm. Immediately after cracking, the stiffness of the specimen decreased, and then the strength
increased without a decrease in stiffness until the end of the experiment.

Cracking was generally observed when the deformation of the marker spacing exceeded 0.1 mm.
Figure 3 shows the cracking behavior of the specimens during the final loading stage. In P01, a total of five
cracks were observed. Except for the crack in the lower left corner, four of the cracks were like two almost
continuous cracks. In P02 and P03, one main crack occurred between the markers. In P04, the crack on the
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left advanced beyond the markers. In P05, the first crack developed diagonally from the center, and similar
to P04, the crack also developed outside the marker.
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Figure 3. Photos of crack patterns at end of test

The relationship between the leakage rate and the gauge pressure in the hollow section is shown in Figure
4. The measured leakage rates at each loading step are labeled with different symbols. For all specimens, a
tendency to increase the leakage rate in proportion to the pressure difference was observed. For small crack
widths, such as 0.7 mm deflection for specimen P01 and 1.1 mm deflection for specimen P03, relatively
large fluctuations in the measured values were observed. This can be attributed to the measurement error
of the flow meter with an accuracy of 6 L/min, since the measured values are below 7 L/min at this stage.
For specimens P02 and P04 with large crack widths, leakage exceeding the measurement limit of the
flowmeter occurred at high pressures, and measurements were not possible in the range above 100 kPa.
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Figure 4. Leakage rate and pressure difference relationships
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Figure 5. Leakage rate per unit length and cube of average crack width relationships

The crack domain through which air flows has been idealized by many researchers as a two-
dimensional flat plate (Rizkalla et al., 1984; Suzuki et al., 1992; Greiner and Ramm, 1995). The governing
equation for incompressible laminar flow in this domain is known as the Poiseuille equation and is given
by (White, 2016).

__ bwiAp
T 12ut

Q 1)
Where Q is the flow rate, b is the width of the crack, w is the crack width, Ap is the pressure
difference,  is the viscosity modulus, and t is the depth of the crack.

In this equation, the flow rate is linearly proportional to the pressure gradient, and the
experimental results are consistent with this. However, this equation is valid for laminar flow, and the
relationship between flow and pressure difference changes in turbulent flow (White, 2016). The relationship
in turbulent pressure boundary conditions needs further validation.

Figure 5 shows the relationship between the leakage rate per unit length and the cube of the
average crack width. In this case, even if the average crack width is small, the leakage rate may be larger
when the number of cracks is large, so the leakage rate was divided by the length of the crack. Also, since
the leakage rate is expected to be proportional to the cube of the crack width from Equation (1), the leakage
rate was plotted against the cube of the average crack width. For P02 - P04, the relationship that the leakage
rate increases proportionally to the cube of the average crack width was observed relatively well. However,
for P01 and P05, some data values deviated significantly from the proportional relationship. This is because
the average crack width was calculated by taking the arithmetic mean, so if new small cracks were added,
the average crack width would decrease as the number of cracks increased. This phenomenon resulted in a
seemingly decreasing leakage rate as the average crack width increased.

Effect of plate thickness



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division V

Figure 6 shows the effect of the thickness of the concrete plate on the leakage rate. In order to compare the
PO1 - P03 specimens under the same conditions, the leakage rates were compared at load steps with similar
average crack widths. However, the average crack width is not completely consistent for each specimen
and has an error of about 10% because the test was performed based on the deflection. The average crack
width in the legend indicates the average value of the three tests.

Leakage rates were inversely proportional to plate thickness. When comparing the P01 specimen
(t =100 mm) to the P03 specimen (t = 75 mm), the decrease in leakage rate with increasing thickness was
5.7 to 17.9 times greater than when comparing the P02 specimen (t = 150 mm). The effect of thickness also
varied depending on the size of the pressure difference. It was calculated that the slope at a pressure
difference of 100 kPa was 1.7 to 4.8 times larger than at 40 kPa. Meanwhile, the average crack width was
also found to be positively correlated with the degree to which the thickness change affected the leakage
rate change. This is especially true for the increase from 75 mm to 100 mm, where the absolute value of the
sensitivity (i.e., the slope of the solid line) increased by 1.1x10-3, 3.5x10-3, and 4.8x10-3 L/min/m? as the
average crack width increased.

Effect of rebar ratio

Figure 7 shows the effect of rebar ratio on the leakage rate. As in the previous section, experiments P01,
P04, and P05 were compared in terms of average crack width within 10% error. The leakage rate tended to
be inversely proportional to the reinforcement ratio, and differences in sensitivity were also observed
depending on the size of the pressure difference. The sensitivity at a pressure difference of 100 kPa was
found to be 2.8 - 2.9 times greater than at 40 kPa. On the other hand, the relationship between the average
crack width and the effect of reinforcement ratio was not clear. Comparing the results at 0.25 mm and 0.29
mm, the magnitude of the sensitivity increased by 1.4 to 3.7 times. At 0.35 mm, there was no leak rate
measurement for the PO1 specimen (p; = 0.013), so a sensitivity of -7,893 L/min/m was calculated from the
P04 (p1=0.007) - P05 (p1 = 0.020) results at 40 kPa. This value is smaller than the sensitivity calculated for
P01 and P05 at 0.29 mm (-1,577 L/min/m), but larger than the sensitivity calculated for PO1 and P04 (-
15,508 L/min/m), so the trend is inconsistent. Also, at a pressure difference of 40 kPa and an average crack
width of 0.25 mm, the leakage rate increased by 11% as the reinforcement ratio increased from 0.013 to
0.020. This is contrary to the overall trend and needs to be verified by further experiments.
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Figure 6. Effect of wall thickness on leakage rate
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Figure 7. Effect of reinforcing steel ratio on leakage rate
CONCLUSION

In this study, air flow experiments were conducted to evaluate the leakage rate of air traveling through
cracks in reinforced concrete structures. A hollow beam specimen was proposed to facilitate testing under
high pressure boundary conditions, and the effects of crack width, pressure difference, bottom flange plate
thickness, and reinforcement ratio on the leakage rate were investigated. The main results of the experiment

are as follows

The hollow beam test specimen was able to withstand a pressure of 200 kPa. In this experiment,
we only pressurized to 200 kPa due to the limitations of the pressurization and measurement
equipment, but it is expected that subsequent studies will utilize equipment with a larger capacity
to conduct air flow experiments in the range of 200 kPa and above.

The leakage rate was observed to be proportional to the pressure difference. This is consistent with
the Poiseuille equation, a theoretical expression for laminar flow. However, further experiments
are required to determine whether laminar flow occurs at pressures above 200 kPa, the
pressurization limit of this experiment.

The leakage rate was generally proportional to the cube of the average crack width. For some load
steps, the leakage rate was observed to decrease with increasing crack width, but this was due to
an increase in the number of cracks and a decrease in the average crack width.

The leakage rate decreased rapidly with increasing plate thickness. The sensitivity of leakage rate
to plate thickness was also observed to be positively correlated with pressure difference and crack
width.

The leakage rate was found to be inversely proportional to the reinforcement ratio overall, and the
sensitivity of the leakage rate to the reinforcement ratio was found to be positively correlated with
the pressure difference, but not with the average crack width.
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