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ABSTRACT 

 

Quantitative evaluation of air leakage rates through cracks in reinforced concrete structures is critical for 

ensuring airtightness in reactor containment buildings. This study experimentally investigated the air 

permeability characteristics of cracked reinforced concrete elements using specially designed hollow-wall 

specimens. These specimens, designed to withstand internal air pressures up to 100 kPa, were subjected to 

reversed cyclic lateral loading to induce diagonal shear cracking. The influence of web thickness and 

reinforcement ratios on the leakage rates was systematically examined. Digital image correlation (DIC) 

techniques were utilized to capture detailed crack geometry and the displacement fields of the specimens. 

Following the formation of shear cracks, controlled air pressure was introduced into an internal air chamber, 

and leakage rates were measured under varying pressure differentials. Initial findings demonstrated distinct 

flow behaviours based on crack conditions: closed cracks exhibited airflow rates linearly proportional to 

the quadratic pressure difference, indicative of compressibility effects, whereas open cracks exhibited 

airflow rates linearly proportional to the linear pressure difference. Further analyses to quantify crack width 

and length are ongoing, with comparative evaluations against previous hollow-beam tests planned for future 

publication. 

 

INTRODUCTIONS 

 

Ensuring the integrity of reinforced concrete (RC) structures against fluid or gas leakage is critical, 

particularly in nuclear facilities, containment structures, and pressure-retaining buildings. Concrete 

cracking, induced by lateral seismic loading, may significantly compromise airtightness, thus jeopardizing 

structural performance and safety. The relationship between structural damage—specifically shear-induced 

cracks—and permeability remains an area of active research, underscoring the importance of accurately 

characterizing leakage rates under realistic loading conditions. 

 

Several experimental studies have addressed leakage behavior through shear cracks in RC walls. 

Notably, early research by Nagano et al. (1989), Saito et al. (1991), Girrens and Farrar (1992), Okamoto et 

al. (1995), and Hamilton et al. (2004) provided critical insights. Nagano et al. (1989) and Okamoto et al. 

(1995) conducted scaled tests of containment walls, establishing initial benchmarks for shear-induced 

leakage under seismic conditions. Nagano et al. (1989) and Saito et al. (1991) further proposed empirical 

equations relating shear strain and shear stress to leakage rate. Girrens and Farrar (1994) examined air 

leakage through shear cracks in concrete walls subjected to simulated seismic loading, demonstrating that 

permeability could increase dramatically—up to approximately 40 times compared to uncracked 

conditions—once significant shear cracks formed. Although these studies demonstrated that cracking 

strongly correlates with increased permeability, the experiments typically considered limited specimens. 

Existing empirical equations, being developed based on specific test conditions and limited specimens, lack 

general applicability. 

 

Previous studies have also not adequately clarified the direct relationship between flowrate and crack 

geometries, nor systematically compared the influence of different crack types, such as tensile versus shear 
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cracks, on permeability. Flexural-tension cracks and diagonal shear cracks are the two primary types of 

structural cracking relevant to leakage. Design variables and test conditions—including reinforcement ratio, 

wall thickness, and loading history (monotonic versus cyclic)—critically influence crack patterns, opening 

widths, and consequently, the air permeability of cracked walls. Therefore, comprehensive experiments 

examining these variables systematically are necessary to refine current design guidelines and improve 

structural safety margins. 

 

To bridge these knowledge gaps, this study experimentally evaluates air permeability through 

laterally loaded RC walls. Five hollow RC wall specimens were tested under cyclic lateral loading 

conditions, systematically varying reinforcement ratios and wall thicknesses. This experimental 

investigation extends previous research conducted at Seoul National University, where hollow beam tests 

provided insights into leakage behavior under predominantly flexural cracking (Lee and Park, 2024). The 

current study specifically explores air permeability through diagonal shear cracks and evaluates the 

combined effects of reinforcement detailing, wall geometry, and cyclic loading on leakage performance. 

The outcomes will contribute to improved understanding and prediction of air leakage behavior, informing 

safer and more reliable structural designs. 

  

EXPERIMENT PLAN 

 

Specimens 

 

The test specimens were designed as flanged squat walls with hollow cores functioning as internal air 

chambers. Diagonal cracks were induced in the web region, and air was subsequently injected into the 

internal chamber through a compressor connected to the specimen to measure leakage rate through the 

cracks. This experiment approach aligns closely with a previous hollow beam study that evaluated airflow 

through flexural-tensile cracks. Consistent test variables, including wall thickness and rebar ratio, were 

maintained to allow direct comparison between shear and flexural-tensile cracking effects on permeability. 

A list of specimen and their specifications are summarized in Table 1. lw is the length of web, hw is the 

height of web, fck is the cylindrical compressive strength, tw is the thickness of web, ρwh is the horizontal 

rebar ratio at the web, ρwv is the vertical rebar ratio at the web, tf is the thickness of flange, wf is the width 

of flange, ρfh is the horizontal rebar ratio at the flange, ρfv is the yield strength of vertical rebar in flange. 

 

Table 1: Test matrix 

 

Specimen S1 S2 S3 S4 S5 

 lw [mm] 900 900 900 900 900 

 hw [mm] 900 900 900 900 900 

 fck [MPa] 34.0 32.0 33.0 33.7 33.7 

Web 

tw [mm] 100 75 150 100 100 

ρwh [%] 1.27 1.27 1.32 0.71 1.27 

ρwv [%] 1.99 1.97 1.91 1.99 1.27 

Flange 

tf [mm] 150 150 150 150 150 

wf [mm] 1100 1100 1100 1100 1100 

ρfh [%] 0.95 0.95 0.95 0.95 0.95 
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ρfv [%] 4.17 4.17 4.17 4.17 4.17 

 

Five specimens (S1–S5) were tested in this study, with S1 serving as the control specimen. 

Specimens S2 and S3 had varying web thicknesses (tw), while specimens S4 and S5 featured different 

horizontal (ρwh) and vertical (ρwv) web reinforcement ratios, allowing for systematic investigation of 

geometric and reinforcement effects on air leakage. 

 

Concrete of consistent quality was used for all specimens, with measured compressive strengths 

ranging between 32.0 and 34.0 MPa on the day of testing. Reinforcement was standardized with 400 MPa 

grade rebar. Concrete casting occurred in three distinct stages: (1) the wall foundation, (2) the wall body, 

and (3) the wall head. During the wall body casting phase, a steel-lined formwork box was strategically 

placed to define the internal air chamber. This steel plate became embedded upon formwork removal after 

one day, effectively sealing three sides of the chamber (bottom and two flange sides). Prior to casting the 

top loading slab, another steel plate with an attached steel pipe was positioned over the chamber. Two 

adjoining edges were welded to ensure airtight sealing. Consequently, four faces of the internal chamber 

were fully sealed with steel plates, leaving two open faces for controlled airflow measurements. 

 

Figure 1 shows a representative specimen (S1), which resembles a typical low aspect-ratio shear 

wall. The wall height is 900 mm, and the total width, including two flanges, is 1200 mm. Figure 1(a) 

highlights the internal chamber measuring 600 × 600 mm, matching the dimensions used in the pilot hollow 

beam test. To avoid localized failure around the chamber boundary, additional dowels were placed. Figure 

1(b) illustrates section AA of the specimen, detailing the flange geometry. Each flange is 150 mm thick and 

1100 mm wide, reinforced significantly to concentrate shear-induced diagonal cracks within the central 

web region. This reinforcement configuration ensures that measured permeability predominantly reflects 

the behaviour of shear-induced cracks. 
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Figure 1. Dimensions of hollow wall specimen: (a) reinforcement configuration; (b) AA section 
 

Set-up and instrumentation 

 

Figure 2 and Figure 3 illustrate the test setup and instrumentation. A total of fifteen linear variable 

differential transducers (LVDTs) were installed to measure lateral displacement, wall panel shear 

deformation, wall flexural deformation, slip between the wall and its base, rocking motion of the wall base, 

and slip between the wall base and the strong floor. Specifically, Figure 3(a) depicts the north face of the 

specimen, highlighting the placement of six LVDTs on the web. Figure 3 (b) presents the south face, where 

a digital image correlation (DIC) system was employed to measure the displacement field within an 800 × 
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800 mm region of interest (ROI) on the web. Reinforcing steel strain were measured using 36 foil-type spot 

strain gauges on each panel, with nine gauges on each vertical and horizontal bar within the ROI. 
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Figure 2. Test set-up and instrumentations 

 

(a)

  
Figure 3. Photographs of test set-up: (a) north face; (b) south face 

 

For the airflow experiment, the test system from the pilot study was utilized with several 

enhancements. A pressure transducer was integrated into the pipe connecting the air chamber and the air 

supply line. A screw compressor with a flowrate capacity of 3,400 L/min at an operating pressure of 834 

kPa was employed. To accurately measure airflow rates, four flow meters, installed in parallel and capable 

of measuring flows up to 1100 L/min each, were utilized. The DIC system employed a mono camera based 

on the assumption of primarily in-plane deformation. A speckle pattern was prepared using spray painting 

consisting of black, grey, and white speckles to facilitate accurate measurement of displacement fields. 

 

Experiment Procedure 

 

Initial airflow tests were conducted to establish the baseline leakage rate before cracking. No significant 

leakage was detected up to a pressure of 100 kPa. Following this preliminary assessment, reversed cyclic 
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loading was applied according to ACI 374-13 (2013), as illustrated in Figure 4, with loading cycles defined 

by drift ratio. 

 

Airflow measurements were taken at each loading step under two distinct conditions: first, with 

cracks fully open during peak displacement (loaded state), and second, with residual cracks remaining 

partially closed during unloading (unloaded state). For the loaded state, airflow was measured at four 

pressure levels (10, 20, 30, and 40 kPa), whereas for the unloaded state, five higher pressure levels (20, 40, 

60, 80, and 100 kPa) were selected to capture leakage through smaller residual cracks. Measurements 

continued until steady-state airflow was achieved, defined as a deviation of less than 2% in both flowrate 

and pressure within a one-minute interval, following criteria established by previous research (Picandet et 

al., 2009). Typically, steady-state was attained within 1 to 2 minutes. 

 

○ Airflow test w/ open cracks

● Airflow test w/ closed cracks
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Figure 4. Mechanical loading protocol  
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Figure 5. The 5th loading step: (a) lateral displacement history; (b) differential pressure and flowrate 

histories 
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Figure 5(a) illustrates a typical displacement history throughout one loading cycle, highlighting 

distinct phases of crack opening, stable crack width plateau, crack closure upon load reversal, and residual 

crack formation. Figure 5(b) presents concurrent measurements of airflow rate (solid line) and differential 

pressure (dashed line). The airflow patterns varied significantly based on crack conditions. When cracks 

were open during loading, even relatively low pressures (10–40 kPa) produced substantially higher 

flowrates due to increased crack apertures. Conversely, when cracks partially closed upon unloading, higher 

pressure differences (40–100 kPa) were necessary to initiate airflow, resulting in comparatively lower 

flowrates due to restricted crack openings. 

 

RESULTS 

 

Mechanical behaviour 

 

Figure 6 shows the lateral load – displacement relationships of the test specimen. The experimentally 

measured maximum lateral loads reached 1622 kN during positive loading (push) and 1558 kN during 

negative loading (pull), both of which slightly exceeded the nominal shear capacity of 1534 kN predicted 

by ACI 318-19 (2019). It is noteworthy that the actual peak strengths could potentially be higher, as the 

maximum drift ratio test was limited to 0.9%. 

 

 An asymmetric hysteretic response was observed, characterized by increased deformation and 

reduced stiffness in the positive loading direction. This asymmetry primarily resulted from uneven 

boundary conditions at the foundation slab, where fewer tie-down anchors were installed on one side due 

to spatial limitations. Consequently, slab rocking occurred predominantly during positive cyclic loading, 

increasing effective flexibility and resulting in greater observed displacement. 

 

Despite this asymmetry, its presence neither impacted the primary objective of this study nor 

significantly influenced the analysis of airflow behaviour. The airflow rates measured through the 

specimens were directly dependent on the geometry and condition of the shear-induced cracks rather than 

on the magnitude or direction of applied loads or specific drift ratios. Furthermore, since consistent trends 

in airflow measurements were observed across all five specimens, it can be concluded that the asymmetry 

did not compromise the reliability or comparability of permeability data. 

 

Vn = 1534 kN

Vpmax = 1622 kN

Vnmax = ˗1558 kN

 
Figure 6. Lateral load – displacement relationships of test specimen S5 

 

Flow behaviour 

 

Figure 7 presents the relationships between flowrate Q and pressure head loss across cracked concrete 

specimen. To clarify the influence of crack condition, results are presented separately for closed cracks 
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(Figure 7(a)-(c)) and open cracks (Figure 7(b)-(d)). The flowrate measurements were initiated at a drift ratio 

of 0.18%, as no leakage occurred in the previous load steps (0.05 – 0.12%). 

 

The flowrate Q was plotted against both the linear pressure difference and the quadratic pressure 

difference term to assess whether flow behaviour adhered to linear or nonlinear flow laws. Such an approach 

is commonly adopted in concrete leakage studies, where researchers have estimated leakage rates through 

cracked concrete using modified Poiseuille’s law, under both compressible and incompressible fluid 

assumptions. 

 

Figure 7(a)-(b) show the relationship between flowrate and the linear pressure difference. For 

incompressible, laminar flow between parallel plates – representing an idealized crack geometry – 

Poiseuille’s law describes this relationship as: 

 

 𝑄 =  
𝑏𝑤3(𝑝𝑖−𝑝𝑜)

12𝜇𝐿
 (1) 

 

Where Q is the volumetric flowrate, b is the crack length, w is the crack width, L is the crack depth (or wall 

thickness), pi is the inlet pressure, po is the outlet pressure, μ is the fluid dynamic viscosity. 

 

 In contrast, Figure 7(c)-(d) show flowrate with respect to the quadratic pressure difference term, 

which accounts for gas compressibility effects in the flow. In such cases, a modified form of Poiseuille’s 

law is often adopted: 

 

 𝑄 =  
𝑏𝑤3(𝑝𝑖

2−𝑝𝑜
2)

24𝜇𝐿𝑝𝑜
 (2) 

 

This formulation reflects the nonlinear relationship between pressure and flowrate observed in compressible 

fluid flow through narrow cracks. 

 

 The average R2 values for the fitted curves (grey lines) in Figure 7(a)-(d) were 0.978, 0.961, 0.992, 

and 0.938, respectively. These high values indicate strong correlations in all cases, but also suggest differing 

flow regimes depending on crack condition. For closed cracks, the data showed a better fit to the quadratic 

pressure difference model, consistent with compressible or nonlinear flow behaviour. 

 

 In contrast, for open cracks, a more linear relationship was observed with respect to the linear 

pressure difference. While this may suggest linear flow characteristics, it does not necessarily imply that 

the flow was laminar and incompressible. In fact, compressible or turbulent flow can exhibit an 

approximately linear relationship with pressure difference under certain conditions. Therefore, despite the 

linear trends observed, it remains difficult to definitively characterize the flow regime in open cracks 

without further investigation, such as evaluating the Reynolds number or analysing flow visualization. 
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Figure 7. Influence of crack state on flowrate: (a)-(b) relationships between flowrate and pressure 

difference for closed and opened cracks; (c)-(d) relationships between flowrate and quadratic pressure 

difference for closed and opened cracks 
 

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 preliminary flowrate results indicated distinct relationships between airflow and pressure 

difference based on crack conditions. Specifically, for closed cracks, the measured flowrate exhibited a 

linear proportionality to the quadratic pressure difference, suggesting the influence of compressibility and 

nonlinear flow behaviour. Conversely, for open cracks, the flowrate demonstrated linear proportionality to 

the linear pressure difference. 

 

It should be noted that these results represent only an initial analysis from the conducted tests. Further 

detailed analysis is currently underway, focusing on quantifying crack width and length utilizing DIC data. 

Future work will examine the relationship between flowrate and quantified crack geometries, comparing 

these results with findings from previously conducted hollow beam tests. Comprehensive discussions of 

these aspects, along with results from all remaining specimens, will be reported in forthcoming publications. 
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