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A B S T R A C T   

This article investigates the relationship between stress, damage, crack propagation, and air (gas) permeability 
evolution in concrete using the Brazilian tension test. This investigation is important for situations where haz-
ardous gases are in contact with concrete as it quantifies the effect that damage of concrete has on gas perme-
ability. Cylindrical concrete disc specimen of diameter 101.6 mm and thickness 50.8 mm were used for this 
study. Acoustic emission sensors are used to observe damage occurrence and propagation in the concrete, while a 
digital image correlation set-up is used to precisely measure the crack opening displacement. A vacuum flow 
system is attached to the rear side of the concrete under loading to measure apparent air permeability through 
the concrete specimen before and after cracking. The collected data is synchronized and analyzed to correlate 
damage and crack propagation and air permeability evolution in concrete under tension stresses. It was found 
that the air (gas) permeability increased by over six orders of magnitude as the concrete cracking occurs and 
changes in air (gas) permeability directly correlate with changes in concrete damage and fracture.   

1. Introduction 

In many industries (e.g., oil, gas, and nuclear waste storage), cement 
and concrete cracking can lead to hazardous gas and/or fluid perme-
ability [1]. There has been a growing interest in quantifying the corre-
lation between damage and cracking and the evolution of gas 
permeability in concrete [2,3]. This paper reports on an experimental 
effort to precisely monitor and correlate the evolution of air (gas) 
permeability with damage and crack propagation in concrete under 
tensile stresses. Developing this correlation between damage, cracking, 
and gas permeability requires precise monitoring of damage, crack 
initiation and crack propagation and how gas permeability evolves in 
concrete under these different stages of concrete cracking. 

The indirect Brazilian tension test is used in this study for its ease of 
testing, simple preparation, and compatibility with the other facets of 
these tests. The Brazilian tension test indirectly measures the uniaxial 
tensile strength of concrete by loading the specimen diametrically be-
tween two platens [4–7]. Based on principles of fracture mechanics, a 
critical crack will propagate at the center of the cylinder under tension 
stress and will split the specimen into two halves [8]. 

Despite the simplicity and reliability of the Brazilian tension test, 
failure takes place relatively fast, and it becomes very challenging, if at 
all possible, to observe the post-peak cracking behavior of concrete or to 
measure the flow characteristics of fluids during the indirect tension 
test. By slowing down damage and post-peak crack propagation in 
concrete, monitoring permeability evolution in damaged and cracked 
concrete can take place. 

It is crucial to analyze damage progression in these tests. Damage in 
solid materials is the onset of change in materials that takes place below 
the scale of observation. In other words, if macro cracks in concrete are 
being observed, concrete microcracking can be considered as damage 
[9,10]. With the above definition, it is almost impossible to measure 
damage in experimental testing as it occurs at a scale beyond test 
measurement resolution. However, damage can be inferred by observing 
changes in the elastic modulus of the materials [11] or by observing 
energy dissipation from the material during loading [12]. The latter has 
been widely realized using acoustic emission (AE) monitoring [13,14]. 
AE monitoring is used to assist in assessing damage occurrence and 
propagation in materials, including concrete. When a microcrack in a 
stressed material takes place, the event of microcracking releases energy 
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that generates elastic stress waves [13]. These stress waves are consid-
ered energy emissions that can be detected by remote acoustic sensors. 
The sources of these emissions are related to defect processes such as 
crack initiation or extension in a highly stressed zone [13]. AE moni-
toring has been used for crack detection in concrete as a non-destructive 
evaluation technique [15]. This is desirable because AE events can be 
detected well before the failure of the concrete and therefore has been a 
great option for monitoring and structural health assessment [16]. AE 
systems usually consist of a sensor that is attached to the sample, a pre- 
amplifier to amplify the signal, and a data acquisition system that pro-
cesses and logs the data [14]. Typically, the number of AE hits and 
amplitude of the AE signal are used to assess the damage level in these 
systems [15]. The sensors use piezoelectric crystals to convert me-
chanical movement into a voltage. Stress waves caused by damage in the 
concrete cause the piezoelectric crystal to vibrate. These vibrations are 
then converted into an electric signal which is logged and recorded 
through the accompanying data acquisition system [14]. 

Permeability is caused by the connectivity of pore networks that 
develop during the damage progression in materials [17]. Therefore, the 
coalescence of microcracks can significantly affect gas permeability in 
brittle materials. Permeability is often described using Darcy’s Law 
which states that under the assumption of steady-state flow, laminar 
flow, one-dimensional flow, and use of a non-compressible fluid, 
permeability can be described as, 

k = −
Qμ
∇P

(1) 

where k is intrinsic permeability, Q is the flow rate, μ is the fluid 
viscosity, and ∇P is the gradient of fluid flow [14]. Darcy’s Law is only 
accurate under idealized conditions. Therefore, modified versions of 
Darcy’s Law have been adapted to account for different conditions with 
varying assumptions. 

Minimal work has been done in the past measuring permeability in 
concrete in the Brazilian tension test. Wang et al. [18] performed a test 
with the Brazilian tension test where the specimen was cracked to a fixed 
width, then removed the specimen from loading and tested the water 
permeability of the cracked concrete. However, removing the specimen 
from loading to test for permeability greatly affects the results as 
compared with measuring permeability under loading [4]. Rastiello 
et al. [19] performed a similar experiment but with water permeability 
testing done simultaneously with the application of load. Such devel-
opment, while important, showed water permeability evolution but 
cannot be correlated to gas permeability which can take place in a much 
smaller crack width and does not have possible interaction with the 
cement matrix as that of water [4]. It is desirable to quantify a rela-
tionship between damage and crack width and air (gas) permeability in 
concrete. 

This research study aims to develop a relationship between damage 
and air (gas) permeability in cracked concrete using the Brazilian ten-
sion test. To avoid the abrupt failure of concrete in the Brazilian tension 
test, a set-up including elastic springs placed parallel to the concrete 
specimen was utilized to slow down post-peak crack propagation. An AE 
system was used to detect and quantify damage progression while the 
concrete was loaded before the peak load. A digital image correlation 
(DIC) system was used to measure the crack width in the concrete post 
the peak load. A vacuum flow system attached to the concrete specimen 
was also used to measure the air permeability through the concrete 
simultaneously as it was loaded and cracked. The measured perme-
ability was corrected to account for different flow phenomena observed 
by the system. The measurements enabled correlating air (gas) perme-
ability in concrete to damage before the peak load and to the concrete 
crack width post-peak. It is important to note that it is not the intention 
of this work to measure the intrinsic air permeability of concrete, which 
is a function of the concrete mix proportions, humidity, curing, etc.; the 
research interest is to observe the changes in air (gas) permeability of 
concrete that occur through concrete damage and cracking under tensile 

stresses. 

2. Experimental methods 

2.1. Concrete mix 

The mixture proportions for the concrete used in this study are 
presented in Table 1. The concrete mix has a nominal maximum 
aggregate size of 12.7 mm and water to cement ratio of 0.5. The concrete 
mix proportion and the nominal maximum aggregate size were selected 
to produce a standard concrete that is typically used in many infra-
structure applications worldwide. No superplasticizers was used as the 
concrete has a 130 mm slump. Concrete was cured using standard ASTM 
C192 [20] methods and tested beyond 28 days of age. Standard 101.6 
mm diameter and 203.2 mm height cylinders were tested for deter-
mining the concrete compressive strength following ASTM C0039 
standards [21]. The 28-day compressive strength was found to be 30 
MPa. The concrete specimen disc has a diameter of 101.6 mm and a 
thickness of 50.8 mm. 

2.2. Brazilian tension test incorporating vertical elastic springs 

In order to maintain a steady-state flow through the concrete for a 
significantly long period of time to allow for permeability measure-
ments, concrete crack propagation needs to be slowed down. To 
accomplish this, a test set-up was developed based on work from Lenke 
and Gerstle [22], who used steel bars to delay concrete cracking in the 
direct tension test. The set-up includes the concrete specimen, wood 
strips to allow an arc loading of the specimen, vertical elastic springs 
parallel to the concrete specimen, and a load cell placed underneath the 
concrete specimen to directly measure its load share. The system set-up 
is shown in Fig. 1. As the concrete crack propagates, its stiffness is 
reduced; the elastic spring system carries the load, and the concrete load 
is reduced. This slows down the crack propagation, allowing post-peak 
crack propagation monitoring. Wood strips were standard paint mix-
ing sticks cut to 3.175 mm thick by 50.8 mm in length. This was 
determined to be the appropriate size for the sample being tested [23]. 
The elastic springs are made of high-density rubber. The elastic springs 
were tested experimentally and proved to remain in the elastic region 
with constant stiffness of 21.10 kN/mm beyond the displacement range 
observed in these tests. A new set of springs was used for each test. This 
experiment was performed in an 1800 kN capacity Tinius Olsen frame 
with an Instron data acquisition system with a 10 N resolution. 

Four elastic springs were evenly spaced on each side of the sample to 
distribute the load uniformly amongst the eight springs. Premade plastic 
spacers were used to ensure the elastic springs were placed at the same 
location for every test. A 45 kN capacity load cell, placed under the 
concrete specimen measured the load on the concrete directly. The load 
cell was precisely centered and placed under the specimen, as shown in 
Fig. 1. A 38 mm thick piece of steel was added between the load cell and 
concrete to ensure the bottom wood strip lay perfectly flat and remained 
under loading conditions similar to the top wood strip. The load cell 
measurements were synchronized with the loading system and the 
displacement measurements using the data acquisition system. The test 
system was loaded under a displacement control of 0.05 mm/min for the 
entirety of the test. A slow loading rate was used to further ensure a slow 
crack initiation. The above described test took approximately 1.5–2.0 h 

Table 1 
Mix Proportions for concrete used in tests.  

Material Weight (kg/m3) 

Portland Cement (Type I/II) 390 
Coarse aggregate 1032 
Fine aggregate (sand) 790 
Water 176  
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to reach the peak load of the concrete and an additional 2–3 min for 
post-peak behavior, up to complete failure. Failure is defined as the 
point to which the concrete carries only 10% of the load from the total 
system after the peak load. After this, all data is considered rigid body 
motion. Compared with the traditional Brazilian tension tests that have 
post-peak behavior of a few seconds, this technique delays post-peak 
cracking up to a few minutes without affecting the stress distribution, 
damage evolution, and crack propagation in concrete. 

2.3. Acoustic emissions 

Acoustic emission (AE) sensors were used to quantify damage 
occurrence and propagation in the concrete using a system from the 
Physical Acoustic Corporation (PAC) Mistras AEwin software. The res-
olution of the AE system is 16 bits and the range is ± 10 V. The reso-
lution for the time acquisition in the AE system is 250 ns. However, the 
AE data was filtered to the same resolution as the other components of 
the system. Two AE sensors were attached to the circumference of the 
concrete cylinder surface. Two locations on the concrete circumference 
with minimal pores at roughly opposite ends of the diameter of the 
cylinder were identified as desirable locations for the sensors. These 
spots were lightly sanded to create a flat surface. These locations were 
chosen so that the sensors can effectively communicate with each other 
through the concrete and where the sensors do not affect the mechanics 
of the test since the specimen is loaded where the sensors are not placed 
after Roberts and Talebzadeh [13]. A thin layer of high vacuum grease 
was used between the surface of the concrete and the sensor to create an 
airtight interface [24]. The AE sensors were then adhered to the concrete 
using a strip of Flex Tape™ and firmly pressed into the concrete to 
ensure good acoustic coupling as shown in Fig. 2. 

The AE sensors were then attached to pre-amplifiers and to a data 
acquisition and storage system as shown in Fig. 3. The AE signals are pre- 
amplified by a gain of 60 dB, this was the recommended gain from PAC 
industries and proved to be effective for this study. A digital threshold of 
47 dB was set in the acquisition system to filter out background noise 
and ensure all recorded values were caused by damage in the concrete. 
This value was determined experimentally through an initial trial of the 
test where a piece of lead from a mechanical pencil was broken on the 
surface of the concrete to simulate damage to the concrete. If the AE 
sensors pick up additional hits that did not correspond with the lead 
being broken, that indicated the sensors are recording background noise 
and the threshold needs to be raised. If the sensors did not record the 
lead breaking, that indicated the threshold is too high and it will not 

collect all damage events [24]. This test was also performed before every 
trial to ensure that there is a secure connection between the sensors and 
the concrete surface. The AE outputs were logged for the entire duration 
of the test to the total failure of the specimen. The data was then 
collected from the data storage computer and processed to get summa-
rized AE cumulative counts and times. These two parameters are the 
primary data used for the quantification of damage since the counts 
indicate there has been an instance of damage in the sample of interest 
and the time is used to correlate when that happens with the rest of the 
test. The use of AE cumulative counts and times to quantify damage was 
reported in the literature [14,15]. 

For this study, the cumulative AE hits were used to quantify damage 
evolution as given in Eq. (2). 

Di =

∑i
i=0Ωi

∑N
i=0ΩN

*100 (2) 

Fig. 1. Test set-up for the Brazilian tension test technique as conducted in the lab with (a) elevation view and (b) plan view.  

Fig. 2. Connection of AE sensors and permeability funnel to the con-
crete specimen. 

A. Padilla et al.                                                                                                                                                                                                                                 



Construction and Building Materials 348 (2022) 128616

4

where Di is damage evolution at any time as a percentage, 
∑

Ωi 

represents the cumulative AE hits up to any given time at instance i, and 
∑

ΩN is the cumulative AE hits up to the peak load in the concrete. 

2.4. Digital image correlation for crack opening analysis 

Axial displacements were measured using a digital image correlation 
(DIC) system. A high-resolution Sony FDR-AX22 Camcorder was used to 
record the test. GOM Correlate 2018 software allowed analysis of the 
frame-by-frame recorded images. Several points were pre-defined on the 
specimen face for the DIC system to track the displacement during the 
test. The DIC allows tracking of crack opening displacement (COD) as 
the crack slowly propagates. Since the COD is of interest and the spec-
imen is under tensile stresses in the x-axis, the points were chosen along 
the x-axis of the specimen to measure the x-displacement. Fig. 4 shows 
an example of measuring the COD of the concrete disk as the concrete 
reaches the peak load and the × and y axis for the measurements. The 
COD is determined using Eq. (3). 

COD = ΔH =
ΣRight( M − R )

4
−

ΣLeft(M − R )

4
(3) 

where M denotes the measured coordinate for the point (marked 
green in Fig. 4), and R denotes the coordinates of the reference point 
(marked black in Fig. 4). The reference points are the initial locations of 
the chosen points and the measured points are the new locations at any 
given time. 

2.5. Permeability measurement system 

A permeability measurement system was designed, built, and oper-
ated to concurrently measure gas permeability in the concrete as it was 
being loaded. The permeability system consists of a funnel connected to 
the concrete sample, a pressure gauge, a flow meter, a vacuum regulator, 
a vacuum supply, and a valve to open and close the system to the vac-
uum supply. The system was configured as shown below in Fig. 5. 

The funnel was connected to the concrete sample with a single layer 
of Wicks Aircraft vacuum sealant tape between the face of the concrete 
cylinder and the base of the funnel. The second strip of tape was 
wrapped between the interface of the funnel and tape. This can be 
observed in Fig. 6 where the funnel is securely attached to the concrete 
sample. Pre-made spacers were used to ensure that all components of the 
test were aligned perfectly, and extra care was taken to verify that the 

Fig. 3. Schematic diagram of the AE system used for damage detection.  

Fig. 4. Displacement gradient of the concrete specimen as recorded using the DIC system to measure crack opening displacement. Figure shows x and y axes used for 
measurements. 
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vacuum tape is not in contact with the loading surfaces. 
The funnel was fed to a vacuum through 1/8 in. (3.175 mm) Swa-

gelok steel tubing. Between the vacuum and concrete sample were an 
Omega digital pressure gauge, Omega Low Flow Gas Meter, and an 
Equilibar® vacuum regulator. A Swagelok butterfly valve was installed 
between the vacuum and the rest of the system to open and restrict the 
vacuum supply. The valve was used both as a check to ensure the system 
was closed and as a precautionary measure to protect the other equip-
ment. The pressure and flow rate were continuously logged using a 
National Instruments data acquisition system with LabView 
visualization. 

In the concrete, there exists a network of pores and other imperfec-
tions which correlate to an intrinsic permeability through the concrete 
specimen. This permeability exists through the face of the concrete as 
well as the exposed sides. Since the equation to calculate an apparent 
permeability assumes one-dimensional fluid flow, the permeability 

through the perimeter (sides) of the concrete must be analyzed and 
accounted for. Additional testing was performed where the permeability 
system was attached to an unloaded concrete specimen. In these tests, a 
latex membrane was secured around the perimeter of the concrete and 
secured with vacuum clamps as shown in Fig. 7. The edges of the latex 
sleeve were also glued to the concrete specimen with a thin layer of glue. 
This set-up created a seal around the concrete so that there were no leaks 
through the sides of the concrete specimen. The concrete was then 
attached to the funnel and the permeability measurement system was 
run with the face of the concrete exposed to the atmosphere. After the 
system stabilized, the pressure and flow rate were recorded to obtain a 
permeability solely through the face of the concrete. The calculated 
permeability with and without the latex membrane was then compared 
to correct permeability measurements. From this testing, it was evident 
that there was a significant difference between measurements taken 
with and without the latex membrane sleeve. To determine the 

Fig. 5. Air Permeability system configuration including concrete sample, funnel, pressure gauge, flow meter, data acquisition system, vacuum regulator, butterfly 
valve, and vacuum supply. 

Fig. 6. Sample with connected funnel in test setup.  
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contribution of the perimeter of the concrete specimen to the total 
measured permeability, the difference was taken between the perme-
ability measurements with and without the latex sleeve. The mean value 
of this difference from five independent tests was determined to be 
6.48E-18 m2. If the latex sleeve is used during loading, it will cause a 
change in the stress distribution in the specimen, which would be un-
desirable. Therefore, the test was performed with the sides of the con-
crete exposed to the atmosphere, and the measured permeability was 
corrected by subtracting the average permeability contribution from the 
specimen perimeter (6.48E-18 m2) to account for multi-dimensional 
flow. Since the cracking is typically vertical and concentrated in the 
middle vertical third of the specimen, the permeability of the specimen 
perimeter is not a function of the loading damage but is rather a function 
of the concrete mixture proportions. After a through crack has propa-
gated, the perimeter permeability is an order of magnitude less than the 
through specimen permeability. Therefore, any error in this correction 
does not make any significant difference on the permeability results. 

Before the concrete specimen was loaded, a test with the perme-
ability system was performed to guarantee that the system was closed, 
and the intrinsic permeability of each concrete sample being tested was 
obtained. The butterfly valve positioned between the vacuum supply 
and the system was used to open and close the system to the vacuum 
supply as needed. After the system was set up and adequate pressure 
built up in the system, the valve was momentarily closed to observe if a 
pressure drop occurred. If the system was completely closed, no pressure 
drop should be observed. However, there is typically a small intrinsic 
permeability in the concrete through its pores which provides a 
minuscule opening and causes a slow drop in pressure. This initial check 
is used to obtain the intrinsic permeability of the concrete and to observe 
how permeability changes as the concrete damages and cracks propa-
gate. This check is also used to ensure that all components and con-
nections in the system are air-tight. If there is a significant pressure drop 
that corresponds to a permeability change outside of the typical range of 
intrinsic permeability of concrete, that indicates there is a leak in one of 
the connections. The permeability measurement setup was also tested 
with a steel cylinder of the same dimensions as the concrete cylinder. 
This test was performed to ensure that the system was completely 
leakproof and permeability readings when the concrete was attached 
were only due to the intrinsic permeability of the concrete and not due to 
any leaks in the system. 

The concrete specimen was loaded at 0.05 mm/min for the entire 
test. After the loading began, the valve was completely open with the 
vacuum supply on, pulling air for the duration of the test. As crack 
propagation initiated and the crack began to coalesce, the pressure in 

the system began to gradually drop, and the flow rate began to increase. 
When the flow rate reached its maximum (500 mL/min), the butterfly 
valve slightly closed, and the vacuum regulator closed to maintain a flow 
rate below 500 mL/min. This caused the pressure to drop further but 
kept the flow rate within the acceptable range. The pressure and flow 
rates were logged using the data acquisition system once every 1.5 s. 
Permeability was calculated from the pressure and flow rate using Eq. 
(4). The permeability was recorded until the concrete sample completely 
failed. 

k =
2QμLpatm

A(p2
1 − p2

2)
(4) 

The above relationship in Eq. (4) assumes one-dimensional ideal gas 
under laminar flow with steady-state and isothermal conditions. The 
assumption of steady-state flow cannot be confirmed for this system. 
However, it can be assumed that the flow is in a steady-state condition 
for each time period which allows for this permeability equation to be 
used. The test with the steel cylinder, as described above, and the res-
olution of the equipment was used to determine the lower threshold of 
the permeability system. The upper threshold was also determined by 
testing the system without the concrete specimen attached to allow for 
free airflow up to the maximum capacity of the flow meter and while 
maintaining the lowest possible pressure in the system. The lower and 
upper end thresholds were determined to be 1.1E-18 m2 and 1.5E-11 m2 

respectively. These values were obtained without accounting for 
permeability corrections because it was desired to get the limits of 
permeability that could be recorded by the system. These limits were 
then compared with the recorded, apparent permeability attained in the 
system to ensure that all observed permeability fell within the threshold 
of the permeability measurement system. All recorded apparent 
permeability measurements were within the limits of the system. The 
resolution for each of the instruments was used to determine the un-
certainty of the apparent permeability measurements. This uncertainty 
was evaluated to be in the range of ± 3%. 

Hydraulic aperture is often useful in expressing the permeability 
through a fracture or crack network [17]. The hydraulic aperture of a 
fracture describes the idealized opening width for fluid flow assuming 
smooth-walled, parallel surfaces [25,26]. The hydraulic aperture (h) is 
defined in terms of gas permeability (k) as described in Eq. (5) [25]. 

h =
̅̅̅̅̅̅̅̅̅̅
12*k

√
(5) 

where k is the permeability (m2) and h is the hydraulic aperture (m). 
Apparent permeability was measured using the vacuum flow system 

and calculated using Eq. (4). Given our interest in air (gas) permeability 
through cracked concrete, the measured permeability must be corrected 
to account for multi-dimensional flow, as accomplished through the 
testing with the latex membrane, the gas-slip effect known as the Klin-
kenberg effect [17,27,28], and for visco-inertial flow [17,29]. 

The true permeability needs to consider the Klinkenberg effect. The 
Klinkenberg effect occurs when the hydraulic aperture of a flow path (h) 
is on the same scale as the free mean path of the fluid’s molecules. This 
can be determined by analyzing the Knudsen number before a fracture 
has formed and the hydraulic aperture after the material has fractured. A 
Klinkenberg correction is needed when the Knudsen number (Kn) falls 
between 0.01 and 0.1 [30]. The Knudsen number is calculated using Eq. 
(6) after Heller et al. [30]. 

Kn =
λ
dp

(6) 

where dp is the diameter of the pore and λ is the mean free path of the 
air molecules. For 0.01 < Kn < 0.1, the flow regime is assumed to be slip 
flow, which means a Klinkenberg correction is needed [30]. Using the 
mean free path (MPF) of air under low vacuum conditions [31] and the 
average pore size of the used concrete mix, it was determined that a 
Klinkenberg correction to the permeability measurements is needed 

Fig. 7. Concrete specimen with latex membrane to prevent permeability leaks 
around sides of the specimen. 
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before the fracture has formed. To determine if a Klinkenberg correction 
is needed after the fracture has formed, the hydraulic aperture (h) was 
calculated and compared with the MFP of the air molecules. It was found 
that in the post-peak region of the graph, when the permeability is 
larger, the hydraulic aperture is greater than the MFP, so a Klinkenberg 
correction is not needed. Eq. (7) was used to correctly apply the Klin-
kenberg correction for the pre-peak region after a fracture is formed. 

kg = kl(1 +
b
P
) (7) 

where kg is the permeability of gas, kl is the permeability of a liquid, P 
is the pore pressure, and b is the Klinkenberg slip factor [28]. Typical 
values of b are given in Wu et al. [32] for various magnitudes of intrinsic 
permeability in a system using concrete. For an intrinsic permeability of 
approximately 1.0E-17, b is 7.60E5. kg is equivalent to the apparent 
permeability as measured in this system while kl represents the cor-
rected permeability. 

Finally, an additional correction must be applied for visco-inertial 
flow. Flow is considered to be visco-inertial when a loss of kinetic en-
ergy is restricted and constricted through the flow path as caused by 
inertial forces which result in nonlinear flow [29]. To determine if visco- 
inertial corrections are needed, the Reynolds number is used. The Rey-
nolds number marks the point between the transition from viscous to 
inertial flow [29]. Hatambeigi et al. [29] developed a method to correct 
for visco-inertial flow using both the Reynolds number and the critical 
Reynolds number. Therefore, Hatambeigi et al. [29] was able to develop 
a relationship between the hydraulic aperture for visco-inertial flow and 
the critical Reynolds number. The critical Reynolds numbers are 
compared to the Reynolds numbers for flow at various stages during the 
experiment. It was found that the critical Reynolds number was less than 
the Reynolds number only in the post-peak region of the test. This in-
dicates that a correction for visco-inertial is needed in the post-peak 
region. 

Eq. (8) was used to perform visco-inertial permeability corrections in 
the post-peak region. 

− ∇P =

(
12μ
h3

cw

)

Q+(λh− m
c )Q2 (8) 

where ∇P is the pressure gradient, Q is the flow rate measured 
directly in the test, μ is the dynamic viscosity of the fluid, hc is the 
corrected hydraulic aperture, w is the fracture width, and m and λ are 
regression constants obtained from Hatambeigi et al. [29]. The cor-
rected hydraulic aperture (hc) is the only unknown variable. A numerical 
solver was used to calculate hc from the experimental data. 

The vertical elastic springs, the DIC system, the permeability mea-
surement system, and the AE device were all used in conjunction to 
develop the test set-up that can correlate damage and subsequent 
cracking with the air (gas) permeability of concrete. A complete sche-
matic of this testing system is shown in Fig. 8. The elastic springs are 
used to slow crack propagation to enable enough time to measure post- 
peak air permeability. The vacuum flow system measures the pressure in 
the system and the flow rate to determine air permeability through the 
concrete sample prior and post cracking. The AE system is used to define 
and quantify damage up to the peak load. The DIC system is used to 
measure COD post-peak to failure. The damage and cracking measure-
ments are then correlated with the permeability measurements. There-
fore, changes in permeability were correlated with AE measurements up 
to peak load while correlated with the COD in the post-peak region. The 
entire system was synchronized to start operating as the load was 
applied to the concrete specimen in the Brazilian test set-up. 

3. Results and discussion 

3.1. Load-displacement 

The proposed testing technique showed cracking and failure patterns 
of concrete similar to those reported with the standard Brazilian tension 
tests with the added benefits of being able to observe crack initiation and 
monitor crack propagation during post-peak loads for a relatively high 
displacement and long time period (typically about 2 min post-peak). 
The average concrete load at failure and the splitting tensile strength 
of five concrete specimens was 30.0 MPa and 3.96 MPa respectively. The 
reported results are consistent with values obtained from standard 
Brazilian tension tests with similar sample sizes reported in the literature 
[33,34]. Additional tests were also performed with the same concrete 
mix described in Table 1 using the ASTM standard Brazilian tension test 
[7]. The mean tensile strength using the ASTM standard Brazilian ten-
sion test was found to be 3.7 MPa which is very comparable to the 3.96 
MPa reported in for the testing with slowed crack propagation. Statis-
tical significance of difference was examined using a t-test with a 95% 
level of confidence and showed the difference between the tensile 
strength of both tests to be statistically insignificant. 

A comparison of the typical load-vertical displacement curve for the 
concrete specimen with and without the spring’s set-up is shown in 
Fig. 9. Initially, the specimen experienced 110 µm of vertical displace-
ment up to the peak load when cracking started for both tests with and 
without the elastic spring set-up. This displacement at the peak is also 
consistent with behavior reported in the literature [35,36]. For the test 
with the elastic springs, immediately after the peak, the load observed a 

Fig. 8. Test set-up system including the elastic springs, the AE setup, the DIC system and the permeability measurement system.  
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small initial drop followed by a slow progressive load drop with a sig-
nificant large displacement of up to 150 μm at a relatively long time 
period (2 min). It is evident that observations beyond 110 µm are 
representative of the post-peak behavior of concrete. In the standard 
Brazilian test without the springs, the load–displacement curve follows 
linear behavior up to the peak load with vertical displacements similar 
to the load–displacement behavior observed with the proposed test set- 
up using the elastic springs. In the standard Brazilian test, a sharp and 
significant drop with virtually no recordable post-peak displacement is 
observed after the peak load. This clearly demonstrates the advantage of 
using the elastic springs to slow down post-peak crack propagation and 
thus enable monitoring of post-peak behavior without affecting the 
behavior of concrete. 

The results reported herein are consistent with data reported in the 
literature from standard Brazilian tension tests with similar sample sizes 

[33,34]. Testing done by Yu et al. [33] reports an average tensile 
strength of 3.2 MPa using the ASTM standard Brazilian tension test. The 
results from this testing show an average tensile strength of 3.9 MPa, 
which indicates comparability between results. Additionally, Carmona 
et al. [34] reported an average load of failure in ASTM standard Bra-
zilian tension test of 35.2 kN. The average load at failure in the tests 
herein is 30.0 kN, which once again shows consistency with what is seen 
in the literature. Any differences between results presented in this paper 
and results from the literature can be attributed to the differences in mix 
design or load control procedure. 

3.2. Acoustic emission testing 

The acoustic emission testing is used to quantify and define damage 
for the system. Damage at the i-th instance is defined as the ratio of 

Fig. 9. Comparison of load-vertical displacement of specimen in the Brazilian tension test following ASTM standards and the test with additional vertical elastic 
springs showing the ability to observe post-peak behavior in the test with the springs. 

Fig. 10. Load-displacement curve with cumulative AE hits showing the distinction between the damage region in the pre-peak load and the cracking region in the 
post-peak load. 
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cumulative AE hits up to the i-th time instance to the cumulative AE hits 
up to the peak load. A similar relationship has been suggested and used 
by Bruning [37]. However, in this study, it is suggested to take the 
maximum cumulative AE hits at the peak load rather than the end of the 
test as suggested by others [37]. The reported results herein limit the 
maximum to the peak load as we differentiate between concrete damage 
(microcracking occurring below the scale of observation) and concrete 
cracking that starts at or slightly before the peak load. This distinction 
between damage and cracking is depicted in Fig. 10. Any deformation is 
taking place before the peak load is considered to be in the damage 
region whereas deformation after the peak load is in the cracking region. 
The cumulative AE hits to the completion of the test with the 
load–displacement curve is shown in Fig. 10. It is evident that at peak 
load, there is a sharp spike in AE hits as energy is released when the 
initial crack forms. The AE hits spike from about 3,000 to nearly 30,000 
almost instantaneously. After this point, the AE hits continue to increase 
as the concrete unloads because the initial crack is growing and addi-
tional macrocracks are propagating. Similar behavior of a sharp spike in 
AE counts correlating to the onset of cracking can be observed in pre-
vious work as well [14,15]. 

Concrete damage progression derived from AE hits as a function of 
COD is shown in Fig. 11. For this test, the COD at peak load is about 40 
μm. Before crack initiation, the damage reaches about 10% as micro-
cracks form as seen in the inset. After this, there is a sharp spike in 
damage up to 99%, followed quickly after by 100% damage as the 
sample has reached peak load. Any further crack growth beyond this 
point is a result of macrocracking and not damage. Therefore, the 
damage remains constant at 100% for the remainder of the test, as 
depicted by Fig. 11. 

3.3. Air permeability 

The load-COD curve with the corrected air permeability measure-
ments is shown in Fig. 12. Before the peak load, the corrected perme-
ability is less than the apparent permeability because of the necessary 
Klinkenberg corrections. Gas-slip effect causes the apparent perme-
ability to be over-estimated by nearly an order of magnitude. The effect 
of the Klinkenberg corrections lessens as the permeability increases. This 
effect occurs because at the lower permeability values there is more 
interaction between the gas molecules and the surfaces of the flow path 
walls. As a result, instead of the molecules colliding with each other and 
interacting with each other, they are “slipping” through the pore walls 

which causes an overestimation of permeability measurements [28]. 
Additionally, in the post-peak region of the curve, visco-inertial cor-
rections begin to take effect. There is evidently a shift around 300 μm 
where the visco-inertial corrections dominate, and the corrected 
permeability is greater than the apparent permeability. It is apparent 
that the visco-inertial flow effect increases as the permeability increases. 
The difference between the corrected and apparent permeability is less 
significant at the high permeability as compared to in the pre-peak re-
gion. However, there is still a notable difference between these correc-
tions. Effects of visco-inertial flow tend to be more significant at higher 
flow rates due to inertial and viscous effects that cause pressure losses. 
This can cause non-linear flow that induces a variation of apparent 
permeability through the pressure gradient [29]. The effect each of these 
fluid phenomena have on the fluid flow through fractures was reported 
in previous studies [17]. 

By observing the shape of the curve, it can be noted that the 
permeability stays constant near the intrinsic permeability until above 
40 μm when a crack is initiated, and the permeability slightly increases. 
A moving average trendline was applied to the data to better observe the 
trend of the permeability in the pre-peak region. As the crack initiates 
and grows, the permeability increases until it starts to level out, starting 
around a COD of 400 μm. From this point, there is a small, gradual in-
crease in permeability until a wide crack is formed and the concrete 
reaches failure. In Fig. 12, it is evident that there is a gap in apparent 
permeability between the peak load and 200 μm. This is due to differ-
ences in the resolution of data logging between the permeability system 
and the DIC, which was used to get a COD. The permeability system logs 
data every 1.5 s, whereas the DIC is recorded for every 1 s. Correlating 
the data between these different systems requires matching the times at 
which each occurred. After the peak load, there is a minor spike in COD 
immediately after the crack formed to about 200 μm, which took place 
over a very few seconds. In these few seconds, the logging times between 
the DIC and permeability system did not line up, which resulted in this 
gap in the data. These results are consistent with observations reported 
in previous studies in the literature [1,17]. 

A summary of each of the five permeability tests is presented in 
Table 2. The maximum load and strength for each of these samples are 
provided. When these results are compared with the splitting tensile 
strength in the Brazilian testing technique without the permeability 
system, it is clear the permeability system does not have a significant 
effect on the cracking strength of concrete. The permeability measure-
ments reported here are the corrected permeability using the procedure 

Fig. 11. Damage as a function of COD showing the immediate change in damage at 40 μm. Figure Inset displays the evolution of damage at low values of COD below 
40 μm. 
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explained above. Consistently during these tests, the permeability 
increased by nearly 6 orders of magnitude before load application until 
the end of the test. These results indicate good repeatability of the test 

method and successful measurements of the intrinsic and apparent 
permeability along with the mechanical response of the specimens. 

Fig. 12. Load-COD curve with corrected permeability.  

Table 2 
Test summary for five permeability tests performed.  

Test Max Load on Concrete 
(kN) 

Thickness of Sample 
(mm) 

Diameter of Sample 
(mm) 

Splitting Tensile Strength 
(MPa) 

Intrinsic Permeability 
(m2)1 

Maximum Permeability 
(m2)1 

1  29.5  53.5  101.6  3.46 4.8E− 19 2.7E− 12 
2  26.9  50.4  101.3  3.36 5.6E− 19 2.5E− 12 
3  27.1  47.9  102.3  3.53 5.6E− 19 2.5E− 12 
4  28.2  47.9  101.5  3.69 4.9E− 19 2.9E− 12 
5  34.8  54.8  101.6  3.98 4.8E− 19 2.7E− 12 
Mean  28.8  50.9  101.6  3.60 5.2E− 19 2.7E− 12 
Standard 

Deviation  
3.5  2.8  0.3  0.22 3.7E− 20 1.6E− 13  

1 Corrected permeability for the Klinkenberg effect, visco-inertial flow, and multi-dimensional flow. 

Fig. 13. Corrected air permeability as a function of damage in concrete during the Brazilian tension test with inset showing air permeability before failure of 
the specimen. 
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3.4. Correlating damage and permeability 

The damage and air permeability are correlated for each of the tests 
to develop a relationship between the two parameters. The corrected air 
permeability as a function of damage is given in Fig. 13. From this, there 
is evidently a gradual increase in air permeability as the damage pro-
gresses, followed by a rapid increase when the damage reaches 100%, 
corresponding to the peak load of the concrete. There is little change in 
air permeability before 80% damage. Our hypothesis is that micro-
cracking in concrete is not connected to 80% damage. This means up to 
80% damage, the change in concrete is not significant to allow changes 
in air (gas) permeability. Then, at 80%, there is a small increase in air 
permeability as significant microcracks have formed and caused the 
pressure in the system to begin to drop. At 99% damage there is again a 
second minor increase in air permeability followed by a rapid increase 
once 100% damage is reached. 

To better analyze the role cracking opening has in this system, a 
correlation of permeability, damage, and the load-COD curve is shown 
in Fig. 14. From this figure, it is evident that the damage slightly in-
creases just before the peak load (at about 80% of the peak load) then 
spikes to 100% where it stays for the remainder of the test. The air 
permeability also slightly increases just before the damage spikes from 
an intrinsic permeability of approximately 5.6E-19 m2 to about 2.8E-18 
m2. Immediately after the air permeability reaches this 2.8E-18 m2, the 
damage reaches 100% and flattens. Then, after the damage reaches 
100%, corresponding to the point where the microcracks coalesce to 
form a macrocrack that was measurable using the DIC system, the 
concrete cracking dominates the system. After this point, a rapid in-
crease in air permeability over six orders of magnitude takes place to a 
maximum air permeability of about 2.5E-12 m2 as also observed in 
similar studies [14]. After the damage reaches 100%, all additional 
changes in air permeability are a result of cracking. Therefore, it is 
observed that air permeability increases about half an order of magni-
tude in the damage region (pre-peak load) and an additional six orders of 
magnitude in the cracking region (post-peak load). 

In order to better quantify the relationship between permeability, 
damage, and COD, a function is developed to define this relationship. A 

median load-COD curve with damage and permeability is used to 
develop this equation. The permeability is separately defined as a 
function of damage and COD for each corresponding section of the 
curve. The permeability as a function of damage is shown in Fig. 15. An 
exponential curve was fitted to the point of 100% with the equation of 
the curve shown on the graph. This curve was developed using trendline 
capabilities in Excel. The curve was an R-squared value of 0.86, which 
indicates an adequate fitting. This curve is only fitted to the first instance 
of 100% damage because the damage remains at 100% for the rest of the 
test, which corresponds to numerous values of permeability. However, 
all permeability measurements after the first instance of 100% damage 
are a result of cracking, not damage and are therefore not included in 
this data fitting. 

Fig. 15 defines an equation for the damage portion of the curve. After 
damage reaches 100%, concrete cracking starts. The permeability as a 
function of COD, as caused by cracking, is shown in Fig. 16. A sigmoidal 
curve was fitted to this data with the equation of the curve given on the 
graph. This was done by the following procedure outlined in [38] using 
an optimization solver tool. The sum of squared residuals for this curve 
is only 6.5E-25, which indicates a very good fit. 

These equations are combined as a piecewise function representing 
the overall behavior of a median test in Eq. (9). 

F(δ) =

⎧
⎪⎨

⎪⎩

4*10− 19*e0.0185δ,COD < 40μm

5*10− 19 +
3.85*10− 12

1 + 10− 5logδ− log575,COD > 40μm
(9) 

where δ represents the damage between 0 and 100 when the 
displacement is less than 40 μm and δ represents the COD when 
displacement is greater than 40 μm. F(δ) is the permeability for a given 
displacement of an average test. This analysis to obtain equations that 
represent the permeability progression in the tests was performed on a 
median test from the testing matrix. Therefore, the other tests performed 
all have similar results and equations to those reported here. 

Further research is warranted to study the effect of sample size and 
concrete composition and characteristics (e.g., fracture toughness) on 
the above observation. The instrumentation was calibrated for the re-
ported mix design and loading conditions and, therefore, cannot be 

Fig. 14. Damage and permeability correlated with load-COD curve.  
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generalized directly to other materials. It is also of interest to explore the 
repair of the specimen using crack sealant after cracking to observe the 
effect this has on air permeability. The above method and work might 
also be repeated to brittle rock materials. Establishing such correlation 
might be useful for modeling and simulation in the oil and gas industry, 
mining efforts and for CO2 sequestration research. 

4. Conclusions 

This work seeks to correlate damage and cracking with air (gas) 
permeability in concrete. To accomplish this, the indirect Brazilian 
tension test incorporating vertical springs was used to slow down post- 
peak crack propagation. The use of the proposed modification in the 
Brazilian tension test enabled about 2–3 min of recordable post-peak 
behavior that is not possible with the standard Brazilian tension test. 
An AE system was used to quantify damage propagation in concrete in 
the pre-peak region while a DIC system was used to measure COD in the 

post-peak region. A vacuum flow system was used to measure air 
permeability. The experimental system used reveals that the air 
permeability of concrete increases to almost half an order of magnitude 
in the pre-peak region and about six orders of magnitude during the 
progression of cracking in the post-peak region. The results demonstrate 
the ability to correlate damage and cracking in concrete with air (gas) 
permeability. 
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Fig. 15. Permeability as a function of damage with a curve fitted to the point of 100% damage.  

Fig. 16. Permeability as a function of COD with sigmoidal curve fitted.  
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