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Abstract

An in situ air permeability test method that does not require assumptions for the often-difficult
unidirectional flow has been develop®dalculate the air permeability coefficient of the near surface
concrete. The proposed method involves applying a constant pressure head to a surface mounted ring
and measuring the steady state air flow rates. The analysis is based on modification of the flownet
theory, which needs a calibration factor accounting for the influence of specimen and ringigeometr
Effects of test area, width of seal, depth and width of test specimen were investigated using numerical
simulation of the air flow. The repeatability of the proposed test method was assessed by the signal
noise ratio (SNR) and discrimination ratio (DR). A new formula is offered and it only requires the
steady state air flow rate to calculate the coefficient of air permeability, thus assisting engineers and

researchers to quickly determine this property of structural concretes.
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1. Introduction

The assessment of permeability is of great importance for many scientific and practical problems
associated with the use of concrete in many projects, e.g. concrete property optimisation, structural
quality control, and service life predicti@l+3]. In situ air permeability test methods offer considerable
advantages in terms of many criteria deemed to be important for field assessment of permeability and
are rapidly becomingcommonly accepted method for determining permeation properties of structural
concrete. In this respect, they have proven to be useful for characterising site auaapiytential

durability of concrete in structufd-6].

Following the early work of Glanville in 1930s [7] and Figg in 1970s [8], other researchers introduced
numerous methods for assessing the permeability of structural concrete [5, 6, 9-12], which can be
grouped under surface mounted tests and drill-hole tests. In spite of remarkable variations of these
methods, such as testing procedures, capabilities, and complexity, the fundamental principle of most
methods is the same, which is based on non-steady state flow analysis for reasons of simplicity. Semi-
empirical calculations based on measurements carried out allow the determination of the air
permeability in a fairly consistent quantitative way. However, in most cases, it is only possible to
obtain a permeability inddx-15], and the coefficients of air permeability cannot be estimated due to
inherent limitations. That is, the results from these tests cannot be directly used in service life
prediction models and a comparison of air permeability from different test methods is not easy. These

limitations significantly limit the extent of their application.

The empirical theories used in some of these test methods assume that a uni-directional flow is reachec
and the accessible porosity used in the governing equation is regarded as a constant or embedded int
the permeability index obtained from the tests [12, 16]. Clearly, these hypothesises are not true for

field measurements and hence, no in situ method is currently available for determining the steady state
air permeability coefficient. Although a guard-rirgsometimes used to achieve the uni-directional

flow in the test region anib increase the effective test region [9, 17, 18], it is still debatable whether

its benefits over other test arrangements justify the higher complexity associated with the test set up

using guard rings. Yang et al. [19] have shown that the flow features are significantly affected
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various factors including configurations of the test setup and test locations. Even under the best

circumstances, only the central portion of the guard ring approximates a true one-dimensional flow.

The steady-state analysis, normally not takéa @onsideration in field test techniques, has many
scientific and technological advantages. It minimises the effect of both multi-dieddiion and
variations in porosity with depth, both of which avoid two unreliable assumptions highlighted
previously [19-22]. Whiting and Cady [23] developed a field test to measure the steady-state air flow
rate under vacuum, but no analytical solution to obtain an air permeability coefficient was given.
Against these backgroundshas been established that the development of a rapid, non-destructive, in

situ air permeability test is highly appropriate.

Therefore, the objective of this study was to develop a steady-state air permeability tesingy putt
emphasis on determining the steady state air permeability coefficient, which incorporates the
advantages of current field test methods whilst addressing their limitations. To achieve this, the flownet
theory was used to analyse simulated flow patterns and estimate the calibration factor to be@sed in th
calculation of the steady state air permeability coefficient. A test instrument for measuring the air flow
rate was designed and the influence of the applied pressure on the duration to reach tstagteady
was investigated. These data were used to clarify the effects of key parameters on the proposed tes
method. Finally, the reliability of the proposed meth@sexamined by the discrimination ratio (DR)

and the signal-noise ratio (SNR) recommended by ISO [24] and Automotive Industry Action Group

(AIAG) [25, 26].

2. Governing equation to determine the steady state air per meability coefficient

The flownet theory, which was used to determine the coefficient of water permeability of concrete in
the CLAM water permeability test [21], is sufficiently versatidebe applied to the steady-state air
permeability test. The method involves the establishment of a flownet that consists of equipotential
lines and flow lines, as indicated kigure 1. An equipotential line is one for which all points have
the same value of potential; afiow line, all points have the same value of flow. The air flow through

concrete is described by the flownet and the geometry patterns are used to obtain the aphltibcal
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for determining the steady state air permeability coefficient. The relationship between the permeability

coefficient and the steady state flow rate can be expressed by:

1 n, |
K. =Qgx x—dx—=0gxC 1
alr q 27Zh nf rb q ( )
where K is the air permeability coefficient (m/s); q is the steady-state air(fio¥s); h is the head
applied (m); nis the number of paths (flow channels)jsithe number of equipotential drops; r is the

distance normal to symmetry axis (m); b is the width of flow path (m); | is the distance between

equipotential lines (m);_1 " . | is considered as the calibration factor (C), which is a function of
2z n; rb

only the flow geometry.

Verification of the flownet theory has been previously reported by several researchers P&, 21,

Note that the earlier studies dealt only with water flow simulation through the surface mounted test
[19, 27], whikt the present work concerns air flow. Therefore, the flow rate measured under different
test pressures have to be converted into the flow rate at the ambient test condition, because the volume

flow rate depends on the test pressure due to air compressibility.
3. Flow simulation to evaluate the value of calibration factor (C)

The flow simulation is not only helpful to optimise the design of the instrument, but also useful to
establish approaches to interpret test results. The finite element analysis (FEA) provides a valuable
means to achieve this [19]. Our previous research [21, 27] has shown that the steady state flow pattern
is a function of the material characteristics and when the permeability of the near-surfade ¢thecre

top layer of concrete from the surface to 5mm depth) is 3 times higher than the inner concrete, the
steady state flow path is not sensitive to the permeability gradient. Against this background, the
concrete was considered as a homogenous porous material with uniform permeability in the simulation
and the air flow simulation was carried out to clarify the influence of geamoetnfigurations of the

specimen and the instrument on the flownet.
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Figure 2 illustrates the input boundary conditions and the output of the simulBtgur.e 2-a shows
the x and y-axes imposed to define a specimen and the plate that represents the cross section of th
specimenFigure 2-b plots the air flow patterns, described by equi-potentials and air flow lines. More

specifically, the following four factors are taken into account:

1) depth of the specimengdl
2) width of the specimen ()
3) radius of the testing areaJjr

4) width of the seal around the central test regiah (s

A factorial experiment design was carried out to investigate the effect of the above four factoss, detalil
of which are summarised ihable 1, and air flow models were built. In developing the flownet for a
given condition, the orthogonality condition must be satisfied and producing an acceptable solution is
largely a matter of trail and error, which, in turn, is a function of the experience and pfikeit2

27]. On the basis of the flownets, the calibration factym{@&s evaluated. The procedure used closely
followed the programs previously devednp[19, 27] and the results of the calibration factor were

interpreted through factorial experiment analysis [25, 26].

Table 2 summarises results of the factorial analysiskigdr e 3 plots the main effects of four factors.

The statistical analysis reveals that the effect of the radius has a significant influence on thiegalibra
factor; the greater the radius, the lower the calibration faEtguge 3-a). As indicated irFigure 1,

an increase in the radius of the test area would increase the distance normal to the axis of symmetr
(r) and the width of the flow path (b), which naturally lead to an overall decreasb. aiHé results

also indicate that values of the calibration factor are not strongly affected by changes of other factors,
suggesting that a relatilyeconsistent flownet can be achieved for all other combinations. It needs to
be highlighted that only two levels of the factors were investigated and the conclusions were valid
within the boundaries specified Trable 1. Table 2 gives details of the two-way interactions between

the four factors investigated; as can be seen there existed no strong interactions [28]. On the basis o
the results obtained in this study and the previous research [5, 19], it was decided to design the

instrument with 25 mm test area radius. This can be justified with the following three reasons: firstly,
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when the test area was large (using the 37.5mm radius test head), the test results indicated a low
reliability and high variability; secondly, the maximum size of coarse aggregate is around 20mm in
most cases and the diameter of test area should be 2.5 times this to eliminate the heterogeneous natul
of concrete [12, 17]; and thirdly, the holding force requioeskal the test head on the concrete serfa

for site applications needs to be as low as possible. In addition, to avoid the influence of a high
permeable top layer on air flow measurements, the width of the seal around the central test region was

specified as 30 mm thereby forcing air to pass through deeper part of the cover zone [6, 9, 23, 29].

Once the geometr parameters of the test instrument were determined, further investigations were
carried out to refine the influence of boundary conditions of the specimen on measured air flow rate.
It was intended to estimate potential correction factors under certain practical conditions, e.g.
assessment of the permeability of either thin concrete elements or closer tedge Therefore,
another 11 numerical models were built to examine the influence of specimen thickness and distance
between the edge of the test head and the edge of the specimen. The flow simulation results are

displayed inFigure 4.

As shown inFigure 4-a to f, the specimen depth has a significant influence on the flow pattern,
egecially for depths less than 50 miidure 4-al andbl), as confirmed previously for the steady

state water permeability test by Adams and Arbaoui [21, 28]. The equi-potential lines locate right
below the testing area for a thinner specimen, indicating that most air transports perpendicular to the
test surface. This is because air tends to flow through the shortest paths and the direction perpendiculat
to the surface of the thin specimen matches this requirement. As the depth of the specimen increases
the air flow perpendicular to the test surface reduces. Furthermore, no significant difference in flow
patterns can be found as the depth is beyond 50Figur e 5-a gives the relationship between the
calibration factor and the depth of the specimen. Obviously, an increase in specimen deptarcaused
increase in calibration factor, but reached a relatively constant value (0.05)l bayond 50 mm

This is mainly due to rapid changes in the relative proportion of the flow parallel to the test surface
ard the growth of the | component (as showirigure 1), both yielding a higher calibration factor.

Interpretation of the flownets iRigure 4-a to f also reveals that equi-potential lines locate closely
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around the edge of the test area. This means a higher pressure gradient and hence a higloer proporti
of flow lines parallel to the test surface in these cases. The above result agrees well with the previo
findings by Bamforth [21] and Arbaoui [26]. With referenceFigures 3 and 4, the correction of

calibration factor should be only made if the depth of the testing member is less than 50 mm.

Figure 4-g to k along withd give the results of air flow simulation with different distances to the out

ring andFigur e 5-b plots the calibration factor against the distance between the test area and the outer
edge of the test specimen. Note that in these figures, the depth was kept at a constant value (100 mm
to avoid additional variations in the calibration factom#s found that the distance to the outer side

of the test specimen did not have a noticeable effect on the flownet in comparison to the effect of the
specimen depth. This trend is also clearly reflected in low variations in the calibration factors, as
indicated inFigure 5-b. Parrott and Hong [6] investigated the effective testing volume of concrete and
the air permeated area. Their investigation also highlighted that the region influencing the air
permeability test is mainly about 20 mm around the testing area, which is sorliarresults here.

For this reason, it was concluded that there is no need to correct the calibration factor for the distance
from the test region to the outer edge of the specimen, provided there is at least 20mm between the tes

head and the outer edge of the test specimen.

4. Design of thein situ air permeability test instrument

The air permeability is calculated according to the flownet theory, which requires the value of the
steady-state air flow rate (givenkuq 1). To verify this concept, it was necessary to manufacture a test
prototype to obtain the value of the steady state flow Fatgire 6 shows the air permeability test

setup and it contains three main past¢est head, a measuring body and a priming system, which is
similar to the high-pressure water permeability test reported previdi&l¢9, 30]. The test head is
shown inFigure 6-a with one bleed valve located at the centre of the higare 6-b shows the
measuring unit, which consists of three parts: a power supply, a display box and a testing unit. The
testing unit is connected to the test head and the control box. The display box has a digital panel that
shows the volume of air flowing into the concrete through the test area and the pressure levels at the

test area. The air pressure is increased using the priming system, sliogur @6-c. It comprises an
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air compressor, an air reservoir with a pressure gauge and a pressure regulator. In order to maintain
the constant testing pressure, a high precision pressure regudatased, which was set to the desired

pressure level prior to measurements.

As inferred from the results of the air flow simulation, the circular testing area with a radius of 25 mm
was chosen, offering a representative testingfaremost structural concrete [9, 20, 31, 32]. This was
achieved by using a 110 mm diameter aluminium plate fitted with a 5 mm thick natural rubber ring
isolating a circular flow area. In this study, it was decided to force air to flow througtretonader

an applied pressure above atmospheric using an air compressor. This is mainly because the previous
studies [11, 33] have indicated that the rate of air flow under vasugenerally lower than that under

an over-pressure and hence the air permeability test under vacuum might decrease they sgnsitivit
the test method. Furthermore, previous results [34] have shown that when a high vacuum (240mm Hg)
is applied, moisture from the inner section of concrete moves to the surface which can affect the results.
Therefore, in this research, the steady state air permeability test was developed by applying an over-

pressure instead of vacuum.

5. Experimental programme

The experimental work was intended to verify the proposed theory under different testing conditions
and assess the performance of the constant head (air pressure) air permeability test instrument. Tc
achieve this objective, the influence of test pressure on duration toasteddy state flow rate was
investigated first, followd by establishing the relationship between the test pressure and the steady-
state flow rate. The third part was to justify whether or not the repeatability of the proposed test method

is acceptable according to the discrimination ratio (DR) and the signal-noise ratio (SNR).

5.1 Preparation of the test specimens

The concrete investigated was manufactured with a water-cement ratio of 0.35 and a mix proportion
of 1:1.44:2.56 between cement, sand and coarse aggregate. The concrete was manufactured with CEM
| 42.5N Portland cement, medium natural sand (fineness modulus: 2.60, specific gravity: 2r58), 10

and 20 mm size basalt coarse aggregate (specific gravity: 2.65) in a 1:1 proportion byDvesght.
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aggregates were used and a predetermined allowance for their water absorption was madalto the tot
water used in the mix. A polycarboxylic acid based superplasticiser was used to achieve the target
workability. The mixing was carried out accordingBt8-1881: part 125 [35]. After mixing, the slump

was and air content were determined according to GB-50082 [36], which were 210 mm and 1.6%

respectively.

The test specimens were blocks of size 300x250x150 mm and the proposed air permeability tests were
carried out on the 300x250 mm mould finished surface. After compaction, the specimens were
immediately covered with plastic sheets to prevent the evaporation of water from the freshly placed
concrete. The blocks were removed from their mould after 1 day and were cured until the age of 90

days by following the two procedures below:

1) Air cured (AC): air-stored in a controlled environment (20 22 50 + 10% RH) after
demoulding.

2) Moisture cured (MC): transferred into a fog room (20%€? after demoulding until test.

Two curing regimes were designed to offer different permeability properties, especially foathe ne
surface region. Note that prior to carrying out air permeability measurements, the slabs were dried in
an oven at 48C for 28 days after curing. This drying regime was selected based on results of previous
studies in order to remove the influence of moisture on the results [37, 38], in which it was established
that most of the free moisture is removed after 3-weeks of drying and no signficant influence of

moisture gradient on air permeability test is found.

5.2 BS-EN water penetration test

Water penetration test, according to BS-EN: 12390-8 [39] was carried out on 100mm diameter cores

cut from the test blocks after carrying out the air permeability measurements. Water was admitted at a
constant test pressure of 7.0 bar for 3 days at one end of the test specimen. At the end of the test
specimens were split open and the depth of water penetration was measured. The average value o
three replicates is reported. The values thus obtained were then compared with the effects identified

using the proposed air permeability test so that the reliability of the latter could be established.
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5.3 Steady state air permeability test

The test set up shown Kigure 6 was used to carry out the in situ surface mounted air permeability
test. Before clamping the test head on the specimen to be tested, the air tightness of the test head wa
checked by mounting it on a plane metal plate and applying air under pressure through the priming
system. If there was no pressure drop, this indicated that the test head did not have any leak. Then, the
test head was mounted on the concrete surface and connected to both the measuring unit and the
priming system. The valves of the priming systefnggre 6-c) were kept opened and the air
compressor was switched on to apply pressure in the air reservoir. The pump was turned off when the
pressure gauge reading was slightly above the specified pressure. The initial volume reading was
recorded (t=0 min). At this test pressure air penetrated into the concrete, which resulted in a decrease
of the pressure inside the chamber. The pressure was maintained at the specified pressure by advancin
the piston, which allowed the volume of air entering in to the concrete to be recorded at every minute.
The air flow rates were computed from the movement of the piston and the diameter of the cylinder.
A test duration of 60 mins was selected, during which the air flow rate was considered to hawe reache
a steady state of flow. The instrument has two distinctive features, viz. maintoongtant testing

pressure and measuring the flow rate accurately.

6. Results and Discussion

6.1 The effect of test pressure and curing regime on air flow response

To identify the influence of test pressure on the air flow, the flow rates were monitored continuously,
which were used to identify the duration at which the steady state was acliiexee.7 shows the

plot of the recorded air flow rates under different pressure levels, with each data point représenting
average value of 3 replicatasdifferent locations. As shown iRigure 7, strong fluctuations of air

flow are observed at the beginning which is generally considered as the non-steady state. Another
feature is that the length of the non-steady state stage mainly ddperttie test pressure applied and

the type of concrete tested. More specifically, it took 30 minutes to achieve the steady state when the
testing pressure was 0.5 bar for the two concretes, whedre2soar the air flow rates became constant

within 20 minutes. This means that the increase of test pressure from 0.5 bar to 1.2 bar can significantly
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shorten the duration (from 30 minutes to 20 minutes) to get the steady state rate of flow. This trend,
however, was less pronounced, when test presgsdurther increased to 2 bar, as the time needed

to achieve a steady-statel chot show a significant reduction. The steady state ioattained when

the flownet is established within the test region and it is common that a high pressure can accelerate
the process of establishing the flow patterns [22, 23, 40]. As a result, increasing the testing pressure
led to the reduction of time needed for a steady state. However, a further decrease was ndt observe
when the pressure was increased from 1.2 bar to 2 bar. It is believed that the duratioot does n
significantly change, once the flow pattern is established. In the test carried out for thidhrébearc

test area was relatively small and, hence, establishing the flownet did not need too much time.

In addition to the test pressure, the type of concrete also affects the duration of establishing a steady
state of air flow. When the resultskigure 7-a and7-b are compared, the air flow for AC becomes
stable within 10 minutes, whereas the air flow for MC needs around 20 minutes to achieve a similar
stage. Various researchers [23, 41] have shown that a more permeable concrete needs less time to
establish a steady state of flow. The magnitude of the flow variations positively relates to the values

of the corresponding flow rates, which agrees well with previous studies [4, 11, 42].

It may be noted that air can flow deeper under steady state test methods than that under non-steady
state test methods. The investigatipnWhiting and Cady [23] has shown that the air flow can b
detected from 30 mmdeep concrete, whereas research carried out by Schonlin and Hilsdorf [29],
Torrent [9] and Basheer et al. [11] indicate that only the top layer (less than 20 mm) armaneeek

by the non-steady state, falling head test methods. Therefore, another advantage of the steady state te:

is its ability to assess the overall quality of the near-surface concrete.

6.2 Relationship between steady-state flow rate and test pressure

Figure 8 shows the steady state flow rate against the test pressure. It can be seen that the steady-stat
flow rate strongly depends on the concrete curing regimes and this effect increases as the testing
pressure is increased. As the pressure was increased from 0.5 bar to 2 bar, the flow ratefroeneased

0.42 t0 14.12 pl/min foMC and from 0.47 pl/min to 31.50 pl/min for AC. Furthermore, the flow rates

11 Page



of both concretes at 0.5 bar were extremely low,iarginot sufficient to distinguish the difference
between the two concretes. This can be explained, because under the low test pressure air move:
slowly, which performs more like a molecular diffusion dominated process instead of a pressure
dominated process and using only Dasceleory to evaluate the air transport coefficient might not be
effective, especially for low pressure and low permeability [10, 22, 32, 43]. The difference in flow

rates increases when the test pressure is above 1.2 bar.

The primary aim of this study was to determine the air permeability coefficient using the proposed
approach. The formula (Eq 1) represents the relationship between air permeability coefficient and

steady state air flow rate. To illustrate the procedure, an example of calculation is provided below:

e Environmental conditions in the laboratory: Temperature 2%, Relative humidity 62%.
e Curing regime: air cured (AC).

e Initial moisture condition: 4% dried for 28 days

e Age of concrete: 118 days [curing (90 days) + drying (28 days)]

e Test parameters:

Radius of the test area: 0.025 m

Calibration factor: e s =0.051 m*determined from the flow net

n, rb

e Pressure applied: H=2 bar (20}
e Steady state flow rate:
Qair=66.95x1F Mm*min=1.116x1¢ m*/s, as shown i able 3.

e Calculation of the air permeability:

n, | _ 1116x10°

X == x—dx—=——""" "= x0051=4.443x10"°m/s
27h " n, " rb~ 2x3.14x204

Kair = Qair

The above procedure allows to examine the influence of test pressure on the estimated air permeability
coefficient and the results are showirigure8-b. As expected, the permeability coefficient estimated

is a function of the test pressure. More importantly, the difference between MC and AC cannot be

12 Page



clearly identified at the pressure of 0.5bar and a significant increase in the air permeability coefficient
was obtained when pressure was raised above 1.2bar, beyond which the change is relatively non-
significant, especially for the relatively high permeable concrete (AC). This suggests that the air
permeability coefficient becomes independent on the test pressure applied. Combining with the
requirements for site applications, the test pressure should be as low as possible in order to minimise
the holding pressure needed to seal the test head on the surface and, hence, 2 bar is eddetsd as

pressure for the proposed test method.

6.3 Repeatability and capability of the new in situ steady state air permeability test

The error of the proposed steady state in situ air permeability test was assessed by thpeiiting
permeability measuremendsthe same location for 10 times [16, 24, 26]. After each measurement,
the test set-up was disassembled and the measurement was repeated after 1 hour, allowing the pressu
built up caused by the previous test to dissipate. To assess the distribution of the flow rate data, the
Ryan-Joiner test was applied before carrying out further statistical analysis [28s2Z8jown in
Figure 9. Obviously, the data points are close to the regression line and the p-value is higher than 0.1.
This means that data are normally distributed and can be safely fed into the control charts without any

transformation.

Figure 10 shows the control charts of the steady state air flow rates and its moving range (MR). As
shown in the figure, all data points appear homoscedastic, staying within the upper and lower control
limits. With respect to the moving range chafiglre 10-b), the moving ranges are randomly
distributed in the range from 0 to 1.38 pl/min within the control limits. It suggests that the conditions
were under control in the process [16, 24, & the average value of air flow rate can be considered

as 22.06 pl/min, falling in the range of 20.94 pl/min (lower control limit) to 23.18 pl/min (upper

control limit).

The next task was to justify whether the identified level of repeatability affects the conclusions derived
from measurements. Two parameters, SNR and DR, were determined. The procedure to caseulate the

two indicators requires the ratio of concrete variability to total variabégyeported in our previous
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study [15]. The total variability was evaluated by the average variance of ten replicatésramtdif
locations for AC and MC. After estimating the variability of measurements, the variability due to
concrete can be determined through total variability (variability from measurement and concrete).
Figure 11 shows the test results of 10 different locations of AC and MC. In comparison to results in
Figure 10, the variability of successive measurements at one position is much less than variability of
measurements across the concrete slab, as the latter represents a combined influence from concret
and the test method. The SNR and DR are 14 and 193 respectively, which satisfy requirements of
AIAG [25] and Montgomery [26]. As such, the repeatability of the proposed air permealstity te

method is acceptable to distinguish performance levels between the two different curing regimes.

The reliability of the proposed test method was examined by comparing the results obtained (steady
state air flow rate) and water penetration depth obtained from the BE-EN water penetration test. No
attempt is made to calculate the water permeability coefficient from the water penetration depth
because an intrinsic property cannot be estimated from the measurements due to the influence of
assessable porosity on calculated permeability coefficients. As shdwbl@3, the average air flow

rates range from 0.42 pl/min to 66.95 pl/min, whilst the water penetration varied from 5.10 mm to
31.40 mm. That is, a similar conclusion can be obtained for both methods. This agreement was also
reported by Whiting and Cady [23] and Bamforth [22] during their study on the relationship between

air permeability and water permeability.

7. Conclusions

In this study, a steadstate field test was developed to assess the air permeability of the near-surface
concrete. On the basis of numerical simulation and experimental results, the following conclusions

have been drawn:

1) The influence of the key design parameters, such as depth of the specimen, testing area, seal size
on the calibration factor was assessed. The calibration factor is extremely sensitive to a change of

the testing area which defines the overall flow area,sibiher factors, including the size of the
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2)

3)

4)

5)

6)

7)

seal, the thickness of the specimen, and the width of the specimen, do not affect the calibration
factor significantly.

The calibration factor increases as the thickness of the specimen increases and henaan correcti
to the calibration factor should be applied to assess the coefficient of air permeability. However,
the value of calibration factor becomes constant (0.0%lifithe depth of the specimen is greater

than 50 mm. Itis also noted that the distance to the outer side of the seal does not have a significant
influence on the calibration factor.

Two stages of air flow can be identified from the experiments: (a) Non-steady state stage, marked
by a significant fluctuation of flow rate; (b) Steady state stage, shown as a nearly constant flow
rate. The duration to obtain a steady air flow rate depends on the pressure applied and the quality
of the concrete investigated. In addition, flow rates stabilised around 15 minutes, suggesting that
a site measurement can be completed within 20 minutes.

The steady air flow rate is nearly proporébmo the test pressure if the pressure is above the
threshold value of 0.5 bar and, more importantly, the difference in air flow rate at 0.5 bar is
indistinguishable between the two concretes in this research. To enlarge the difference in flow
rates between the two concretes, a test pressure of 2 bar is recommended for the steady state a
permeability measurements.

The results of the repeatability experiment indicate that the variation of individual measurements
is within 3 d/min. As the SNR and DR of the method are 14 and 193 respectively, it can be
concluded that the repeatability of the test does not significantly affect the conclusion.

By merely substituting the steady-state air flow rate into the proposed equation, one obtains the
air permeability coefficient. As such, this technique provides a simple, but powerful tool to assess
the possible durability of structural concrete.

It needs to be pointed out that this study mainly focuses on the development of a steady state air
permeability test method and the specimens tested were preconditioned before measurements. As
the moisture in concrete can significantly affect the air permeability test results and itoorder
obtain a reliable estimation of air permeability on site, the proposed test technique should be used

along with relative humidity measurements. According to conclusions reported in previous

15 Page



studies, the relative humidity within 20mm depth from the concrete surface should be lower than

75%.
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Table 1 Design of factorial experiment to assess the influence of different factors on the calibration

factor
Factor dsp Wsp l'ta Sw
level (mm) (mm) (mm) (mm)
ey 100 150 25 10
50 100 50 30

Note: 1) dyp = specimen depth; lower level of 50mm based on flownet simulation by Arbaoui [@@@vent the
influence of thickness on rate of air flow, upper level of 100mm based on the largest thickneacing the flownet.
2) wsp = distance to the edge of the specimen from the centre of the test area; the louggeardvels seleale
considering the possible arrangement of test locations and additional area for expansion boltseddstidgad on
the concrete surface.

3) ka = radius of the test area; lower level of 25 mm (giving a diameter of 50mnijnioak the influence of size
of coarse aggregate (assuming this to be 20mm for most concretes) on flow rates, uppes|depit\at 50mm
(giving a diameter of 200mm) to ensure that the force required to seal the testpraatidally manageable on site.
4) Sy = size of seal; lower level of 10mm selected such that this is the lowest width of the seal to ensure the air flow
to be perpendicular to the test surface, the upper level of 30mm was chosen to ensure thahenast ftldw is
perpendicular to the test surface.

Table 2 Estimated effects and coefficients for calibration factor

Term Effect Coef | Standard erro| t-test Value P-Value
Coef
Constant 0.0325 0.0008 40.56 0.016*
l'ta -0.0266 | -0.0133 0.0008 -16.64 0.038*
Sw 0.0038 | 0.0019 0.0008 2.37 0.254
dsp 0.0033 | 0.0017 0.0008 2.07 0.287
Wsp -0.0015 | -0.0007 0.0008 -0.92 0.525
IaXSy -0.0020 | -0.0010 0.0008 -1.25 0.429
laXdsp 0.0008 | 0.0004 0.0008 0.51 0.698
IaXWsp 0.0001 | 0.0001 0.0008 0.07 0.952
SwX0sp -0.0002 | -0.0001 0.0008 -0.11 0.929
SwXWsp 0.0028 | 0.0014 0.0008 1.77 0.327
dspXWsp 0.0014 | 0.0007 0.0008 0.85 0.553
MaXSwXdsp 0.0002 | 0.0001 0.0008 0.12 0.926
ItaX SwXWsp 0.0007 | 0.0004 0.0008 0.44 0.737
IaX OspXWisp -0.0012 | -0.0006 0.0008 -0.73 0.600
IaX SwX OspXWisp 0.0007 | 0.0003 0.0008 0.43 0.743

Note: * Effect significant, P-value 1-5%.
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Table 3 Results of steady state air permeability test and water penetration test

Test method Pressure applieg Permeability test
(bar) MC AC
Field steady state air 0.5 0.42 d/min 0.47 Jd/min
permeability test 1.2 14.12 [/min 31.50 W/min
2.0 41.98 W/min 66.95 [W/min
BS-EN water penetration tes| 7.0 5.10 mm 31.40 mm
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Figure1 lllustration of determining the calibration factor through the flow patterns
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Figure 2 Geometry considered for air flow models to study influence of test arrangements on
calibration factor (Initial and boundary condition: 1. BA, AF, FE-zero potential; ED, CB-now flow,
DC-constant head head)
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Figure 4 Air flow simulation of different specimen configurations
Note: 1) The width was kept constaB00mm when the influence of the depth on calibration factor
was assessed; 2) The depth was kept at 100mm when the influence of the distance to the outer ring
was assessed.
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Figure 5 Calibration factor under different specimen depths and distances to outer edge of the
specimen
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Figure 6 Test set up of the new air permeability test device
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Figure 9 Probability plot for bias and Ryan-Joiner test for normal distribution
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Figure 10 Control charts for bias and moving range (MR) of the new air permeability test
(measurements taken on the same location)
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