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ABSTRACT

A study was initiated to estimate air leakage, driven
by wind-generated pressure gradients, from a seismically
damaged concrete structure. This paper describes an
experiment performed to measure the air permeability in a
reinforced concrete shear wall, both before and after
simulated seismic loading.

Static load-cycle testing was used to simulate
earthquake loading. Permeability measurements were made by
pressurizing one side of the shear wall above atmospheric
conditions and recording the transient-pressure decay.

Air permeability measurements made on the shear wall
before loading fell within the range of values for concrete
permeability published in the literature. As long as the
structure exhibited linear load-displacement response, no
variation in the air permeability was detected. However,
experimental results indicate that the air permeability in
the shear wall increased by a factor of 40 after the wall
had been damaged (cracked).

INTRODUCTION
Under normal operating

conditions, the ventilation systems
in moderate and high hazard
facilities provide a negative
pressure differential to prevent
unfiltered air leakage from the
buildings. A loss of the
ventilation system would allow the
air pressure inside the building to
equilibrate with the external
atRbient air pressure. Normal or
extreme wind loading on the
building will result in regions
where the external stagnation
pressure is up to 1 psi less than
the internal pressure creating a
driving potential for exhaust from
the facility. A design basis
earthquake (DBE) event could cause
structural damage and ventilation
system failure, thereby reducing
the building's resistance to

unfiltered exhaust. Estimating the
exhaust rate from a facility after
a DBE event requires that the air
permeability of the concrete walls,
which have been loaded to their
seismic-design limit, be
quantified.

The objective of this study
was to measure the air
permeability of a reinforced
concrete shear wall both before
and after the wall had been loaded
to its seismic-design limit. A
shear wall structure was selected
for initial study because this
structural element forms a
significant portion of the
confining barrier and provides the
dominant lateral load-carrying
capability in many moderate and
high hazard facilities.
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Because of its porous naturet
concrete is known to be permeable
to both liquids and gases.
Previous experience has shown that
the flow rate of air through
concrete is inversely proportional
to the slab thickness and directly
proportional to the pressure
difference across the slab and the
air permeability. Tests with
pressure gradients up to 1.1 psi
on concrete with thicknesses
varying from 4 in. to 9 in. give
leakage rates in cubic inches per
square foot per hour equal to
approximately 2.5 times the ratio
of pressure (psi) to thickness
(in.)[1]. The air permeability
coefficient is dependent upon the
concrete mix parameters, mixing
and compaction methods, curing
conditions, and age. Typically,
factors that improve the
coropressive strength of the
concrete will decrease its
permeability. Permeability
increases with increasing
water/cement (w/c) ratio. Curing
reduces air permeability, but
drying significantly increases
permeability at any age. Cracks
and joints provide additional
paths for air leakage. Air
leakage rate through cracks is a
function of the number of cracks,
spacing, width, and penetration
depth into the concrete.

A review of the literature
covering the past 25 years
examined published works
describing air permeability
measurements in concrete. Most of
the works reviewed dealt with gas
flow and permeability measurements
in undamaged concrete. The
literature review indicated that
this study could use only the data
published on gas permeabilities in
undamaged concrete [2-5]. These
data were used to verify the
accuracy of the air permeability
measurements made on the test
structure used in this
investigation before applying any

load. A more detailed discussion
of this experiment can be found in
Girrens and Farrar 16 J.

TEST STRUCTURE
A reinforced concrete, shear

wall test structure was fabricated
to use in the experiment. The
test structure contained a 6-in.-
thick shear wall as shown in Fig.
1. Two layers of reinforcement
(ASTM A615 Grade 60, No. 3 rebar,
Q.3"75-in. diarn) were placed
throughout the model. Vertical
layers were spaced at 3-in.
centers providing a 1.15% wall
reinforcement ratio by area.
Horizontal layers were spaced at
6-in. centers providing a 0.411
wall reinforcement ratio by area.
The amount of reinforcement,
minimum material strengths, and
concrete mix proportions were
identical to those specified for
the proposed Special Nuclear
Materials Laboratory (SNML) at Los
Alamos.

Twenty 0.5-in. threaded rods
were located every 6 in. along the
center of the concrete face
bordering each open end of the
test structure. These rods were
used to attach the aluminum cover
plates, as shown in Fig. 2.
Twenty 1.25-in. bolts were placed
through sleeves in the base to
restrain the structure during the
static load cycling. Figure 1
shows the bolt pattern on one side
of the shear wall.

The structure was placed from
2 cubic yards of concrete from a
commercial source. The slump was
found to be 3.5 in. and the w/c
ratio of the concrete was 0.35.
The structure was left in its form
for a 28-day curing period, and
exposed surfaces were kept moist
and covered with a tarp. During
the placement of the structure,
fifteen standard test cylinders
were taken and left in their molds
to cure with the structure. Tests

Third D O E Natural Phenomena Hazards Mitigation Conference - 199J

662



DIMENSIONS (in.) R E B A H MAX AGGREGATE
STRUCTURE a b o d • f g h i diam SIZE

MODEL 1 46 36 6 6 24 36 3 6 1 0.375 0.75

Fig. 1 Test structure de ta i l .

Fig. 2 Permeability test setup.
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on the cylinders included ultimate
Goropressive strength, modulus of
elasticity, and split-cylinder
tensile strength. The results of
the concrete tests are summarised
in Table 1.

TABLE 1
MEASURED CONCRETE PROPERTIES

Ultimate Tensile
Strength Strength Modulus
fpp j> tpsi) (psil

Avg. 6090 520 4.62 x 106

Min. 5720 440 4,11 x 106

Mas. 6670 600 4.87 x 106

AIR PERMEABILITY TESTING
Air permeability measurements

were made on the shear wall before
applying any load. The air
permeability was determined by
pressurising one side of the test
structure slightly above
atmospheric levels and recording
the transient-pressure decay
associated with the air leakage
through the shear wall. To
accommodate structure
pressurization, an aluminum cover
plate (40 s 52 x 3/4 in.) was
attached to the structure as shown
in Fig. 2. Square (0.275-in.)
BUNA-N O-ring cord stock and
Abeazon vacuum sealant were used
to form a seal between the
concrete face and the cover plate.
In later permeability tests,
flooring contact cement was also
used to ensure an airtight seal
between the O-ring material and
the concrete face. The interior
surfaces of the side walls and the
top and bottom slabs on the side
of the shear wall to be
pressurized were spray painted
with three coats of epoxy paint to
ensure impermeability. Internal
pressurization of the test
structure did not exceed 0.7 psig.
The pressurized volume, 7.5 cu ft,
was filled with dry bottled air
and purged with a vacuum pump
three times before filling for
test. After pressurization,
transient internal pressure,
atmospheric pressure, and internal
temperature were monitored.

In these experiments the
permeability coefficient that was
determined is referred to in the
literature as the intrinsic
permeability, that is, it is
independent of the properties of
the migrating fluid. The
intrinsic permeability can be
expressed by the following
relation:

Q/A (1)

where Q is the volume rate of
flow, A is the cross-sectional
area perpendicular to the flow
direction, k is the intrinsic
permeability, |i is the dynamic
viscosity, and dp/dl is the
pressure gradient in the direction
of flow. Assuming that the air
flow behaves in accordance with
the ideal gas law, the
permeability coefficient in the
shear wall is calculated with the
expression

Pm2 - PATM
2)

where Pt and Pt+At correspond to
readings in the pressurized volume
at times t and t+At, respectively,
Pm is the average of Pt and Pt+At*
PATM is the atmospheric pressure.
At is the time increment, V is the
volume that is pressurized, L is
the length of the concrete in the
flow direction, and T i3 the
absolute temperature. For the
structure studied, the following
values and units were used in Eq.
(2):

k
V
t
T

- f in 2 ] ,
= 7.5 ft 3 ,
= [ s ] .
= [R], and

L =
A -
P =

n =

0.5 ft.
6.0 ft2 .
Cpsi],
[lb-s/ft2]

EXPERIMENTAL RESULTS
Air permeability testing was

initiated 4 weeks after removing
the model forms. During the 4
weeks, the relative humidity was
20 to 30%. Transient pressure and
temperature data were recorded
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over a period of several days.
The volume (or block) was
initially pressurized to
approximately 12 psia and allowed
to decay over a period of 3 days.
After the 3-day period of data
collection, the volume was again
repressurised. The actual data
used to compute k, using equation
(2), corresponded to the data
recorded at midnight on each day.
This was done to average out the
daily variation in temperature
because the experiment was located
outside. Table 2 lists 3 days of
typical recorded pressures and
temperatures along with the
computed air permeabilities. The
average permeability for these
data was 0.46 x 10~13 in2.

The structure was allowed to
dry in 20 to 30% RH air for an
additional 7 weeks, after which
the air permeability testing was
repeated. During these tests,
transient pressure and temperature
data were recorded again over a
period of 3 days. The block and
ambient pressure data are
illustrated graphically in Fig. 3.
The 24-hour data used to compute
the concrete permeability are
listed in Table 3. The average
permeability for these data
increased to 1.2 x 10~13 in2. The
increase in permeability was most
likely caused by the additional 7
weeks of concrete drying time
because drying significantly
increases the permeability [1,4].

J
11
11
11

p t

psi)
.9467
.9134
.8306

CONCRETE

(R)
519.5
522.5
523.5

TABLE 2
SHEAR WALL PERMEABILITY

4 WEEKS DRYING

Jl
11.
11.
11,

.8451

.8074

.7151

(R)
522.5
523.5
523.1

AFTER

(psT)
11.3032
11.3194
11.2844

(xlO-
0.
0.
0.

k

414
451
521

12.8

.52

CO
CO

2
CL
£

"o
CO

12,6

12.4

12.2

12.0

11.8

11.6

11.4

11.2 h

11.0

I I

Block Pressure
Temperature Corrected

/ Block

rV 7

- Ambient Pressure

i i

i

Pressure

i

8
Day of the Month

10 11

Fig. 3. Typical t rans ient -pressure data for concrete shear wall permeabili ty t e s t
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TABLE 3
CONCRETE SHEAR WALL PERMEABILITY AFTER

11 WEEKS DRYING

J
11
11
11

Pt

psi)
.9943
,8509
.7584

Tt

(R)
491.
491.
491,

.7

.7

.8

COMPARISON OF
Reference

4
4
2
2
3
3
5

w/c

0.4
0.47
0.4
0.55
0.4
0.3
0.56

Pt+At

Jl
11.
11.
11.

3Si)

.7789

.7033
,6323

™t+At

(R)
491.8
491.8
491.8

TABLE 4

PATM

J|
11
11,
11.

ssi)

.4808
,4760
,4443

(,;]

PUBLISHED CONCRETE PERMEABILITIES
Compressive Strength

(psi)

9425
7975
12500
3770

-
-

6815

(xlO

k

"I3 in2

2.4
4.0
0.08
0.66
0.4-1,
0.6
0.13-J

1.
1.
1.

)

,0

5.3

K
13 in2)

27
18
22

The permeability values
listed in Table 3 can be compared
with the results of other
investigators that are summarised
in Table 4. It should be noted
that all of the experimental
results presented in Table 4 were
obtained in laboratory settings on
small concrete samples.

STATIC LOAD-CYCLE TEST SETUP
The model was constructed in

place on the load frame base that
was to be used in the cyclic
testing. Displacement
transducers were placed against
the top and bottom of the test
structure and centered in the
midplane of the shear wall to
measure overall structural
deformation. A hydraulic
actuator was used to load the
structure, and force input was
monitored with a . .iad csll.

The structure was loaded for
3 cycles each to nominal base
shear stress (NESS) levels of ±60
psi, ±130 psi, and ±190 psi. The
SNML Title 1 design showed that
the actual structure would
experience a peak NBSS of 190 psi
during a DBE. During each cycle,
readings from the load cell and
displacement transducers were
made at increments of 1/5 the

peak load. The complete load
reversals were applied to
represent the force induced in a
structure during seismic
excitation. These quasi-static
load cycles simulate an
earthquake by applying the
positive and negative shear
forces associated with a DBE to
the structure.

SEISMIC LOAD SIMULATION AND
ACCOMPANYING AIRFLOW

The structure showed linear
response through all of the load
cycles. This indicated that the
structure experienced no internal
damage when loaded up to the
maximum nominal-design shear
stress of 190 psi. Because the
structure experienced no internal
damage, the concrete air
permeability was also not
affected. This is evidenced by
the 3 days of pressure data
contained in Table 5. The air
permeabilities computed with
these data are in agreement with
the Dreload data listed in Table
3.

Next, the structure was
subjected to one 285-psi NBSS
load cycle, a level 50% above the
seismic-design level of 190 psi.
The structure cracked on the
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first load increment above the
190-psi NBSS level. Actual shear
wall crack patterns are shown in
Pig. 4. Most of the shear cracks
identified penetrated completely
through the wall.

Airflow measurements were
made after the test structure was
damaged. The cracking had a
significant effect on the leakage
of air through the shear wall.
Both transient and steady-state
airflow data were taken. Helium
leak tests were performed to
insure that the aluminum cover
plate seals and fittings were not
leaking. The leak-testing
equipment verified that

significant leakage was occurring
through the shear cracks in the
wall.

A flowmeter was attached to
the air-charging orifice on the
aluminum cover plate. While
maintaining an approximate
constant pressure in the volume
(see Fig. 5), the airflow through
the shear wall was monitored for
168 hours. The steady airflow
through the shear wall was 0.4
ft3/h. Table 6 gives a summary
of the pertinent information used
to compute the average
permeability for the steady test
data shown in Fig. 5. Even

j£si)
11.9866
11.7060
11.4631

la

JR)
491
491
491

TABLE 5
CONCRETE PERMEABILITY AFTER

LINEAR

.8

.6

.7

SEISMIC

Jgsi)_
11.7505
11.5848
11.3920

LOAD-CYCLING RESPONSE

(R)
491
491,
491,

.7

.7
, 7

PftTM

(psi)
11.3664
11.3612
11.2880

k

(xlO"13 in2)
1.14
1.05
1.26

Fig. 4. Shear wall crack pattern.
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12.8

^ 12.6

.2

£ 12.2

S 12.0
£
Q. 11.8

J3 11.6

| 11.4

< 11.2

11.0

Block Pressure
Temperature Corrected

Block Pressure

23 24 25 26 27 28 29 30
Day of the Month

31 32

Fig. 5. Pressure variation over 8 days during steady airflow test.

STEADY PERMEABILITY DATA FOR CRACKED CONCRETE SHEAR WALL

Time

(day)

1.0
2 . 0
3 . 0
4 . 0
5 . 0
6 .0
7 . 0
8 .0

?ATM

(psi)

11.3555
11.3355
11.3964
11.3071
11.2930
11.2162
11.2962
11.4700

PVOL

(psi)
12.2435
12.1344
12.0766
11.9386
11.8462
11.8462
12.1681
12.1453

TVOL

(R)
513.3
520.5
522.9
526.2
521.9
524.0
514.9
522.5

k

<xlO'12 in2)

3 . 8
4 . 2
4 . 9
5 . 3
5 . 3
5 . 3
3 . 9
4 . 9

though the presence of the cracks
affects the theory behind Eq. (2),
the pseudo air permeability
corresponding to the steady flow
rate and average pressure gradient
is 4.7 x 10~12 in2.

SUMMARY AND DISCUSSION
The objective of this study was

to measure the air permeability in a
reinforced concrete shear wall, both
before and after seismic simulation

loading. Air permeability
measurements were made on the shear
wall before static load cycling. An
air permeability of 1.2 x 10"13 in2

was measured for this shear wall.

The air permeability measured
before loading was compared with
concrete permeability data published
in the literature. Even for the
experiments performed on small
laboratory specimens that were
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constructed and tested under very
controlled conditions, the published
air permeabilities were found to
vary by more than an order of
magnitude. However, the results
from the shear wall tests agreed
best with the intrins^ permeability
measurements performed by Dhir et
al.[4]. From the Dhir measurements,
the air permeability of 0.47 w/c
ratio concrete was 4.0 x 10"13 in2

and the air permeability of 0.40 w/c
ratio concrete was 2.4 x 10~13 in2.
These two results show good
agreement with the shear wall
permeability measurements of 1.2 x
10~13 in2. As previously stated,
the shear wall had a 0.35 w/c ratio
concrete. Because permeability
increases with increasing w/c ratio,
the permeability results obtained in
this investigation are consistent
with those reported by Dhir.

Static load-cycle testing was
used t© simulate earthquake loading.
Linear load-displacement response
was observed when the structure was
loaded to the 190-psi stress level.
This response indicated that the
shear wall was not damaged
internally. Because the shear wall
experienced no internal damage, the
air permeability was not affected.

A single high-level load-cycle
test resulted in damage (shear
cracking) to the structure. The
cracking was determined to have
occurred at approximately 215-psi
NBSS. Airflow measurements, taken
after the structural damage had
occurred, showed that the cracking
had a significant effect on air
leakage through the shear wall. The
steady airflow through the shear
wall was measured to be 0.4 ft3/h.
Even though the presence of the
cracks affects the porous media
assumptions used in the intrinsic
permeability calculations, a pseudo
air permeability was computed for
the cracked concrete wall. The
pseudo permeability corresponding to
the steady flow rate of 0.4 ft3/h
and the average pressure gradient of
0.7 psi was measured to be 4.7 x 10"

Thus, air permeability in*' ill*

the shear wall increased by a factor
of 40 after the wall experienced
shear cracking.

The results from this
experiment can be used to estimate
the air leakage through the exterior
walls oS a moderate or high hazard
facility in the event of ventilation
system failure. A base-line leakage
can be calculated by assuming that
:.ll of the exterior walls are
undamaged. A maximum leakage can be
calculated by using the measured air
permeability associated with shear
damage. Air leakage from the
facility will occur only in wall
areas exposed to a negative pressure
gradient (i.e., internal air
pressure exceeds the external air
pressure). The maximum negative
pressure gradient caused by wind
loading can be computed using
standard Department of Energy (DOE)
design practices [7]. Because air
leakage is directly proportional to
permeability and pressure gradient,
a reduction in either of these
variables will reduce the leakage
rate.
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