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'« DISCLAIMER

The interpretation of the technical data and any opinions
or conclusions arising in this report are those of the authors only

and do not necessarily reflect those of the cooperating agencies.
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ABSTRACT

Two prestressed concrete wall segments simulating portions of
containment walls were loaded by axial tensile forces to cause cracking
of the concrete. At each load increment air pressure was applied in
steps up to 21 psi to one side of the segment and the rate of leakage of
air through the cracked concrete section was measured.

A theoretical equation for the flow of air through concrete
cracks is developed and the results from one leakage test are used to

determine the dimensionless constant required for this equat%on.
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NOTATION

BW = Cross section of flow path, ft2.

extent of crack, ft.

coefficient

hydraulic diameter

modulus of elasticity of concrete at time of test
compressive strength of concrete at time of test
split tensile strength of concrete at time of test
force

dimensionless constant

length of crack (distance through the wall), ft.
mass flow rate, 1b sec./ft.

pressure gradient

absolute air pressure at any section, 1b./ft.?
rate of flow through crack, ft.3¥/sec.

rate of flow through a group of cracks, ft.3/sec.
gas constant |

Reynold's Number

absolute temperature, °K

air velocity at any section, ft./sec.

crack width, ft.

dimensionless friction coefficient

viscosity

mass air density, 1b. sec.?/ft."

shear stress due to wall friction, 1b./ft.?
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CHAPTER 1

1.1 INTRODUCTION

The nuclear reactors in Canadian nuclear power plants of the
Gentilly-2 type are housed in circular prestressed concrete containment
structures. Such a structure, shown schematically in Figure 1.1 con-
sists of a heavy concrete base, a cylindrical wall, a ring beam and a
spherical dome. Each element contains a grid of conventional rein-
forcement and prestressing tendons.

In the event of a malfunction, pressurized gases or steam may
be discharged. The function of the secondary containment vessel is to
prevent such gases from escaping into the atmosphere. The containment
is designed to have zero tensile stress under 1.15 times the design basis
accident (DBA) pressure of 18.5 psi which is the maximum pressuré
attained if a secondary steam 1ine ruptures and the water dousing system
acts to condense the steam.

In the extremely unlikely event that a secondary steam line
fails and the dousing system also fails to act, internal pressures may
reach several times the DBA pressure. This would result in the walls
and dome of the containment being stressed in biaxial tension. The
response of the containment structure to this overpressure is the purpose
of a comprehensive study undertaken at the University of Alberta and
for which this report is a part.

In order to obtain data on the response of the structural
components to biaxial tension a series of 14 wall segments representative
of construction details in the containment were tested. The relation-

ship between a typical segment and the containment is shown in Figure 1.1.



Twelve of these were tested to obtain load-deflection and
cracking behaviour of the structure. The results of these tests are
given in Ref. 1. |

This report describes the tests of the two wall segments which
were tested to evaluate the rate of leakage through the containment wall

after through cracking has occurred.

1.2 OBJECTIVE

The primary purpose of this report is to study the air leakage
characteristics in thin walled prestressed containment structures.
Specifically, the two main objectives of the wall segment tests are to
investigate the relationship between the air leakage rate and concrete
crack width, and to provide data for use in calibrating a mathematical
expression for the leakage rate of compressed air escaping through

cracked concrete.

1.3 SCOPE OF THIS REPORT

Two segments were tested under two different types of membrane
Toading. The first segment was prestressed and loaded in two directions,
while the second was prestressed and loaded in one direction only.

This report presents detailed information about these two segment tests,
specimen properties, instrumentation, and data reduction.

Chapter 2 contains a description of the fabrication techniques
used in constructing the segments. A discussion of the testing pro-
cedures and associated problems is given in Chapter 3. Chapter 4
discusses the preliminary formulation of the leakage problem and the

assumptions that were used to relate the air leakage rate with the



concrete crack width. The test data is presented in Chapter 5 and a
comparison between the test results and the derived mathematical expres-

sion is discussed in Chapter 6.
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CHAPTER IT - TEST SPECIMENS

2.1 INTRODUCTION

Two wall segments were tested to obtain data on air leakage
rate through walls of nuclear containment structures as ‘shown in Figure
1.1. These two segments are part of a larger program of wall segment
tests reported in Reff 1 and are designated as segments 10 dnd 14.

The overall dimensions and construction details of segments 10 and 14
corresponds to those of segments 1 and 5 respectively in that report.
This report contains details of the construction and testing of segments

10 and 14.

2.2 DESCRIPTION OF THE SPECIMENS

The overall dimensions of the wall segments were 10.5" thick
and 31.5" square. The first leakage specimen (segment 10) was post-
tensioned with grouted tendons in the horizontal and vertical directions.
The second specimen (segment 14) was prestressed only in the horizontal
direction. The dimensions and reinforcement details for segment 10 are
shown in Figure 2.1 and Figure 2.2. Segment 14 differs only by having
the prestressing tendons in the three tendon direction.

In describing the specimens in the balance of the text, the
word "face" will be used to refer to the 31.5 inch square sides. Face
A is the surface that was on top when the specimen was cast and face B
is the otﬁer side. The word "edges" will refer to the 10.5" by 31.5"
sides through which reinforcement extends. During testing, the segment
was positioned such that face A was towards the south. This permits

references to the edges as the top, bottom, east or west edges.



The three tendons located at the mid-plane of the specimen
represent the vertical tendons which are at the middle of the wall in the
prototype. The four perpendicular tendons represent the circumferential
tendons. In the prototype these are located neér the outer quarter
point of the wall thickness and due to the curvature of the wall, they
produce a uniform compressive hoop stress through the wall thickness.

In the wall segment, the center two of these tendons are placed adjacent
to one face to simulate the actual cover and spacing of these tendons.
The two remaining tendons are adjacent to the other face to maintain a
uniform of prestress through the wall thicknéss. The properties of the

two specimens are listed in Table 2.1.

2.3 CONSTRUCTION OF THE SPECIMENS

2.3.1 Segment 10

During the teét two air chambers were provided, one on each
face of the specimen. The upstream chamber was filled with pressurized’
air and the downstream chamber was used to collect the air that had
leaked through the specimen.

To provide air proofing along the specimen edges so that the
Teakage would take place only from one face of the segment to the other,
a rubber Tiner was placed around the edges of the specimen as shown
in Figures 2.3 and 2.4. This Tiner also served as gasket for the
connection of the chambers to the segment and served to eliminate any
constraint from the chambers on the segment deformation during the test.

Placing of this rubber liner required a special construction

sequence since the reinforcement bars and the prestressing tendons used



to provide the applied membrane Toading protruded from the segment

edges. The segment construction was as follows:

(1)

The rubber liner was fabricated from 1/2" thick Neoprene sheet
to form a square with inside dimension 31.5 in. Square
corners were achiéved by the rubber vulcanizing technique.
Undersized holes to accommodate the reinforcement bars and
bolts were punched as positioned in Figure 2.5 and Figure
2.6. These two figures show also the location of the square
openings required for the prestressing tendons anchor heads.
Extra holes were also provided for the lead wires from the
embedded strain gauges.
The rubber Tiner was placed inside a plywood form as shown in
Figure 2.7. The liner was attached and kept in position by
using 1/2" steel inserts distributed along the edges as shown
in Figures 2.3 and 2.8.
After the necessary electrical strain gauges had been attached
to the rebars, the tendons and reinforcement were then placed
in the form. The joint between the pipe in the end bearing
plate and the tendon sheaths were sealed with a silicone rubber
caulking compound to prevent concrete from leaking into the
sheaths. Segment 10 is shown prior to casting in Figure 2.7.
The concrete for a specimen was mixed in one 9 cu. ft. mix,
approximately 6 cu. ft. being used in the specimen, the balance
being used in test cylinders for tension and compression
tests.

Internal vibrators were used to conso]fdate the concrete

in the'specimen with care being taken to avoid over-vibration



and bleeding. The specimen and cylinders were allowed to set
and then were covered with wet burlap for 24 to 48 hours, after
which time the forms were removed. The specimens and cylinders
were then recovered with wet burlap and allowed to moist cure
for one week. The curing continued in air until the specimens
were prestressed.

(5) After removing the forms, the liner was secured to the concrete
surface by means of bolts and washers screwed in the embedded
steel inserts. These bolts and washers are clearly seen in
Figure 2.4.

(6) Prestressing was carried out using a 100 kip center hole ram.
The tendon was grouted with Master Flow 814 cable grout one or
two days after the tendons were stressed. The age of the

specimens when prestressed and tested are listed in Table 2.2.

2.3.2 Segment 14

Segment 10 was tested before Segment 14 was fabricated. During
testing of Segment 10, considerable leakage was observed between the
rubber Tiner and the edges of the segment in spite of the clamping action
of the bolts and washers. To prevent these leakage problems for Segment
14, two rubber frames around the perimeter of the two faces of the segment
were used in addition to the rubber liner. One end of the frames was
Joined to the liner and the free end was held in position by steel wires
wrabped around the reinforcing bars. The concrete face was flared to be
flush with the outer rubber surface. Details of the rubber frames and
liner are shown in Figures 2.9 and 2.10. This liner proved to be

entirely successful during testing.



The other construction details are identical to Segment 10.
The age of the specimen when prestressed and tested is given in Table

2.2.

2.4 MATERIAL PROPERTIES

2.4.1 Concrete
The concrete used in the test specimens had the following

nominal properties and composition for a 9 cu. ft. batch:

Design Strength 4500 psi
Water/cement ratio by weight 0.54
Water 113
Cement (Type Portland Cement) 208
Sand 423

3/8 in. gravel 560 1bs.

The gravel consisted of a glacial outwash gravel of quartzite,
granites, etc.

Six 6 x 12 in. cylinders were cast with each specimen. The
cylinders were cured in the lab in the same manner as the specimens.
These were tested at the time of testing, three in compression and three
as split cylinder tensile tests. The results are summarized in Table

2.2.

2.4.2 Reinforcing Steel

The reinforcement used in these tests consisted of hot rolled

deformed bars conforming to CSA G30.12-72. No. 3 bars were used, all



bars coming from the same heat. Four specimens were tested in tension

and had the following average strengths and moduli of elasticity:

Yield strength, ksi 58.2
Ultimate Tensile Strength, ksi 87.5
Modulus of Elasticity, 10° ksi 28.9

2.4.3 Prestressing Tendons

The prestressing tendons consisted of six or seven individual
straight, smooth 0.276 in. diameter wires and were supplied as a pre-
assembled unit containing bearing plates and flexible meta] sheath as
shown in Fig. 2.11. The tendons in the four tendon direction had seven
wires each. The stress-strain properties of the tendons, based on mill
test results provided by the wire manufacturer and a tension test of a
tendon, are yield strength (stress at 1% strain) 236 ksi, ultimate
tensile strength of 264 ksi and modulus of elasticity of 29,200 ksi.

The tendon assemblies were specially manufactured for this
project by Canadian BBR Ltd. This system was chosen since BBR tendons

were used in the GentiT]y-Z containment structure.

2.5 PRESTRESSING FORCE

During prestressing and during the period'until the tendons
were grouted the prestress force was measured using load cells made from
hollow aluminum cylinders split in two pieces to fit around the tendon.
Descriptions are given in detail in Reference 1. After grouting, the
load cells were filled with grout and the tendons were bonded to the
concrete, hence further load cell readings were meaningless.

Due to the small size of the specimens the measurements used
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to eva]uate the prestress losses were unreliable. A computer program
was written to calculate the losses based on the measured strength of
the concrete, creep and shrinkage data obtained earlier for similar
concretes and relaxation data for the wire used. Based on the results
of the computer analyses and the measurements made prior to grouting,
the losses were assumed to be 12 percent in the four tendon direction

and 8 percent in the three tendon direction for all specimens.
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CHAPTER III - TESTING PROGRAM

3.1 INTRODUCTION

When a nuclear containment structure is subjécted to high
internal overpressure, the membrane stresses will exceed the cracking
strength of concrete resulting ultimately in cracks passing through the
wai]. At this point, Teakage through the wall will take place if the
containment is not lined.

In the containment structure, the magnitude of the membrane
stresses, and hence the crack width, is a function of the internal
pressure. In the leakage segment test, the situation is simulated by
applying tensile membrane forces to the reinforcing bars protruding
along the edges of the specimen and providing an air pressure to the
upstream face of the segment. The tensile forces applied to the segment
are independent of the applied air pressure. In this way, the load-
pressure ratio of the segment need not correspond directly with that in
the containment wall. The maximum air pressure that could be applied to
the segment face is restricted only by the ability to prevent leakage
and the strength of the pressure chambers. For a given tensile force
and hence crack width, it is possible to vary the air pressure in the
upstream face of the segment. This permits an evaluation of the leakage
rate for different pressure levels through a given crack width.

By obtaining leakage rates for a series of air pressures for
increasing crack width, the predicted capacity of the theoretical

formulation of Teakage rate can be verified.
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3.2 APPLIED MEMBRANE FORCES

In the walls of a containment structure, the internal pressure
lToading will induce circumferential stresses in the wall 0y which are
twice the longitudinal stresses, Oy, SEE Figure 1.1(a). In the proto-
type structure, these are offset by prestressing forces_which are
larger in the circumferential direction. Segment 10 was prestressed and
loaded to represent this condition.

Segment 14 was prestressed and loaded in one direction only.
This permits verifying the leakage theory for the uniaxial condition.

Loads were applied to the segments through reinforcing bars
and prestressing tendons, which protruded beyond the edges of the
segment, through a series of yokes and pulling rods. The lToading
apparatus employed for Segment 10 consisted of a 1,400,000 1b. capacity
MTS universal testing machine to apply the "circumferential® load to
the specimen and a specially designed load frame and four 200 kips
hydraulic rams to apply the "Tongitudinal" load to the specimen. In
the tests, the segment is turned through 90 degrees so that the circum-
ferential Toad (horizontal in the prototype) is applied vertically in
the laboratory as shown in Figure 1.1(b). This is done to make use of
the large capacity of the MTS machine to apply the larger of the two
loads. A ph?wograph of one end of the load frame is shown in Figure
3.1 and croigxsections through the frame are shown as Figures 3.2 and
3.3. Detail of these fittings including the loading frame are reported
in Reference (1).

The vertical load increments were controlled by the MTS electro-

hydraulic loading rate controllers. The horizontal loads were applied

simultaneously by hydraulic tension rams controlled by a manually
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operated console which used air pressure to activate the hydraulic
fluid.

In general the loading procedure for Segment 10 followed those
of the non-leakage segments. A more detailed description of the loading
procedure is given in Reference (1).

Membrane force was applied to Segment 14 only in the "longi-
tudinal" direction and Hence only the load from the load frame and four
hydraulic rams was required. This permitted this segment to be tested

outside of the MTS testing machine.

3.3 APPLIED AIR PRESSURE

An air rigid chamber was placed on each face of the specimen.
These chambers were formed with aluminum channels and covered by 1 inch
plexi-glass to permit observation of the concrete surface and mapping
the crack pattern. The two chambers were bolted to the rubber liner as
shown in Fig. 2.3.

The upstream chamber was pressured by an air-compressor
through a pressure regulator which controled the pressure inside the
chamber. This chamber was designed to maintain an internal air pressure
of 25 psi and it was braced from inside to reduce the deformation and
stresses on the plexi-glass, Figure 3.4. The upstream chamber was
adjacent to Face A of the specimen.

The downstream chamber shown in Figure 3.5 was connected to a
measurement device to measure the air Teakage through the concrete. No
bracing was needed since the internal pressure in the chamber was kept
atmospheric. A section through the leakage chambers and specimen is

shown in Fig. 2.3.
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3.4 INSTRUMENTATION

Approximately 62 items were recorded at each load level,

including loads, strains, air pressure, temperature and leakage rate.

The different measuring devices and data obtained can be briefly

summarized as follows:

1.

Vertical Applied Membrane Load - The load was applied by a

1,400,000 1b. capacity MTS Universal testing machine and
measured by differential pressure transducers.

Horizontal Applied Membrane Load - A specially designed frame

and four 200 kips hydraulic rams were used to apply the
horizontal load. The load was measured by electric resistance
strain gauges mounted on clevices between the hydraulic rams
and end fittings.

Air Leakage - The rate of flow was evaluated by measuring the
total volume of air leaving the downstream chamber within a
certain specified time interval. For both segments the volume
of air was measured using an American Dry Test Meter, Model
DTM-115-3 which could be read to 0.001 L. The time was
measured with a stop watch. The volume over three separate
one minute intervals was obtained for each load increment from
which the average leakage rate was computed.

For Seément 10 the rate of flow was also measured using a
Rotameter as supplied by Matheson of Canada Ltd. This meter
consists of two spherical metering floats, one of glass and
one of stainless steel, and is calibrated to give the rate of
flow directly. This device was not used for Segment 14 since

it was found that it built up a significant pressure on the
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downstream side and was only reliable in the lower range of
air leakage.

4, Forces Transferred to Tendons - Measured by electric resis-

tance strain gauges mounted on pull rods between end fittings
and specimens. These gauges are indicated by numbers 37 to 50
in Figure 3.6.

5. Forces Transferred to Reinforcement - Measured by electric

resistance strain gauges mounted on six reinforcing bars
between the specimen and the end fittings on each edge of the
specimen. These gauges are indicated by numbers 13 to 36 in
Figure 3.7.

6. Reinforcement Strains - Measured by twelve electric resistance

strain gauges mounted on the reinforcing bars and embedded in

the concrete as shown in Figures 3.7 and 3.8 for Segments 10

and 14, respectively. These gauges are indicated by numbers 1

to 12 in Figure 3.6.

7. Elongation - Measured by LVDT extensometers resting on the
edges of the specimen.

The steel strain gauges were electric wire resistance strain
gauges, 0.25 in. in length, 0.125 in. in width, and 120 + .15% ohm
resistance. The electric resistance strain gauges and MTS load values
were read directly by the laboratory data acquisition system. Other
readingé were read and recorded manually. Further details on the

instrumentation and data reduction are given in Reference 1.
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3.5 DATA ACQUISITION SYSTEM

Wherever possible, daté was read and recorded using the data
acquisition system in the laboratory which includes as control unit, a
Nova 210/E digital computer. This unit can receive and process the
input from up to 254 channels, has a central processor core size of 32K

words and a dual disk drive system (Reference 1).

3.6 TEST PROCEDURE

A typical test of a wall segment required roughly 6 days to
set up the specimen in the test frame, one day to run and one day to
dismantle. The set up process included placing and aligning the speci-
men in the testing machine and load frame, attaching the instrumenta-
tion, and connecting the tendon pull rods and reinforcing bars. During

this process the specimen was loaded to roughly one-third the cracking

1oad and unloaded a number of times with adjustments being made each

time to the tendon pull rods until the force transferred to each tendon
was approximately equal. Following this, angles welded to the rein-
forcing bars were bolted to the end-fittings. The specimen was loaded a
number of times with adjustments being made each time to the angle until
the force was equally taken by the rebars.

During the test the horizontal loads were manually controlled,
care being taken to apply load at an even rate and to prevent horizontal
displacement of the specimen due to uneven rates of loading at the two
ends. The vertical loads were either manually controlled to be the
correct multiple of the horizontal Toad currently on the specimen or
were controlled by presetting the rate of loading adjustment on the

machine.
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The magnitude of the membrane load was held constant during
measurement intervals except that during the last two intervals prior to
the end of the test the deformation was held constant during the measure-
ments. While the load was held constant, the pressure in the upstream
chamber was increased in increments of 2.5 psi, while the pressure in
the downstream chamber of the specimen was kept at atmospheric. For
each increment, the rotameter and three readings of the dry test meter
were recorded to evaluate an average value for the rate of leakage. The
maximum pressure that could be maintained for Segment 10 was 10 psi. By
using the new improved rubber liner, the pressure was increased up to 21
psi for Segment 14. The test for each segment took about 10 hours with
each load level requiring about 50-60 minutes. The majority of this
time was spent in reading the air leakage meters.

Testing was terminated when the maximum tendon forces reached
95 to 98 percent of the breaking strength of the tendons. This was done

to avoid damage to the instrumentation on the tendon pull rods.
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CHAPTER IV - MATHEMATICAL FORMULATION FOR LEAKAGE RATE

4.1 INTRODUCTION

When a reinforced concrete section is loaded in biaxial tension
a family of parallel cracks will occur in each direction. The width
of these cracks will vary according to a statistical distribution which
is a function of the amount of reinforcement among other things. In
general the geometrical configuration of a particular crack extending
through the section is extremely complex. Thus it is almost impossible
to model accurately the path of a particular crack and since each crack
is unique, modelling accurately any particular crack would be of 1imited
application. Hence some idealization of the crack geometry is necessary.

In the absence of bending moment, the width of any given crack
should be reasonably uniform through the thickness. Therefore the
assumption is made that for membrane loading, the width of any given
crack may be considered constant along its length.

The development of a procedure to predict leakage through
cracked concrete sections begins with a review of the derivation of
fluid flow through an idealized crack. This theoretical treatment for
a single crack is then extended for multiple cracks of different widths.
The flow constants from the segment tests are then evaluated in Chapter

6.

4.2 MOMENTUM BALANCE FORMULATION

The mathematical formulation of the flow of compressible gas
through a duct of constant cross-section using the concept of momentum

balance has been presented (2). In this derivation the air flow is
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assumed to be adiabatic and the friction coefficient factor is constant
along the length of the flow path.

The essential principle is that the mass flow rate, m, will
remain‘unchanged along the flow path. This quantity can be expressed

in terms of the physical quantities
m = pAV = constant (4.7)

where p = mass air density, 1b. sec.?/ft."

-]
n

cross section of flow path, ft.2

-7
fl

air velocity at any section, ft./sec.

If the flow through a concrete crack is idealized as the flow
through the gap between two parallel plates as shown in Fig. 4.1 then
from the momentum-impulse theorem which states that the sum of the

forces equals the change in momentum:

LF = change in momentum
PA - (P + dP)A - 210 Bdx = pAV(V + dV) - pAV(V)
or dP + pVdV + 21 Pdx = 0 (4.2)
where P = absolute air pressure at any section, 1b./ft.2
A = BW, ft.?
B = extent of crack (see Fig. 4.1), ft.
W = crack width = gap between parallel plates, ft.
T, = Shear stress due to wall friction, 1b./ft.?
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In steady, uniform, turbulent flow in conduits of constant
cross section, the wall shear stress has been expressed in terms of the

velocity as

eV
2

>

To"

where ) is a dimensionless friction coefficient factor. Substituting

expressions for T, and A into (4.2) one obtains

oV? Bdx

__._._.__zo

dP + pVdV + 2 7 B

S

which when divided by pV? yields
9%, + %M-+ %W~dx =0 (4.3)

From the perfect gas law

P = oRT (4.4)

where R = gas constant

T

absolute temperature

From Egns. (4.1) and (4.4)

V2 = m’ . =
oA P

;UI‘U
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hence

2 _ M2RT
PV = Fop

Substitution of this expression into Eqn. (4.3) gives

2
*fl__ pap + 9V dV %W' =0 (4.5)

m2RT
qn. (4.5) can be integrated along the length of the crack, L, (distance

through the wall) giving:

2 2
Az P - P

m2RT 2

<

V%° + %W-L =0 (4.6)

+ 2n (

where subscript 1 represents conditions at the beginning of the crack and
subscript 2 at the end of the crack.

Since m is constant along the crack

my = m,
P1AVy = AV,
p
P 2
/T Ay = /T AV,
V. P
hence Vg-= 1
1 P2

Substitution into Eqn. 4.6 yields



P2 - P2 = m—{31-[2 o (ﬁ%) + ?WJ (4.7)

Let q = rate of flow through crack, ft.3®/sec.

V]A

The coefficient can be written as

P2 A2 V.2 RT P2

m?RT _ "1 1 I N
Ac A* RT B<W?
Substitution into Eqn. (4.7)
e o2 "1 g P
Pyt - Pyt = g g [2 o 5, *
This can be rewritten as
P,? 2 P
2 p2 AT g caw, P
PP - P = rr e g W (5) + 1]

The first term in the bracket is always very small compared to unity and

can be neglected. Hence:
b2 z_L_Lg"
Py - P = RT B (4.8)

The friction factor A is a function of the velocity V, hydraulic
diameter D, density, p, viscosity u, and certain characteristics of the
wa]T roughness which are represented by the dimensionless constant K.
Introducing Reynolds number, Re, to obtain a dimensionless expression

for X, one obtains



T

N S T
Re

The hydraulic diameter is defined as four times the cross section
divided by the wetted perimeter. For flow through a crack this is

4BW/2(B + W) which can be approximately closed as 2W.

Hence A= Ku(ﬁ—- (%) i 2P]qw

Substituting this expression for A in Eqn. (4.8) yields

KuLP]q
P2 = P2 = g
1 2 4BW
Dividing by P1
P 2 p 2
1 2 _ KuL .
P " 3B ﬁ’f (4.9)

1

Introducing expressions

where p is referred to as the "pressure gradient", Eqn. (4.9) can be

written as

p =c§,~f (4.10)
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4.3 PRESSURE DECREASE COEFFICIENT FORMULATION

Eqn. (4.70) can also be obtained using the procedure outlined
by Buss for the analysis of air flow through concrete cracks (3). He
relates the rate of pressure decrease through the crack to the friction

coefficient by the expression

_do
dx

o>

2
ey (4.11)

Again using the principle that the mass flow rate, m is constant and

the perfect gas law

Substituting into Eqn. -(4.11) and integrating

- f PdP = f5 —— P, J dx
P] 0
or
P,2 - P2 Alp,V.?
12 71 (4.12)

P D

Introducing A = %53 Ean. (4.12) can be made identical to Eqn. (4.10)

4.4 LEAKAGE RATE FOR MULTIPLE CRACKS

Eqn. (4.10) relates the flow rate, g, for a simple crack of
width W Tength L and extending a distance B for a given pressure
gradient p. When applied to a surface having many cracks each having a

different width and Tength the total flow rate Q is merely the sum of
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the flow rates through the individual cracks.

cracks,

i W’
Q=p z ¢—
i=1 7i
j B, W3
Q=p %_ . 1L i
H 4= i

Hence if there are j

(4.13)

The constant K must be determined from experimental data.

Eqn. (4.13) can then be used to determine the flow rate through a

concrete section having multiple cracks of known geometry.
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CHAPTER V - TEST RESULTS

5.1 INTRODUCTION

This chapter will review the test results for the two leakage
specimens and summarize the test findings. A listing of all readings

taken for Segments'10 and 14 are given in Appendix A.

5.2 FIRST LEAKAGE SPECIMEN (SEGMENT 10)

The properties of Segment 10 are summarized in Table 5.1 and
correspond to those for comparison Segments 1 and 2 in Reference (1).
The ratio of the applied membrane load was 2:1 with the larger load
applied in the vertical (i.e. 4 tendons) direction. Loads were in-
creased in increments of 50 kips vertically and 25 kips horizontaily.

At each increment an air pressure was applied to the upstream face in
increments of 2.5 psi. During the first portion of testing, the largest
pressure that could be maintained in the upstream chamber was 10 psi,
however, at later stages of the test, due to leakage of the air-proofing
system, the maximum pressure that could be maintained was only 5 psi.

Although the exposed surface (Face A) was kept moist during
the initial curing period, a few shrinkage cracks were observed near the
location of some of the reinforcement. Similar cracks were also ob-
served in the other segments reported in Reference (1).

Up to a load of 300 kips in the vertical direction there were
no signs of cracking due to applied load and no leakage through the
specimen was measured.

The first cracks due to applied load were observed at a

vertical load of 350 kips. These were horizontal cracks and occurred
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both at and between existing shrinkage cracks. No new vertical cracks
were observed. The first measurable air leakage occurred at this
Toading. For each pressure increment, three leakage rate readings were
recorded to obtain an average value of air leakage rate.

Due to the problems of sealing the edges of the segment and
the variable back pressure later observed when using the rotameter the
leakage measurements were somewhat erratic at higher flow rates. For
this reason, the leakage measurements for segment 10 were not processed
further.

The first vertical cracks due to load were observed when the
horizontal load was 187 kips (vertical = 375 kips). Although this was
not a normal 10ad increment, a set of air pressure leakage readings were
taken. Another set was taken at the usual increment (i.e. horizontal
load = 200 kips). Photographs of both sides of this specimen after
testing are given in Figures 5.1 and 5.2 from which the crack pattern
can be observed. It should be noted that the cracks were marked after
the specimen had been unioaded and cracks which had closed may have been
missed. In general, the overall behaviour of this specimen was similar
to the corresponding specimens with regard to crack sequences and load-
stress response.

The load-strain curve for each embedded steel strain gauge in
both vertical and horizontal directions are given in Figs. 5.3 to 5.6.
In general the strains from similar gauges agree closely even in the
post-cracking region. The average strains in both directions are
plotted versus load in Fig. 5.7. From these plots the cracking load and

load at yielding of the reinforcement can be obtained.



-28-

To compare the average strains in Segment 10 with those
obtained from corresponding Segments 1 and 2, Figs. 5.8 and 5.9 were
plotted. It is seen that in the pre-cracking region agreement is
excellent. Due to the lower tensile strength in Segment 10, however, the
first cracking occurred at a Tower load, although the stiffness after

cracking was similar.

5.3 SECOND LEAKAGE SPECIMEN (SEGMENT i4)

The properties of Segment 14 are summarized in Table 5.2 and
correspond to those of Segment 5 reported in Reference (1). The applied
membrane load was in the horizontal direction only (i.e. in the three
tendon direction). Loads were increased in increments of 25 kips. At
each increment air pressure was applied to the upstream face of the
specimen (Face A) in increments of 2.5 psi up to 20 psi, with one
additional increment at 21.0 psi which roughly represents a pressure
difference of 1.5 times the absolute atmospheric pressure. The modi-
fied air-proofing rubber liner described in Section 2.3.2 was able to
maintain this high air pressure without problems during the course of
the test. However, at later stages of the test, the maximum pressure
that could be maintained was only 15.0 and 10.0 psi for load levels
of 350 and 375 kips, respectively, due to an insufficient supply of
air volume. At the final load of 400 kips, the leakage rate was
sufficiently large that only 3.75 psi would be maintained.

Up to the load of 200 kips, there were no signs of cracks due
to the applied load and no measurable leakage through the specimen

was observed.
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The first cracks due to the applied load were observed at a
horizontal load of 225 kips. For each pressure increment, three
leakage rates were recorded to obtain an average value of air leakage
rate. Table 5.3 summarizes the air leakage measurements at the different
load increments. Photographs of both sides of the segment after testing
are given in Figures 5.10 and 5.11. Again, these cracking patterns were
observed after the specimen had been unloaded and cracks which had closed
may not have been marked. The specimen behaviour was similar to Segment
5 reported in Reference (1).

The load-strain curve for each embedded steel strain gauge in
the direction in which the Toad was applied are given in Figs. 5.12 and
5.13. The agreement between individual gauges is very close prior to
final cracking and the stiffness in the post-cracking region is similar.
The Toad-average strain curve based on the six embedded steel strain
gauges is given in Fig. 5.14 and is compared to a similar curve for

Segment 5 in Fig. 5.15.
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CHAPTER VI - LEAKAGE THROUGH CONCRETE SECTIONS

6.1 PROPOSED METHODOLOGY FOR PREDICTING FLOW RATE

Eqn. (4.13) gives an expression that was determined theoretically
for the rate of flow through a series of idealized cracks. In order to
use this expression it is necessary to know the width and extent of each
individual crack. This approach is not practical when attempting to
predict leakage through wall segments of concrete containment structures
sincé the width of individual cracks is unknown. To extend the
theoretical formulation to concrete segments under biaxial tension
involved the following reasoning.

The length of all cracks, L is taken as the wall thickness
and hence for any wall segment will be constant. This permits Li to
be taken outside the summation sign. Similarly, at advanced stages of
cracking, all through-the-wall cracks will extend across the segment
and Bi may also be considered as known and constant for a given loading.

This permits rewriting Eqn. (4.13) as

_ 4 B 3 3
LT RO (6.1)
j
=% W
i=]
= Kub
where C 2B

To eliminate the need to consider widths of individual cracks
the concept of an equivalent crack width, W, is introduced. The width

of this equivalent crack is representative of the statistical distri-
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bution of crack widths for a particular cross section and for this study
is taken as the mean value of the measured cracks. The prediction of
the mean crack width for various cross sections will be discussed in a
subsequent report (4).

This concept permits replacing the summation with an expo-

nential function of the equivalent crack width.
J
W= 3w, (6.2)
The value of the exponent n must be evaluated from tests but regardless

of the value, W" will be a constant at a given load level. Egn. (6.1)

can now be written

_ n
Q=gW (6.3)
_C -
or p = ﬁﬁ-Q = DQ (6.4)

To verify the above reasoning a plot of p vs. Q should result in a
straight Tine, the slope of which is the value of the constant D which
relates the flow rate to the pressure gradient for a given equivalent
crack width W, which in turn depends on the level of applied load.

Such a plot is given in Fig. 6.1. The data shown is for
Segment 14. Due to problems with sealing the perimeter of Segment 10
the results were not used. It is seen from Fig. 6.1 that there is a
reasonably Tinear relationship between pressure gradient and flow rate
for all load levels. Value of D obtained from a linear regression of
the data points for each Toad are given in Table 6.2. The data for load

k

level P = 375" has not been included since no measurement could be made
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at the higher air pressures.
The constant of proportionality, D, at any given load and

hence crack width can be expressed as
2nD = enC - nanW (6.5)

A plot of this equation on log-log paper should result in a straight
line, the slope of which is the exponent n. Such a plot for Segment 14
is given in Fig. 6.2. The crack widths used are the mean values of
crack widths measured from corresponding Segment 5 and are given in
Table 6.2. It can be seen that at only four load levels are there
values of D in Table 6.2 and crack widths in Table 6.1. The plot is
linear and has a slope equal to 3. The linear plot verifies the concept
of replacing a statistical population of crack widths with an equivalent
crack width equal to the mean, and the slope of the line indicates that
the power of the equivalent crack width is the same as for the indi-
vidual cracks.

The constant, C can be evaluated from Egn. (6.4) for any load

level, m

Values of C corresponding to the four load levels at which
values of both D and W are available are given in Table 6.2. The average
value of C is 1.86 x 10°% 1b. sec./ft.2.

| This permits an evaluation of the constant K which relates the

friction coefficient factor to Reynolds number. The expression for K is
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For Segment 14 the total Tength of cracking B was measured as 11.9 ft.
This was the average of the lengths on the two faces. The length, L, is
equal to the segment thickness or 0.875 ft. At 70°F the viscosity of
air is 0.38 x 10-° 1b. sec./ft.2. For these values K computes as 267.

K is the dimensionless constant which is a measure of the wall
roughness and hence may be considered constant for all concrete cracks.
Using the value of K obtained from the test permits evaluating C for any
specified crack pattern, i.e. values of B and L. With this computed
value of C, Eqn. 6.3 can be used to compute the flow rate through con-
crete cracks for any given, pressure gradients, g, and equivalent crack

width, W.

6.2 RELIABILITY OF TEST RESULTS

The value of K, the dimensionless constant that relates the
friction coefficient factor to Reynolds number obtained in this study
was 267. The reliability of the proposed methodology and test results
may be evaluated by comﬁaring this value with published results.

From purely theoretical considerations the value of K for flow
through circular tubes is 64 (2) and for flow between parallel plates is
96 (3). Buss (3) also conducted a series of flow measurements through
induced cracks in slab sections. From these tests he obtained values of
K ranging from 400 to 2000 with a mean value of 1200. Direct comparison
is difficult since his test specimens had a simple crack with signfi-
cantly Targer induced crack width than those occurring in the segments

tested in this study.
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The value of 267 for K was computed on very limited test data.
Due to air-proofing problems with Segment 10 only the leakage results
obtained from Segment 14 were used. The effective crack widths were
obtained from the corresponding specimen, Segment 5. While the Toad-
strain response for these two segments as obtained from embedded steel
strain gauges was in close agreement there is no way of verifying that
the crack widths also agreed closely although the crack widths are
strongly related to gross strain.

Readings of flow rates from Segment 14 correspond to recorded
crack widths from Segment 5 at only four levels of load. The value of K
is based on these four sets of readings. In addition, this value was
obtained for uniaxial load only and may not be the same for biaxial
loading.

While the accuracy of the value of K may be in some doubt due
to the limited experimental data, the linearity of the plots for Segment
14 tends to verify the validity of the proposed methodology for pre-
dicting Teakage through concrete sections having many cracks of variable
widths. To obtain an estimate of the reliability of the predicted

Teakage rates would require a much more extensive testing program.

6.3 RECOMMENDATIONS FOR FUTURE TESTS

Should further testing be undertaken, the following items
should be considered.
1. The crack widths and leakage flow rates should be measured on
the same segment at smaller increments of applied load.
2. A sufficiently large pressure difference between the two faces
should be applied to determine possible effects of transfer

from laminar to supersonic flow.
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Segments loaded in both biaxial tension and bending should be
included to study effects of leakage in regions of membrane
stress and moment gradient in the containment structure.

For at least one set of variables there should be sufficient
replication of tests to obtain a statistical scatter to permit
some evaluation of the expected level of confidence in the

predicted flow rates.
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TABLE 5.1
PROPERTIES OF SPECIMEN 10

Loading Ratio (Vertical, Horizontal) = 2:1

CONCRETE
Strength
Compression = 3770 psi
Tension = 400 psi
REINFORCEMENT

Pattern - 10 #3 @ 3 in each way
Yield Strength = 58.2 ksi

PRESTRESSING FORCE

Vertical (Four 7 wire tendons) = 64 kips/tendon

Horizontal (Three 6 wire tendons) = 48.1 kips/tendon

CRACKING LOAD

Horizontal Cracks = 350 kips

]

Vertical Cracks 187 kips
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TABLE 5.2
PROPERTIES OF SPECIMEN 14

Loading Ratio (Vertical, Horizontal) = 0:1

CONCRETE
Strength
Compression = 3970 psi
Tension = 423 psi
REINFORCEMENT

Pattern - 10 #3 @ 3 in each way
Yield Strength = 58.2 ksi

PRESTRESSING FORCE

Horizontal (Three 7 wire tendons) = 48.1 kips

CRACKING LOAD

Vertical Cracks = 225 kips
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TABLE 6.1

EQUIVALENT CRACK WIDTH FOR LEAKAGE ANALYSIS
FOR SPECIMEN NO. 14

LOAD (kips) CRACK (in.)

225 -

250 -

275 0.0032
300 0.0040
375 0.0043
350 0.0053
375 0.0055
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TABLE 6.2

VALUES OF D AND C
MEASURED IN TEST OF SPECIMEN 14

LOAD INCREMENT AVERAGE CRACK D C. = Diw1.3
KIPS WIDTH (in.) 1bf « sec./ft.®
1bf « sec./f?
275 0.0032 86400 1.638 x 107°
300 0.004 50400 1.866 x 10°°
375 0.0043 37440 1.723 x 107°
350 0.0053 25920 2.233 x 107¢
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Figure 2.7 Segment 10 Prior to Casting

Fig. 2.8 Attachment of the Rubber Liner
to the Plywood Form
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Figure 2.10 Segment 14 Prior to
Casting Concrete
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Idealization of Crack as a Gap

Between Parallel Plates
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LEAKAGE SP 10

Fig. 5.1 Up-stream Face of Segment 10 after Testing

Fig. 5.2 Down-stream Face of Segment 10 after Testing
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Fig. 5.11 Down-Stream Face of Segment 14 After Testing
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APPENDIX A

Loads and Strain Data
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