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ABSTRACT

Twelve prestressed concrete wall segments simulating portions
of the walls of secondary containment vessels were loaded by uniaxial or
biaxial tensile loads to obtain load-deformation and cracking behavior.
During the tests the loads, strains and crack widths, were measured.
This report briefly describes the test specimens, loading apparatus and
test procedures. Following a review of crack width expressions in the
1iterature, the crack data from this test series is analyzed. The
analysis is based on crack width relationships proposed by Leonhardt and
modified to reflect the observed cracking behavior of the wall segments.
A procedure for estimating the number and widths of through-the-wall

cracks in a containment structure is presented.
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NOTATION AND TERMINOLOGY
cover measured radially from surface of bar to point on surface
where crack width is measured.
area of one bar
area of concrete in cross-section
effective area of concrete around each bar, egual to the area
of concrete concentric with one bar and bounded by the edges
of the member or points half way between two bars.
cross-sectional area of reinforcing bars
minimum cover to surface of bar (measured perpendicular to surface)
diameter of bar
modulus of elasticity of steel
modulus of elasticity of concrete
maximum tensile stress in concrete between two cracks
tensile stress in concrete
tensile strength of concrete
stress in reinforcement prior to cracking
stress in reinforcement immediately prior to cracking
stress in reinforcement at a crack
stress in reinforcement at a crack immediately after cracking
height to which first flexural cracks extend
unbonded length of bar at a crack
transfer length
total length over which strain and crack width measurements

were made

X1



Afs,max
AL

AL

cm
cr

€
CX

se
€s2

€
SX

empirical constants

number of through-the-wall cracks at a given load

number of through-the-wall cracks at end of test

modular ratio = Es/Ec’ number of cracks

axial load

cracking load

the distance from the neutral axis to the bottom of the beam
divided by the distance from the neutral axis to the reinforcement
spacing of cracks

average crack spacing

bar spacing

average crack width

maximum reduction in steel stress between two cracks
total elongation of steel between two cracks

total elongation of concrete between two cracks

average strain in the concrete

strain just before cracking

concrete strain at point x

average strain measured over a gage length which includes
several cracks.

strain in prestressing tendons after all losses

steel strain at a crack

steel strain at point x

reinforcement ratio, AS/AC

effective reinforcement ratio, Ab/A

bond stress



Demec Strains - strain measurements made with a mechanical strain gage
having a gage length of 2 or 5 in.

Face A - Side of specimen which was on top during casting and on south
side during testing

Face B - Opposite side of specimen

xiii



1. INTRODUCTION

1.1 Introduction

Canadian nuclear power plants of the type constructed in
Quebec and under construction in New Brunswick, Argentina and Korea have
their nuclear reactors housed in circular prestressed concrete containment
structures. Such a structure, shown schematically in Fig. 1.1 consists
of a heavy concrete base, a cylindrical wall, a ring beam and a dome.
Each of these elements contains a grid of conventional reinforcement 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. Near the top of
the Canadian circular containment structures is a large water tank. If
an overpressure ever were to develop, water would automatically be
sprayed into the building to condense the steam, thus reducing the
pressure. The design basis accident (DBA) pressure of 18.5 psi is the
maximum pressure anticipated if a secondary steam line breaks and the
water dousing system acts to condense the steam. The walls and dome of
the containment structure are designed to have zero tension stress under
1.15 times the DBA pressure.

In the extremely unlikely event that a secondary steam line
fails and the dousing system fails to act, the pressures may reach
several times the DBA pressure. In such a case, the walls and dome will
be stressed in biaxial tension due to the internal pressure. The
research described in this report concerns the behavior of reinforced

and prestressed concrete subjected to biaxial tensile forces large



enough to crack the concrete. The overall experimental project consists
of tests of concrete wall segments and a test of a model of a structure
similar to a Canadian containment vessel. These tests have been carried
out to study the behavior of such structures, and more important, to
allow the calibration of analysis procedures developed in a companion
project.

This report presents results of tests on wall segment speci-
mens which represent a quarter-size model of an element cut from the
wall of a nuclear containment building as shown in Figure 1.1. The
element in the structure is initially subjected to a biaxial compression
due to prestressing. At high internal pressure loads the compressive
stresses change to tensile stresses as shown in this figure. The
specimens in the test program are planar rather than curved since this

adequately represents the biaxial loading state of the wall element.

1.2 Objective of Wall Segment Tests

The wall segment tests have two main purposes: first, to
investigate the load-deflection and cracking behavior of biaxially
loaded wall segments under high overloads; and second, to provide data
for use in calibrating and extending the inelastic analyses under
development in the analytical phase of this research project. In
particular, the formatijon and propagation of cracks is being studied to

develop techniques to estimate the number and width of cracks.

1.3 Scope of this Report

Reference 1 presents detailed information about the wall

segment tests including specimen properties, testing procedures,



instrumentation and data reduction. Reference 2 critically reviews the
test results presented in Ref. 1 and compares them to the BOSOR5 analysis
developed in the analytical phase of this project. The tensile strength
of concrete in the walls of containment vessels is also discussed in

Ref. 2. Air leakage data from the segment tests is presented and
analyzed in Ref. 3.

This report analyzes the cracking behavior of the wall segments
and presents methods to predict the crack spacings and widths in con-
tainment structures. Chapter 2 gives an overview of the wall segment
tests. Published descriptions of cracking of reinforced concrete are
summarized in Chapter 3. The cracking data from the wall segment tests
is presented in Chapter 4 and analyzed in Chapter 5. A procedure for
estimating crack widths in containment structures is presented in

Chapter 6 and conclusions are stated in Chapter 7.
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2. AN OVERVIEW OF THE TEST PROGRAM, SPECIMENS AND TECHNIQUES

2.1 Major Variables in Test Program

A total of 14 reinforced and prestressed concrete wall seg-
ments representing 1/4 size models of portions of the wall of a nuclear
containment structure are included in this test program. Twelve of
these are discussed in this report. A typical specimen is 31.5 in.
square by 10.5 in. thick, reinforced in two directions and prestressed
in one or two directions as shown in Fig. 2.1 and 2.2. Photographs of
a specimen prior to casting, after casting and after testing are given
in Fig. 2.3 to 2.5. The main variables under consideration are listed
in Table 2.1 and include:

(a) Ratio of forces in the two directions

An internal pressure loading stresses the walls with hoop
stresses (o] = horizontal stress on element in Fig. 1.la) which are
twice the Tongitudinal stresses (o2 = vertical stresses on element
shown). In the prototype structure these are offset by prestressing
forces which are larger in the hoop stress direction. The majority of
the épecimens represent this case.

In the dome, the membrane stresses due to internal pressure
are equal in the two directions and near the crown the prestress is also
equal in two directions. Near the edges of the dome the prestress can
be different in the two directions due to the geometry of the net of
prestressing tendons. Several specimens approximate this loading

history.



For correlation with the analysis and for studies of scale
effects, a series of uniaxial tests are also included in the test

progranm.

(b) Variations in Cover and Bar Spacing

Major variables in any theory for calculation of crack widths
include the concrete cover to the bars and the bar spacing. These two
quantities were varied in Specimens 1, 2 and 8 and in Specimens 5 and 6
to examine their relative effects on the location of cracks and the
number of cracks that penetrate through the wall segments.

(c) Combined Axjal Tension and Moment

Near the ring beam and the base connection, the walls and dome
of the prototype structure is loaded by both axial forces and moments.
Two specimens (Nos. 12 and 13) were loaded with eccentrically applied
tension forces to simulate this condition.

(d) Reinforced Concrete Segments

Two segments had only non-prestressed reinforcement. The
prestressed segment 3 and the unprestressed segment 4 have similar
reinforcing bars in the two directions and can be compared. Specimen 7
is also unprestressed and was included to study scale effects.

(e) Scale Effects

The basic test specimens were 1/4 of the thickness of the
prototype wall with No. 3 (3/8 in.) reinforcing bars as the main rein-
forcement. Specimens 4 and 7 which were 1/4 and 3/8 times the actual
wall thickness were tested to study the effect of the size of the

specimen on crack widths. Both had only non-prestressed reinforcement.



The diameter and spacing of the bars in the 3/8 size specimen were both
150% of those in the 1/4 size specimen. As a result the reinforcement
ratio was the same in both specimens.
(f) Lap Splices
The effect of biaxial tensions on the behavior of lap splices
was studied in two specimens (Nos. 9 and 11). Only the non-prestressed
reinforcement in the horizontal direction was spliced in these tests.
In segment 9 all the horizontal bars were lap spliced. In segment 11
every second horizontal bar was lap spliced. In both cases the vertical
bars were closer to the surface than the horizontal bars.
(g) Air Leakage
The Teakage of pressurized air from a chamber on one side of
the specimen chamber on the other side was measured in two specimens
reported in a separate report (Nos. 10 and 14). This was done to study

the relationship between crack width and air leakage through the cracks.

2.2 Test Specimens

As stated earlier, typical wall segment specimens are shown in
Fig. 2.1 to 2.5. 1In general, the specimens consist of 31.5 in. square
concrete blocks, 10.5 in. thick and have layers of deformed bars and
prestressing tendons in each direction as shown in the drawings and
photographs. The three tendons located at the mid-plane of the specimen
represent the vertical tendons which are at the middle of the walls in
the prototype. The four perpendicular tendons represent the circum-
ferential tendons. In the prototype these are located near 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. 1In the wall segment specimens, the center two of these
tendons are placed adjacent to one face to simulate the actual cover and
spacing of these tendons while the remaining two are adjacent to the
other face to maintain a uniform state of prestress through the wall
thickness.

The concrete had a nominal compressive strength of 4500 psi
and the deformed bar reinforcing had yield strengths of 58.2, 54.5 and
52.9 ksi, respectively, for the #3, #4 and #6 bars. The prestressing
tendons consisted of six or seven individual smooth 0.276 in diameter
wires contained in a 1.26 in. or 1.62 in inside diameter flexible metal
sheath, a 1ittle more than a quarter of the diameter of the sheaths used
in the prototype. The prestressing wires had a yield strength (stress
at 1% strain) of 236 ksi and an ultimate tensile strength of 264 ksi.

Further details of the specimens and material properties are

given in Tables 2.1 to 2.3 and Reference 1.

2.3 Loading Apparatus

The loading apparatus employed a 1,400,000 1b capacity MTS
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 "longitudinal" load to the specimen. In the tests the speci-
men is turned through 90 degrees so that the circumferential load (hori-
zontal in the prototype) is applied vertically in the laboratory as

shown in Fig. 1.1b. This is done to make use of the large capacity of



the MTS machine to apply the larger of the two loads. Cross-sections
through the loading frame are shown as Fig. 2.6 and 2.7.

The vertical test loads were controlled by the MTS electro-
hydraulic lToading rate controllers. The horizontal loads were applied
by tension rams controlled by a manually operated console which used air

pressure to apply pressure to the hydraulic fluid.

2.4 Instrumentation

Approximately 140 items were recorded at each load level in
the first three tests, including loads, strains and crack widths. This
was increased to about 160 items in subsequent tests. Briefly, the data
obtained and measuring devices included:

Vertical load - Measured by differentjal pressure transducers in
MTS testing machine.

Horizontal load - Measured by electric resistance strain gages
mounted on clevises between hydraulic rams and end fittings.

Forces transferred to tendons - Measured by electric resistance
strain gages mounted on pull rods between end fittings and
specimens.

Forces transferred to reinforcement - Measured by electric resis-
tance strain gages mounted on six reinforcing bars between the
specimen and the end fittings on each end of the specimen.

Reinforcement strains - Measured by twelve electric resistance
strain gages mounted on the reinforcing bars and tendons and

by mechanical extensometers refered to as "Demec gages"



measuring between points mounted on plugs welded to the
reinforcing bars to give an average strain over a 5 inch gage
Tine.

Concrete strains - Measured by Demec gage points attached to the
surface of the concrete and, until first cracking, by two, 4
inch electric resistance strain gages on each face of the
specimen.

Elongation - Measured by LVDT displacement transducers and extenso-
meters bearing on the ends of the specimens.

Crack widths - Measured using a hand held microscope. Two vertical
and two horizontal 1lines were marked on each face and all
cracks crossing these lines were measured.

Slip of Tendons - Measured by dial gages mounted on end couplers.

Prestress - The initial prestress and losses prior to grouting were
measured by electric resistance strain gage load cells between
the bearing plates and end fittings of the tendons.

The electric resistance strain gates and MTS load values were

read directly by the Nova computer in the laboratory data acquisition

system. Other readings were read and recorded manually.

Further details on the instrumentation and data reduction are

given in Reference 1.

2.5 Test Procedure

A typical test of a wall segment took roughly 6 days to set

up, one day to run and one day to dismantle. The set up process included

placing and aligning the specimen in the testing machine and load frame,

10
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attaching the instrumentation, connecting the tendon pull rods and
reinforcing bars. During this process the specimen was loaded to
roughly one-third the cracking load 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 reinforcing bars were bolted to the end-fittings to
transmit load directly into the reinforcing bars.

Zero load readings were taken the day of the test. Testing
took six to eight hours, each load level requiring about 30-40 minutes.
The majority of this time was spent marking cracks and measuring their
widths, reading dial gages, and taking the Demec strain readings.

The horizontal loads were manually controlled, care being
taken to apply load at an even rate and to prevent horizontal displace-
ment 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 load currently on the specimen or were
controlled by presetting the rate of loading adjustment on the machine.

The magnitude of the Toad was held constant during measurement
intervals except at the last one or two intervals prior to the end of
the test. At very high loads, the deformations continued to increase
during the measurement intervals by an amount enough to disrupt the
readings. When this occurred, the elongation of the specimen was held
constant during the measurement intervals and the loads tended to drop
off by up to 5 percent.

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.



3. WIDTH AND SPACING QF CRACKS IN REINFORCED AND PRESTRESSED CONCRETE

3.1 Introduction

There are many research reports on crack widths in reinforced
and prestressed concrete members. The results reported are, first of
all, highly variable, and secondly, highly dependent on the type of
specimen tested, the manner of loading, and the shape of the defor-
mations on the reinforcing bars in the specimen. As a result, no
universally accepted theory or equation for crack widths exists. The
following paragraphs will review the manner in which cracks form in
reinforced concrete. This review is based in part on papers by
Leonhardt [4], Beeby [5] and Reis ef al. [6]. This will be followed by
a review of crack width equations in the literature. A final section
will consider the similitude of crack widths. The test data from the
wall segment tests will be presented in Chapter 4 and compared to the

various theories in Chapter 5.

3.2 Formation of Cracks in Reinforced Concrete

Figure 3.1 shows an axially loaded prism with one axial rein-
forcing bar. The tensile strength of the concrete varies along the
length of the bar as shown by the top line in Fig. 3.1(b). At points
located some distance from the ends of the bar the concrete stress will
be uniform at ft as shown by the shaded area in Fig. 3.1(b). The steel
stress will be nft where n is the modular ratio, ES/EC. The first crack
will occur when the tensile stress ft reaches the tensile strength of
the concrete in the weakest part of the bar. At the location of the

crack, the entire load is resisted by tensile stresses in the reinforcing

12



bar. The stress distribution in the concrete will then be as shown in

Fig. 3.1(c). Within the transfer length, %,, the concrete stress will

£
be less than ft.

Because the first crack occurred where the concrete was
weakest, the Toad must be increased before another crack can form. This
crack will form at the next point where the applied load stress, ft’
reaches the tensile strength, f%. This point will not be closer than Zt
to the first crack as shown in Fig. 3.1(c). Cracks will continue to
form until the spacing between all cracks is less than or equal to 22t.
After this occurs the tensile stress between the cracks will not reach
f{. In tests, the final crack pattern is reached at steel stresses
between 20 and 45 ksi (strains of 0.0007 and 0.0015) [4,5,6].

As a result of this sequence of crack development, the final

crack pattern will consist of cracks with spacing, s, in the range:
< 2% (3.1)

This extreme varijability in crack spacings leads to an equaily extreme
variability in crack widths. Beeby [7] has suggested the average crack
spacing is about ].332t.

Once the cracking has reached a stabilized state the average
crack width, W, can be calculated as the product of the average crack
spacing, Sy multiplied by the average strain, € minus the average
strain in the concrete at the level at which cracks are being measured,

e . Thus:
cm

w =5 (e -¢€_) (3.2)

13



Since the strain in the concrete will tend to be small, it is

frequently ignored giving:
W =5 ¢ (3.3)

It should be noted, however, that during the period in which cracks are
still forming, W increases more slowly than €n since Sm decreases as
Em increases.

Immediately prior to cracking, the stress in the steel can be

computed from the transformed area as:

P
f = ———Cr (3'4)

sl,cr A (1 + l_)

s on

where the reinforcement ratio, p, 1is commonly 0.003 to 0.02 and the
modular ratio, n, is 7 to 10. The subscript 1 refers to the uncracked

state. Alternatively, this can be calculated as

fs],cr - Es €er (3.5)

where €or is the strain in the concrete immediately prior to cracking.
Since concrete cracks at strains of 0.00015 to 0.00025, the stress in
the steel immediately prior to cracking will be roughly 4500 to 7500

psi.

Once a crack has formed in a tension member, the entire load
is carried by the reinforcement crossing the crack giving a stress at

the crack of:

f = P/As (3.6a)

52
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The subscript 2 refers to the cracked state. Immediately after cracking

this stress is

st,cr - Pcr/As (3.6b)

where Pcr is the cracking load.

A comparison of Eq. 3.4 and 3.6b shows that the steel stress
at a crack will increase suddenly and sharply when the crack forms as
shown in Fig. 3.2 [4]. Thus, the steel stress after cracking is
(1+1/pn) times the stress before cracking. This jump in steel stress
tends to destroy the bond between the steel and concrete adjacent to the
crack.r In the case of members reinforced with plain bars or prestressed
with smooth wires, the bars will slip relative to the concrete. 1In the
case of deformed bars the Toss or weakening of the bond will occur due
to internal cracks extending into the concrete from each deformation lug
as shown in Fig. 3.3 [8]. Generally the relative slip is smaller in
such a case than for smooth bars and hence the transfer length
zt is smaller. In either case, however, the jump in steel stress
increases as the steel percentage decreases and as a result, Qt adjacent
to a crack tends to increase as the steel percentage decreases.

The internal cracks shown in Fig. 3.3 increase in size through-
out the loading history to accommodate the difference between the concrete
and steel strains. One result of this internal cracking is that the

width of the crack tends to increase as one moves radially from the

surface of the bar to the surface of the concrete.



3.3 Spacing of Cracks

Equation 3.1 gave the crack spacing as from 1 to 2 times the
bond transfer length, Qt' Different investigators have expressed Qt in

different ways.

(a) Bond Slip Theories

In 1936 Saliger [9] assumed that the force, P, transferred by
bond in a given length 24 is:

P = kg m (Tdp)ey o (3.7)

where the average bond stress is expressed as a constant k] times the
maximum bond stress Mpax The surface area over which this acts is the
perimeter wdb times the transfer length. The transfer length Qt is the
length required to raise the concrete stress to the tensile strength,

ft. Thus:

P=A f (3.8)

and A f% LR 2 (3.9)

Substituting the reinforcement ratio, p = [(ﬂdb2/4)/AC], and replacing

1/4k] with k2 gives:

d £
b=k b_t (3.10)
P max

h=

If it is assumed that Hinax is related to f% since bond failure involves

splitting of the concrete:

Et = k3 db/p (3.11)
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As a result, Saliger and many subsequent investigators have

expressed the crack spacing in terms of:

Sy = k4 db/p (3.12)
The constant is obtained experimentally.

This calculation assumes that plane sections remain plane in
the concrete so that the tensile stress in the concrete can be calcu-
lated using Eq. 3.8. This implies relative slip of the concrete and
steel and ignores the St. Venant effect where the loads are introduced.

(b) No Slip Theories

A very different theory of crack spacing was advanced by Base
et al. [10] and by Broms [11]. This assumed no slip of the bars and
assumed that when a reinforcing bar extending through a reinforced
concrete prism is loaded as shown in Fig. 3.4, the stresses will spread
out roughly within a 45 degree cone becoming uniform where this cone
reaches the edges of the prism. In this theory Ly is equal to the

minimum cover, ¢, measured from the surface of the bar, and:
s = k5 c (3.13)

where k5 ranges from 1 to 2 as given in Eq. 3.1.

(c) Localized Bond Slip Theories

The true behavior is somewhere between the extremes implied by
Eq. 3.12 and 3.13. The loads do spread out essentially as assumed in
Eq. 3.13 but there definitely is some movement of the bar relative to
the concrete due to slip or internal cracking. For this reason,

Ferry-Borges [12] expressed the crack spacing as the sum of Eq. 3.12 and
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3.13 with the appropriate constants:

Sy = k6 Co t k7 db/p (3.14)

Welch and Janjua [13] assumed the crack spacing was the sum of
the unbonded length adjacent to the crack due to internal cracking plus
the transfer length, Qt’ which was taken equal to c. Allowing for

variations in the spacing of the cracks they expressed the crack spacing

!

as:
Sy = 1.5¢c + 3 db (3.15a)
for deformed bars and
Sy = 1.5c + 5 db (3.15b)

for plain bars. The second term in each expression is the assumed
unbonded length which is smaller for deformed bars due to the mechanical
anchorage provided by the deformation lugs as shown in Fig. 3.3.

Leonhardt [4] expressed the minimum crack spacing as:

s .. = 0.5 20 + 2 (3.16)

min t

where 20 is the length of "almost lost bond" which is assumed to extend
equally each way from the crack as shown in Fig. 3.3. For deformed bars

he estimated this to be

f
_ _S2,cr
Yo = Tes00 % (3.17)
where f is the stress in the steel at the crack immediately after

s2,cr
cracking in psi. For normal steel ratios Qo will be 2 to 4 db’ the

value increasing as p decreases.



Leonhardt [4] expressed %, using Eq. 3.14 with the constant ks
dependent on the type of bars and the stress gradient in the region of

the crack. For deformed bars in a region of pure tension:

B,o= 1.2c+0.14d/o (3.18)

Beeby [5,7] has observed that the crack pattern in a beam is
the result of the interaction between two basic crack patterns. Near
the reinforcement the spacing was given by an equation similar to
Eq. 3.14. In beams, the first term of this equation predominated, and
the mean spacing in the vicinity of the reinforcement approaches 1.33 c.
At points at a considerable distance from the bar, the crack spacing in
beams was found to be related to hcr’ the distance that flexural cracks
initially extend into the beam. For tension members Beeby concludes
that the first effect (Eq. 3.14) governs the crack pattern and the mean

crack spacing is given by:
Sm = 1.33 ¢ + 0.08 db/p (3.19)

where p is AS/A with A equal to the area of concrete concentric with the
bar in question.

For cracks measured at points not directly over the bar Beéby
suggests the crack width at a radial distance A from the bar is acr/c
times that directly over the bar (at a distance c from the bar).

(d) Effect of Transverse Reinforcement on Crack Spacing

A number of investigators have observed a strong correlation
between the spacing of reinforcement parallel to the cracks and the

spacing of the cracks themselves. Beeby [14] concluded that transverse
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bars such as stirrups in beams have some influence on crack spacing but
that this influence is only effective where the stirrup spacing and the
expected crack spacing are similar. Nawy [15] has shown a strong rela-

tionship between crack spacing and the spacing of perpendicular bars.

3.4 Width of Cracks

(a) Bond-Slip Models

In 1936 Saliger [9] and Thomas [16] presented what are gener-
ally referred to as "bond-slip" theories to predict crack widths. They
assume that plane sections remain plane in the concrete and that rela-
tive slip of the concrete and steel can occur either due to actual slip
or some internal cracking mechanism. At a crack in the member shown in
Fig. 3.5 all the force is resisted by tensile stresses in the steel.
Bond stresses transfer some of this stress to the concrete so that a
portion of the force is resisted by tensile stresses in the concrete and
a portion by stresses in the steel.

The total change in length from half way between two cracks to
half way between the next two cracks is equal to the elongation of the

steel, ALS, in the same length:
_ .5
ALS = é €cx dx (3.20)

where €ey” the steel strain at any point x

N fSX/ES

This change in length is partially accounted for by the crack

width w and partially by the elongation of the concrete, ALC:

20
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S

AL, = é €ex dx (3.21)
where €ex - the concrete strain at any point

B fcx/Ec
Thus: W = ALS - ALC (3.22)
or W= gs (gy = Ecy)dX (3.23)

Equation 3.2 is a simplified version of Eq. 3.23. If, as shown in Fig.

3.5(b), the maximum reduction in the steel stress is referred to as

Afs,max’ equilibrium requires that:

Afs,max As - ft,max Ac
or ft,max = Afs,max o (3.24)
where ft,max is the maximum tensile stress in the concrete and p = As/Ac‘

(Note that Fig. 3.5(b) and (c) are to different scales).
Using the terms illustrated in Fig. 3.5, Eq. 3.21 can be

evaluated as:
AL =—t;:’"—a"-s-c (3.25)

where C is a constant relating the area of the concrete stress diagram

in Fig. 3.5(c) to a rectangle of area fe max © S For the parabolic

diagrams shown, C = 2/3, for a triangular diagram C = 1/2, etc. Similarly
f ., s Af s «C

_s2 S,max
ALS =—fF - 3 (3.26)
S S
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and the crack width is:

. st s Afs,max s+« C pAfs,max + s+ C=n
W = E - E - 3 (3.27)
S S S
=5 -
or W= Es [fs2 Afs,maxc(] + pon)] (3.28)
The major unknowns here are s, Afs max and C. Reference 6 reviews

a number of attempts to solve this expression.

(b) No Bond-S1ip Model

Broms [11] expressed the crack width as:

W = S € (3.29)

where S, Was taken as 2(c+db/2) and €, Was the average strain in the
steel. Unfortunately, no method of computing €, Was given.

(c) Localized Bond-S1lip Theories

The crack width theories based on localized bond slip generally
speaking use some form of Eg. 3.2, 3.22 or 3.23 (all of which are essen-
tially the same) to compute the crack width. The various theories
differ primarily in the way in which S and e, are defined.

Welch and Janjua [13] computed the average crack width using
W = s € : (3.30)

where Sm is given by Eq. 3.15 and

fs - 3 ksi
e = . (3.31)

m ES



The term 3 ksi is approximately equal to nf£/2 and is approximately the
average stress in the concrete stress diagram in Fig. 3.5(c).

For a member loaded in axial tension Beeby [7] also used
Eqn. 3.30 to predict the average crack width with S given by Eq. 3.19.

The term £, Was given as [5]:

K f! f
t sZ2,cr
£ = ¢ - (3.32)
m s2 ES o) f's2
K is a constant depending on the type of bar.
Leonhardt [4] has presented a detailed procedure for computing

the mean strains and crack widths. The crack spacing is assumed to be:
s = 8t (3.33)

where 20 is the unbonded length next to the crack (Eq. 3.17) and Qt is

the bond transfer length (Eq. 3.18).

Figure 3.6 is a load deformation diagram for an axially loaded
reinforced concrete prism. The steel alone would develop strains, €
corresponding to the dashed line (See Eq. 3.6a). The average strain
over the entire length, € is somewhat less, especially just after
cracking. The difference between € and €9 is referred to as "tension
stiffening". If the cracking strain of the concrete, €ep is ignored as

being very small, e, can be approximated by:

€n = Ego n - (if,c_[)z] (3.34)

The crack width is computed as:
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W= e 2% €m Yt (3.35)

This calculation is illustrated in Fig. 3.7. In the "almost
unbonded"” region, 20, adjacent to the cracks the steel elongates indepen-
dently of the concrete. Between these regions the steel strain is

Tower.

(d) Empirical Cracking Relationships

Two other crack width studies should be mentioned.
Gergely and Lutz [17] statistically studied all available beam
test results and concluded:

1. Steel stress was the most important variable.

2. Other important variables are the effective area around the
bar, A, the side or bottom cover, c, and in beams, the ratio
of the distance from the neutral axis to the bottom of the
beam to the distance from the neutral axis to the reinforce-
ment, R.

3. The bar diameter db was not a major variable.

It is interesting to note that all of the equations presented in this
section include some of these variables. Based on their statistical

analysis, Gergely and Lutz proposed:

at level of steel)

= 0.091 ¥ {c + db/25 A (fS - 5 ksi) x 107° in. (3.36)

wmax(

Based on studies of floor slabs with orthogonal reinforcement in

a given face, Nawy [15] proposed that the crack width be expressed as:

Woax = KRfS v T (3.37)
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where I = grid index = (dbl . tZ)/pel
where 1 refers to bars in layer closest to surface, 2 refers to
bars in inner layer, t is bar spacing.

This expression is of interest since it relates the crack width to the

spacing of the bars in both directions.

3.5 Similitude of Crack Widths

If models are used to study structural behavior, certain rules
of dimensional analysis must be considered in designing the tests and
interpreting the results. If model and prototype have the same material
properties the two structures are related only by a geometric scale
factor (SF) and lengths and deflections scale accordingly. On the other
hand, concentrated loads scale as SF?, while stresses and strains have a
scale factor of 1.

Ferry-Borges and Lima [12] concluded that similitude of flexural
crack formation does exist and hence crack widths in a relatively large
scale model would be SF times those in the prototype.

Kaar [18] tested quarter, half and full scale models of a 40
inch deep beam. He reported that the total number of cracks decreased
with decreasing model size although the overall crack patterns were of
the same general nature. He suggested that the crack widths were propor-
tional to the square root of SF.

From tests of slabs with thicknesses ranging 4.5 in. to 15 in.,
Beeby [19] concluded that if the effects of bond, aggregate interlock
and internal cracking all scale, the crack width should scale but the

crack spacing would not.
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Filho [20] carried out dimensional analyses of Beeby's crack
width equation Eq. 3.32 and the Gergely-Lutz crack width equation, Eg.
3.36. In both cases the analyses showed that the crack widths were
proportional to the scale factor. He also reported tests of 3/8 scale
models of bridge pier caps and concluded that the crack widths scaled as
SF and not as the square root of SF.

Although the literature is somewhat contradictory on the sub-
ject, Beeby's tests of cracking similitude and Filho's work both confirm
that crack widths scale in the same proportion as dimensions. Filho
cautions that one must consider relatively large scale models, however,

and Beeby warns that the reinforcement must be similar to the prototype.



4. CRACKING IN WALL SEGMENT TESTS

4.1 Typical Sequence of Crack Development in Wall Segment Tests

The development of cracks in Specimen 2 will be described in
this section. Specimen 2 was biaxially loaded with a loading ratio of
2:1, the vertical loads being largest. The crack development in this
specimens was typical of other tests.

Prior to testing this specimen had several shrinkage cracks on
Face A which was the top surface during casting. These are shown in
Fig. 4.1. There were no such cracks on Face B. At a vertical load of
287 kips the first cracks developed in a horizontal direction on Face A.
Fig. 4.2(a) and (b) show the extent of cracking at a vertical load of
300 kips. The first significant cracks on each face were roughly along
reinforcing bars and coincided with the locations of the three trans-
verse tendons.

Vertical cracks occurred on Faces A and B at horizontal loads
of 183K and 200K, respectively. These cracks also occurred along rein-
forcing bars, especially on Face A as shown in Fig. 4.3(a). On Face B
(Fig. 4.3(b)) the most pronounced vertical cracks followed the two
outside vertical tendons which were close to this face.

The crack patterns at the end of the test are shown in
Fig. 4.4. Vertical and horizontal cracks have formed at almost every
reinforcing bar.

Although a few cracks extended straight through the specimens,
most cracks tended to converge on a tendon. Figure 4.5(a) shows a
section cut through the companion specimen, Segment 1, in a vertical

direction. The cracks crossing this section are horizontal cracks. Two
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types of cracks can be seen. The cracks adjacent to the tendons con-
verged on the tendons and penetrated the segment. A comparison of Fig.
4.2(a) and 4.5(a) indicates that the first horizontal cracks to form
penetrated through the wall adjacent to the tendons. The cracks that
formed away from the tendons penetrated into the segment as far as the
steel and stopped there. Figure 4.5(b) shows a section cut through
Segment 2 in the horizontal direction to intersect the vertical cracks.
Again, the cracks converge on the tendons and penetrate the wall at
roughly the tendon spacing. The cracks at the two end tendons were
strongly affected by the load introduction zone.

Another cracking phenomenon noted in quite a few tests is
shown in Fig. 4.6. Here the initial crack has formed parallel to the
reinforcing bar as shown by the number 350 (referring to the load at
which this crack was first observed). With further loading the two
diagonal cracks marked 550 occurred. The transfer of force from a
deformed bar to concrete is accomplished primarily by the bearing of the
bar deformations on the concrete around the bar. This results in a
wedging action which leads to splitting cracks which isolate wedge
shaped pieces of concrete as shown in Fig. 4.6. At very high strains
these pieces could come 1oose from the surface and fall. This would be

especially true near lap splices or bar cutoffs.

4.2 Strains Measured in Wall Segment Tests

Strains were measured in three ways in the wall segment tests.
Mechanical gages referred to as Demec gages were used to measure strains

at the surface of the concrete on both faces. These gages had a 5 inch
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gage length and hence the "strains" measured in this way included strain
in the concrete itself plus the opening of the cracks falling within the
gage lengths. In a similar manner Demec gages were used to measure
average steel strains on a series of 5 inch gage lengths. These measured
the changes in length between plugs extending from the surface of the
bar to the surface of the concrete. 1In addition, up to 12 electric
resistance strain gages were mounted on the reinforcing bars in the
specimens. These gave spot measurements of the reinforcement strains in
isolated points in the specimens. The readings from the embedded gages
on the steel have not been used in this report although a correlation of
these readings and the Demec readings is given in Ref. 1.

The wall segment specimens were 31.5 by 31.5 by 10.5 in. in
size. Loads were transferred to the edges of the specimens through
tendons and reinforcing bars extending from these edges. To avoid the
possibility that stress concentrations resulting from the load transfer
caused atypical cracking or strains in the edge regions, all measure-
ments taken within half the thickness from the edges were disreqgarded.
As a result of the Demec strain gage placement, only the center 15 by 15
in. area of each face was considered in the analysis of crack width and
strain data for specimens 1 to 3, and the center 20 by 20 in. area for
specimens 5 to 13. Specimen 4 had measurements taken on a 15 by 15 in.
area on one side and a 20 by 20 in. area on the other.

A typical load vs strain graph is shown in Fig. 4.7. Several
things should be noted. The Demec gage had a dial gage graduated to
0.0001 in. Readings were reproducable by about 5 dial divisions, hence

the strains were reliable to the nearest 0.0001 in/in (100 p in/in



strain). The strains on the two faces and on the steel and concrete
differed due to the differing crack patterns on the two faces, round-off
errors in reading the dial gages, and slight eccentricities in the
loading system. At a load of 380 kips, corresponding roughly to the
yield of the reinforcing bars, the differences between the three sets of
Demec strains ranged from a low of 88 percent to a high of 114 percent
of the average strain.

Throughout this report, the strains referred to are the
averages of the concrete Demec strains for the two faces based on the 15
or 20 in. spaces referred to in the last paragraph. The procedures used
to compute average strains are presented in Ref. 1 and extensive plots

of these strains are given there.

4.3 Crack Widths Measured in Wall Segment Tests

(a) Method and Location of Measurements

During the tests, the widths of all the cracks crossing two
horizontal and two vertical lines on each face of each specimen were
measured using a hand microscope with a graduated optical scale. The
microscope used for specimens 1, 2 and 3 was graduated to 0.1 mm -
(0.004 in.). The microscope used in the balance of the tests was gradu-
ated to 0.001 in. Readings were estimated to the nearest 0.5 division
for crack widths greater than 1 division and to the nearest 0.2 division
for smaller widths. Taking account of the crookedness of the cracks and
the need for repeatedly measuring at the same point and in the same
direction, it is believed the readings were reproducable to the nearest

0.5 division.
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The measuring lines used were either directly over a rein-
forcing bar or halfway between two bars, typically at 5.25 in. and
9.75 in. from the top of the segment or a vertical edge of the segment.

(b) Reduction of Crack Width Data

To remove effects of the load transfer zone from the strain
data, average strains were computed for the center 15 or 20 inches of
each face of each segment as described in Section 4.2. A similar
technique was used in reducing the crack width data. The technique used
will be illustrated using Segment 2 as an example.

‘- The locations of the cracks crossing the two horizontal Tlines
and the two vertical lines on Face A (top face when specimen was cast)
of Specimen 2 are plotted in Fig. 4.8 and 4.9, respectively. The
cracks are numbered to show the sequence of formation. The letters VI
to V10 and Hl to H10 show the locations of the vertical and horizontal
reinforcement. The shaded areas represent the tendon locations. The
close relationship between the cracks and reinforcement locations can be
seen in these figures.

Strain measurements were made in the 15 inch spaces between
bars V3 and V8 and between H3 and H8. The crack widths and spacings
reported in this section are also referred to this space. For cracks
near the end of the measuring zone, such as crack 2 on line AHZ in
Fig. 4.8, only a portion of the crack width was assumed to result from
strains in the measuring zone. It was assumed that strains occurring in
the zone extending from halfway between cracks 5 and 2 to halfway
between cracks 2 and 3 would contribute to the width of crack 2. This

total width is 3.1 inches of which 1.53 inches falls within the length
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over which strains were measured. Therefore, in computing the total
width of cracks related to strains in the 15 inch measuring zone,
(1.53/3.1) times the width of crack 2 was included. Thus, the total
width of crack related to the strains was calculated by adding the

widths of:

Crack 1 + (1.53/3.10) x Crack 2 + Crack 3 + (1.70/5.63) x

Crack 4 + Crack 6 + Crack 7 + similar quantity for Face B

The resulting width will be referred to as the "total crack width" or
Iw. The term Iw/L, where L was the total length considered in computing

Iw (in this case 2 x 15 = 30 in.) is referred to as the average "crack

strain".

The number of cracks in the measuring zones, in this case:

4 + (1.53/3.10) + (1.70/5.63) = 4.8 for Face A plus

a similar quantity for Face B

This number will be referred to as the “total number of cracks", n. The
"average spacing" is computed as L/n. Finally, the average crack width

is Iw/n.

{c) Presentation of Crack Width Data The cracking loads and

tensile stresses at first cracking are given in Table 4.1. The method

of calculation used is discussed in Ref. 2. Values of load, average
Demec strain, crack widths and average crack strain are given in Tables
4.2.1 to 4.2.13 for each of the walls. A1l measured cracks are included
in these tables regardless of whether crack widths were measured directly

over a bar or half way between two bars. The third number in the Table



number is the segment number. Tables 4.2.1, 4.2.2 and 4.2.8 also report
average crack spacing for segments 1, 2 and 8. on the lines located
over the bars and those measured on the lines located between the bars.
The strains are those measured on gage lines perpendicular to the cracks
in each case.

Figures 4.10.1 to 4.10.13 show the crack patterns at the end
of testing each of the segments. The third number in the figure number
refers to the segment number. Figures 4.11.1 to 4.11.13 are histograms
of the crack widths at various strains. With the exception of Segments
12 and 13, these diagrams present the combined data for cracks measured
over the bars and those between the bars on Faces A and B. Since
Segments 12 and 13 had moment about one or both axes of the specimen,
separate plots are given for Faces A and B for these segments. The

radial lines 1in these drawings represent the 50th and 75th percentile

values.

33



5. DISCUSSION OF CRACK WIDTH DATA FROM WALL SEGMENT TESTS

Various procedures for computing crack widths and crack
spacings are presented in Chapter 3. In general these theories indicate
that the average crack width can be computed if the average spacing and
average strains are known. These two quantities are discussed in
Sections 5.1 and 5.2. The overall procedure used to calculate crack _

widths is given in Section 5.3 where it is compared to test data.

5.1 Crack Spacing and Sequence of Formation

(a) Cracks at Surface of Specimen

In Section 3.3 several procedures for estimating the crack
spacing were discussed. These relate the mean spacing to:
1. the ratio of bar diameter, db’ to the reinforcement ratio,
o (Eq. 3.12);
2. the minimum cover to the surface of the bar, c, or the cover
ap measured radially from the surface of the bar to the point
where the cracks are being observed (Eq. 3.13);
3. some combination of 1. and 2. (Eq. 3.15);
4. the spacing of the bars which are parallel to the direction of
the cracks.
The two extremes of bar cover in the tests were the cover of
0.5 in. on the vertical bars in Segments 1 and 2 and the cover of
1.63 in. on the horizontal bars in Segment 8. Figure 5.1 shows the
change in average crack spacing in these segments (defined as n/L in
Section 4.3(b)) as a function of strain. The average spacing decreases

as more cracks form until the strain reaches about 0.0015 to 0.002 and
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then remains constant for the rest of the test. In the analysis that
follows it will be assumed that the crack pattern has reached its final
stage when € equals 0.002.

Figure 5.2 compares the average crack spacing at 0.002 strain
for all the specimens with 3 inch spacing of bars. The horizontal line
represents the bar spacing and sets a lower bound on the data. The
sloping lines are the crack spacings predicted by Eq. 3.19 modified to
account for crack measurements taken at points not directly over the
bars. There is no relationship between these lines and the data.

Figures 5.3 and 5.4 are similar plots for specimens with 4 in.
and 6 in. bar spacings. Again the bar spacing is the lower 1imit on the
crack spacing and again Eq. 3.19 does not fit the data.

A reinforcing bar has a modulus of elasticity 7 to 10 times
that of the surrounding concrete. When a bar is embedded perpendicular
to the direction of applied stress in a softer elastic medium, as shown
in Fig. 5.5, the tensile stresses at A and B increase and those at C and
D decrease slightly. If, however, the bond is broken at A and B, the
stresses at C and D increase significantly, approaching those found
adjacent to a circular hole. This stress concentration probably tends
to reduce the average tensile stress required to crack the concrete. As
a result, if a crack is expected in a given region, it will often occur
at a transverse reinforcing bar. This is particularly true if the bar
spacing is similar to the expected crack spacing. For bar spacings
between a half and one times the minimum expected crack spacings the
stress concentrations at the bars should be enough to cause cracking at

the bar locations. For bar spacings between one and two times the
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minimum expected spacings, the formation of cracks along the bars should
make additional cracks between the bars unlikely. Thus, cracks should
be expected to follow bars if the bar spacing is between a half and two
times the expected spacing.

As shown in Fig. 5.2 to 5.4 there was no significant difference
between the crack spacings directly over the bars or those spacings
measured half way between two cracks. Once a crack has occurred at one
point along a transverse reinforcing bar, say directly over a perpen-
dicular bar, it can be expected to propagate along the length of the
transverse bar. As a result, the number of cracks at points between the
perpendicular bars is essentially the same as it is over these bars.

(b) Through-the-Wall Cracks

The photographs of the faces of Segments 1, 2, 4, 5 and 12 and
the sections cut through them in Fig. 4.10.1, 4.10.2, 4.10.4, etc. show
that roughly one-half the cracks in the segments extended through the
segments. In most cases the through the wall cracks divided near the
surface to form two surface cracks. In all the wall segments which had
prestressing tendons paka11e1 to the cracks, the through-the-wall
cracks occurred at prestressing tendons.

(c) Sequence of Crack Formation

As load was applied, the specimens initially cracked at one
location. With further loading more cracks occurred reducing the crack
spacing as shown in Fig. 5.1. The first cracks to form were through-
the-wall cracks. The next stage of cracking saw these cracks dividing
to form two cracks at the surface. At the surface the cracks coincided

with reinforcing bar locations. The final stage of cracking involved



surface cracks between the through-the-wall cracks. The surface cracks

penetrated roughly as far as the reinforcement layer perpendicular to

the cracks. The surface cracks developed at strains greater than about

80 percent of the yield strain of the reinforcing bars.

(d)

Assumed Model of Crack Formation and Spacing

developed
specimens.
structure.

1.

As a result of these observations, a series of rules were

for use in computing the mean crack widths in the wall segment
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It is expected that the same rules would apply in the prototype

If the spacing of transverse bars is between 0.5 and 2 times
the crack spacing computed from Eq. 3.19, cracks will form
along each of the transverse bars by the end of the test. The
cracking will be Timited to these cracks.

The spacing of cracks at the surface of the specimen is
independent of the radial distance from the longitudinal bars
(bars perpendicular to the cracks) to the point on the surface
where the cracks are observed.

In walls containing prestressing tendons parallel to the
direction of cracking, through-the-wall cracks will occur

at the same spacing as the tendons. Each of these cracks will
eventually subdivide into two surface cracks.

In walls without prestressing tendons parallel to the
direction of cracking, through-the-wall cracks will occur at
every second reinforcing bar and not further apart than the

wall thickness.



5. The number of through-the-wall cracks will stabilize by the
time the strain reaches 0.002. At any given strain less than

0.002 the number of through-the-wall cracks can be given as:

N = N (

twc ‘0.002 -

€s2,cr
where N is the number of through the wall cracks at the load
in question; Ntwc is the final number of through-the-wall
cracks according to assumptions 3 or 4; €go is the strain in
the reinforcing bars at the crack; €cr is the average strain
at the onset of cracking.

6. At a strain of 0.002, surface cracks form so that the

final spacing agrees with assumptions 1 and 2.

5.2 Mean Strain

As shown in Fig. 3.6 the mean strain, €’ measured over a gage
length including several cracks is less than the strain in the reinforce-
mént at the cracks. Leonhardt [4] has presented Eq. 3.34 to calculate
the mean strain after cracking. This is compared to the measured mean
strains and the mean strains from the BOSOR5 analyses in Fig. 5.6.1
through 5.6.11 (the third number refers to the Segment number). As can
be seen the prediction of €m by either method is adequate to good
depending on the specimen. It is interesting to note that Eq. 3.34
gives a satisfactory prediction of strains for Segments 9 and 11 which
contained splices.

For the purposes of computing mean crack widths in the segment

specimens the mean strain, € will be based on Eq. 3.34. To estimate
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the crack widths in the prototype, similar calculations can be carried

out based on the strains from the BOSOR5 analyses.

5.3 Mean Crack Widths

(a) Calculation Procedure

Although many authors present relationships for the maximum
crack widths, only mean crack width will be considered here. In view
of the vast area of concrete surface which would crack in a containment
vessel the mean width best represents the cracks governing potential
leakage. In the analysis of crack widths it is necessary to distinguish
between through-the-wall cracks which result in paths for leakage,
and surface cracks which do not. 1In the calculations for comparison
with test results both types must be considered. In leakage calculations
the surface cracks can be ignored.

The calculation of the mean width of the through-the-wall
cracks is based on Eq. 3.35 using the crack spacing model given in
Section 5.1(d), and the mean strain based either on Eq. 3.34 or the mean
strains from a BOSOR5 analysis. For comparison with the test data
the following steps were involved:

1. The total number, N, _, of through-the-wall cracks anticipated

twc
at the end of the test in the gage length, L, in which cracks

were observed was taken as:

_ oo
Niwe = 315 %L (5.2)

where 31.5 in. was the total width of the specimen and n was

taken as 3 if cracks were developing parallel to the 3 tendon
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direction (vertical cracks). In specimens without tendons
parallel to the cracks n was taken as 5 if the bar spacing was
3 in., 4 if it was 4 in. and 3 for 6 in. bar spacings.

The stress and load-induced strain in the reinforcing bars at

a through-the-wall crack at the cracking load were computed

as:
Pcr - Fee
fSZ,cr = _K;_Ijﬁ;_ (5.3)
and
®s2,cr st,cr/Es (5.4)

where Pcr is the cracking load, FSe is the effective prestressing
force after losses and AS and Ap are the areas of reinforcing
bars and prestressing tendons respectively. Leonhardt's
relationship (Eq. 3.17) was used to calculate the effective
unbonded length of bar at the cracks, 20. This was based on

the diameter of a bar having the same cross-sectional area

as the wires in the tendons (0.73 in. for 7 wire tendons, 0.68
for 6 wire tendons).

The bond transfer length, Rt, was taken as:
2, = s -2 (5.5)

where s was taken as the final spacing of the cracks at the
end of the test, taken equal to the spacing of the tendons
parallel to the crack or, in specimens without such tendons,

as two times the surface bar spacing.



At each load level, P, at which crack widths were computed the
following steps were carried out:
4. The stress and load-induced strain in the deformed bar rein-

forcement at a crack were calculated as:

P - FSe
foo = K;_I_K; (5.6)
and
€p = 1’52/ES (5.7)

If fSZ exceeded the yield strength of the reinforcing bars,

the stress in the prestressing tendons was calculated from:

P-AT
f = Sy (5.8)
p2 Ap

In this case the total strain in the tendons, was calculated
from the stress-strain curve of the tendons.
5. The mean strain, €, Was calculated using Eq. 3.34.

6. The width w_ ., of a through-the-wall crack was calculated

twc
using Eq. 3.35. This width was assumed to be divided evenly
between the two cracks which converge on a given tendon.
Surface cracks were assumed to occur after the through-the-
wall cracks to relieve the tension built up in the concrete between the
through-the-wall cracks. In the tests these cracks generally did not
occur until the reinforcing bars had yielded at through-the-wall cracks.

In the calculation of their width it was assumed that Eq. 3.17, 3.34 and

3.35 would be applied in a slightly modified form:

4]



The tensile force at cracking in a reinforcing bar crossing a
surface crack was taken equal to the tension force required to

crack the concrete concentric to that bar. Thus:

fs,cr = f% A/Ab (5.9)

where A = (2¢c + db)(bar spacing)

The effective unbonded length at a surface crack was taken as:

f d
_ s,cr b
os = T 6500 (5.10)
where fs or is in psi and db is the diameter of a surface bar.

The bond transfer length at such a crack was taken as:

lys = (bar spacing) - %os (5.11)

The width of the surface cracks was then computed using

Eq. 3.35:

We T €gp Qos + €m lts (5.12)

using €¢0 and € from steps 4 and 5.

Once the mean widths of the through-the-wall cracks and surface

cracks were known for a given load, the total width of cracks in the

gage length L was calculated as follows:

10.

11.

The number of through-the-wall cracks, N was calculated using

Eq. 5.1.

Before the reinforcing bars yielded, the total crack width was

computed as:
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(5.13)

After yield of the reinforcing bars the total crack width was

computed as:

iw = N« w + N_ - We (5.14)

(b) Comparison of Computed and Measured Crack Widths

Figures 5.7.1 to 5.7.13 compare the measured and computed
crack widths. Here, as in the case of the mean strain, the agreement of
measured and computed crack widths is adequate to good. In the range of
loading from a strain of 0.0005 to 0.002, during the period that cracks
are growing and extending, the mean ratio of measured to computed Iw/L
was 1.07 with a coefficient of variation of 0.347 for axially loaded
specimens without splices (Segments 1 to 6 and 8). This comparison was
not made for very high strains due to yielding of the mild steel
reinforcing at strains greater than about 0.0015 and the gradual loss of
bond on the prestressing tendons.

Segment 7 was not included in the average quoted. The computed
widths for this specimen were consistently lower than the measured ones.
This is due primarily to the extensive shrinkage cracking in this
specimen prior to testing. Several of these cracks did not extend
during the test. If the measured crack width at zero load is added to
the calculated widths, the resulting values agree quite well with the

measured values.
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5.4 Effects of Variables on Crack Widths

The effects of a series of variables are considered in the
following sections. The discussion of the effects is limited to the
range of mean strains, € from 0 to 0.002. The latter strain corres-
ponds well developed yielding of the reinforcing bars coupled with some
loss of bond on the tendons. Since this stage would represent an
advanced stage of damage to the containment it was assumed that designs
would be carried out to 1imit deformations to less than this value.

(a) Effect of Scale

The specimens tested were one-quarter scale models of segments
cut from the containment walls. In Section 3.5, a number of studies the
effect of scale on crack widths were reviewed. These concluded that in
properly scaled models, crack widths should scale in the same ratio as
the dimensions.

Segments 4 and 7 were tested to examine the scale effect.

With the exception of the overall width and height of the specimens
which remained at 31.5 in. in both cases, all dimensions in Segment 7
were 1.5 times the corresponding ones in Segment 4.

Figure 5.8 plots the median crack widths in Segments 4 and 7
as a function of the mean strains. The data exhibits a very large
scatter, particularly in the case of Segment 4. Linear regression lines
through the data are also plotted. The slope of the line for Segment 7
is 1.46 times that for Segment 4, suggesting that the crack widths
increase in proportion to the scale as suggested in Section 3.5.

(b) Effect of Biaxial State of Stress at Cracking

Several of the segments had different levels of prestress

in the two directions and were loaded at different rates in the two



directions. As a result, the ratio of the stresses in the two directions
varied during the test. This was further complicated by different
cracking loads in the two directions. When a crack forms the tensions
causing the crack are dissipated adjacent to the crack.

The effect of the biaxial stress state on cracking is examined
in Fig. 5.9. The lines plotted in this figure are linear regression
1ines to each set of data. Although the lines are roughly parallel,
their initial ordinates vary. The data falls into two groups:

1. The segments represented by solid points (Lines 2 and 3) had
loads parallel to the crack equal to 0.5 or 1.0 times the
loads causing the cracks considered in this plot. At the time
the first cracks formed, the stresses parallel to the cracks
were tensile in both cases and were about 30 percent of the
cracking stress for the segments represented by solid circles
(Line 2) and were about 100 percent of the cracking stress for
the segments represented by solid triangles (Line 3).

2. The open symbols represent cracks in segments with zero loads
and zero prestress parallel to the cracks (open triangles,
Line 1), and segments in which the applied tensions parallel
to the cracks had been dissipated by previous cracking per-
pendicular to the cracks plotted in Fig. 5.9 (open circles,
Line 4).

Although it appears the transverse state of stress at the time
of cracking affects the crack width, this effect is not large and has
not been explained as yet. When a crack occurs in a homogeneous elastic

body subjected to biaxial stress, the strain perpendicular to the crack,

45



46

which would contribute to crack opening, changes from

E E
before cracking to
o
c - w2

after cracking. The total change in strain is the same regardless of the
value of Tpe The crack width model presented in Eq. 3.35 is a function
on the equivalent unbonded length of bar adjacent to a crack. Although
this would be expected to be larger if the transverse stress is tensile,
the cracks appeared to open more slowly in this case.

The effect of the transverse stresses was ignored in the crack
width calculations with relatively 1little error.

(c) Effect of Bar Splices

At strains up to 0.002, the presence of bar splices did not
appear to affect the crack widths significantly as shown in Fig. 5.10.
Every horizontal bar in Segment 9 was lap spliced and alternate hori-
zontal bars were lap spliced in Segment 11. The crack widths in these
segments are compared in Fig. 5.10 to the crack widths observed in
Segments 1 and 2 which were similar in construction and loading. Regres-
sion lines are plotted in Fig. 5.10(b) to aid in the comparison. At
high strains, large cracks opened up near the ends of the lapped splice.

It is important to note that the spliced bars were the inside
layer and, as a result, had a layer of bars outside them to restrain the

opening of cracks.



(d) Effect of Moments

Segment 12 was loaded axially in the vertical direction and
subjected to an eccentrically applied horizontal load which caused
Face A to be in tension while Face B was near zero strain. As a result,
vertical cracks appeared only on Face A while horizontal cracks appeared
on both faces. Figure 5.7.12(a) shows that the calculation procedure
used in this report gives a reasonable estimate of crack widths in
segments subjected to moment. The widths of the horizontal cracks are
also closely estimated as shown in Fig. 5.7.12(b) and (c). The computed
crack widths plotted in these diagrams were based on the average Demec
strains. It is important to note that moment about one axis had Tittle
effect on the widths of cracks perpendicular to that axis.

Segment 13 was loaded with eccentrically applied loads in both
directions. The loads were applied in such a manner that Face B was in
tension and Face A near zero strain. Again the computed crack widths
based on the measured surface strains are a reasonable estimate of the

crack widths as shown in Fig. 5.7.13.

5.5 Closing of Cracks on Unloading

Several of the specimens were partially unloaded after cracking
had occurred to observe the degree to which cracks closed on unloading.
Except after the test was finished, the load was never completely
removed due to the need to maintain alignment of the specimen, etc. In
the prestressed specimens, the loads after unloading were chosen to be
less than the effective prestress force so that compression existed
across the cracks after unloading.

In no case did all the cracks close completely. This 1is
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believed to be a result of the internal cracking adjacent to the bars
and possible slight misalignments of the crack surfaces. Cracks of
0.0001 to 0.0057 in. were observed after unloading with the average
width being roughly 0.0013 in. If the specimens had been compietely
unloaded it is likely these widths would have been smaller. The change
the crack strain, Iw/L, corresponding to a change in average Demec

strain is plotted in Fig. 5.11. The change in crack strain is roughly

equal to:
A(Zw/L) = 0.5A¢

The residual crack strain after unloading is plotted in Fig. 5.12 as a
function of the strain before unloading. For average strains up to that
corresponding to yield of the reinforcement, an upper bond to the

residual strain was given by

Ae - A(zw/L) = >train Befo;e Unloading

5.6 Effect of Attachments

Although the presence or absence of attachments was not a
variable per se, Segments 4 to 13 had 3/8 in. diameter holes extending
into the specimen as far as the reinforcement on Face A. Segments 4, 6,
7, 10, 11 and 12 cracked first on face A with the initial cracks close
to or at the holes. Segments 1, 2, 3, 5, 8 and 9 developed first
cracking in regions without such holes. No significant difference was
observed at the 5 percent level in the tensile stresses at the time of

cracking in these two groups of specimens.



6. CALCULATION OF CRACK WIDTHS IN CONTAINMENT STRUCTURE

The calculation procedure used in Chapter 5 to calculate crack

widths in the wall segment specimens can be applied with suitable

“modifications to the prototype structure. It is assumed in the follow-

ing that the strains, €q> ON the two surfaces are known from a BOSOR5

analysis of the structure. Since the results of a crack width analysis

would be used to estimate leakage, the following calculation ignores

surface cracks. The following steps are then required:

1.

Determine the final pattern of through-the-wall cracks in each
direction. This involves the following steps:

(a) In walls containing prestressing tendons parallel to the
direction of cracking, through-the-wall cracks will occur at
the same spacing as the tendons but not farther apart than the
wall thickness. Each of these cracks will eventually sub-
divide into two surface cracks.

(b) In walls without prestressing tendons parallel to the
direction of cracking, through-the-wall cracks will occur at
every second reinforcing bar and not farther apart than the
wall thickness.

(c) In a Gentilly-2 type of structure the "circumferential"
cracks in the dome are assumed to form along tendons forming
hexagons concentric about the center of the dome. "Meridional"
cracks are assumed to form along all other tendons in the

dome.

Determine the number of cracks in each region in the wall as

€

_ m
N = 5007 X (Number of cracks from step 1)
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but not less than one fifth the final number of cracks from
step 1, where € is the strain from a BOSOR5 analysis for the
surface in question. If this differs on the two faces, the
larger number (larger surface strain) governs, except that if
one face has not cracked there are no through-the-wall cracks
in that region.

Compute the crack width as

where €mn is the strain from a BOSOR5 analysis for the surface
having the smaller strain perpendicular to the crack direction
at the load under consideration.

Using the numbers of cracks from step 2 and the widths from
step 3, it is possible to estimate the total length of crack

of each width that exists at each load level.
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7. SUMMARY AND CONCLUSIONS

The following observations and conclusions were drawn from the

cracking behavior in the wall segment tests:

1.

The initial load-induced cracks extend through the wall. The
spacing of such cracks is governed primarily by the spacing of
tendons parallel to the cracks.

The number of through-the-wall cracks increases as the strain
increases. A fully developed pattern of through-the-wall
cracks is reached at a strain of about 0.002.

When the through-the-wall cracking is fully developed subsequent
loading causes surface cracks which penetrate roughly as far
as the surface layer of reinforcement. The spacing of these
cracks is governed primarily by the spacing of reinforcement
near the surface.

The crack width can be calculated using Leonhardt's procedure
using a calculated mean strain or the mean strain from a
BOSOR5 Analysis.

In geometrically similar specimens the crack widths scale in
proportion to lengths.

Biaxial tension stresses in uncracked concrete had a small
effect on crack widths. This effect was ignored in the crack
width calculations with very little error.

Lapped bar splices had no effect on crack widths at strains up
to 0.002. At high strains, large cracks developed near the

ends of the splices.
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Although relatively 1ittle data is available, in no case did

all the cracks close completely on unloading. The change in
crack strain on unloading was about half the total change in
strain. The residual crack strain that remained after unloading
increased as the strain before unloading increased.

Holes in the surface of the specimen had no significant effect

on the tensile strength at first cracking.
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Table 2.2 Prestress in Tendons

Specimen Vertical Tendons Vertical Tendons
(4 Tendon Direction) (3 Tendon Direction)
Initial Effective after Losses Initial Effective after Losses
Stress, ksi Stress, ksi Force, ksi Stress, ksi Stress, ksi Force, kips
1 153.5 135.1 226.3 134.0 123.3 132.7
2 151.6 133.4 223.5 134.9 124 .1 133.6
3 153.3 134.9 226.0 135.2 124.3 133.9
4 - - - - - -
5 - - - 132.0 121.4 130.8
6 - - - 138.0 126.9 136.7
7 - - - - - -
8 154.0 135.6 227.1 139.9 128.7 138.6
9 150.6 132.6 222.1 134.3 123.6 133.1
10 152.4 134.1 225.3 134.0 123.3 132.8
11 151.56 133.3 223.3 135.0 124.2 133.8
12 152.8 134.5 225.2 135.8 124.9 134.6
13 152.4 134.1 225.3 134.0 123.3 133.1
14 - - - 134.0 123.3 133.1
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Table 4.1 Load and Tensile Stress at First Cracking

Segment Vertical Load at Horizontal Load at Tensile Stress
First Horizontal First Vertical Cracking at First
Cracking, kips kips Cracking, psi
Face A Face B Face A Face B

1 300.0 325.0 194.0 179.3 307
2 287.5 300.0 183.5 200.0 174
3 350.0 300 206.8 206.8 229
4 80.3 60 60 60 259
5 -- -- 280.2 255.5 389
6 -- -- 185.0 ©196.0 223
7 75.1 100.0 82.1 82.1 168
8 350.0 350.0 175.0 175.0 321
9 350.0 300.0 181.8 181.8 221
11 284 300 175 175 170
12 300 340 170 -- 292
13 -- 175 -- 150 300

The underlined values indicate the loads and faces corresponding to the
reported tensile stresses at first cracking.
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Crack Strain
.0575
.0875
.1125
.1575
.1650
.1950
.2375
.2375
.2375
.2375
.2375

Average
(zw/L)x10°3

Maximum
1.5
2.0
3.0
6.0
5.0
7.0
7.0
7.0
7.0

1.5
2.0
3.0
6.0
4.5
6.5
6.5
6.5
6.5
6.5
6.5

75%ile

1.0
1.5
2.5
3.0
3.0
3.0
5.0
5.0
5.0
5.0
5.0

50%ile

TABLE 4.2.13
Crack Widths, in.x103

1.3
1.5
2.0
3.0
3.0
3.7
4.3
4.3
4.3
4.3
4.3

Mean

of

2
3
3

Cracks

Crack Width and Average Strain Data for Segment 13
No.

Strain

in.x10?
-.3300
-.5075
-.42
-.3175
-.37
-.36
-.355
-.365
-.35
-.44
-.4025

106.7
130.8
155.6
172.2
205.4
229.8
256.3
280.9
305.9
329.4
345.6

Horizontal Cracks (Face A)

Vertical Cracks (Face A)

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

H

(b)

Load, kips
'
201.9
252.1
302.6
337.4
337.4
337.4
337.4
337.4
337.4
337.4
337.4

(a)

.0625

oo

o wn

o N

o wn

[en o]

o w

o

.045
. 085

106.7
130.8
155.6
172.2

201.9
252.1

.0625
.125
.3375
.30
.5525
.5225
.4875
.4750
.430

2.5
2.5
3.0
3.0
5.0
4.0

2.5
3.5
3.5
4.2
4.2
3.7
3.7
3.7

2.5
1.5
3.0
3.0
3.4
3.4
3.2
3.2
3.2

2.5
1.7
2.7
2.4
3.3
3.1

2.9
2.9
2.6

.12
. 285
.35
.605
.64
.67
.61
.505
38

205.4
229.8
256.3
280.9
305.9
329.4
345.6

337.4
337.4
337.4
337.4
337.4
337.4
337.4
337.4

302.6
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Figure 2.2 Sections Through Wall Segment Specimen
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Figure 2.5 Specimen 2 After Testing
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Figure 2.7 North-South Section Through Loading Frame
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A

(a) Prism

fa o )

(b) Variation of Tensile Strength and Stress Along Prism

2nd Crack

3

5]

(C) Tensile Stresses after First Crack

r Y vWy

(d) Tensile Stresses after Three Cracks

Figure 3.1 Cracking of an Axially Loaded Prism

86



Steel Stress at Crack
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Cracking ts. (Eq. 36a)

Load

* A
“Stress Jump” | __— ’//iilf&

Figure 3.2 Jump in Steel Stress at Cracking



t, = Region of Almost Lost Bond
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Figure 3.3

Internal Cracks at Bar Deformations
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Figure 3.4 Spread of Tensile Stresses
Adjacent to a Crack
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(a) Cracked Prism

(b) Variation of Steel Stress along Bar

(c) Variation of Concrete Stress along Prism.

rete and Steel

Figure 3.5 Stres

in a Cracked Prism
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(b) fs - €4, Diagram

Figure 3.6 Load-Deformation Diagram for
an Axially Loaded Reinforced
Concrete Prism
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Figure 3.7 Strain Diagram Assumed in
Crack Width Calculations



93

1S9L 03 J40lad 2 Judwbas ul sydoeu) IbejuLays |y sanbiry

g @2%4 (q) y ade4 (e)

O .-
O =
NIWIDIdS

{ON




94

2 Juswbas ut syovuy LBIUOZLUOH 3ISuld 2°yp 3unbi 4

g 9oe4 Aav

G = OTA
3¢ = o . i QTH
G ; L ON NIWIDIS -




95

2 Juswbas UL SYJBU) |BOLIUIA ISdL{ €'} a4nbtL 4

g aoey

y OOt =Q1A

007 =QTH
T ON NIWDAIS

(q)

y 904

(

v

)



Face B

(b)

Face A

(a)

Figure 4.4 Cracks in Segment 2 at End of Test
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(a) Horizontal Cracks in Segment 1 (Face A Upwards)

(b) Vertical Cracks in Segment 2 (Face A Upwards)

Figure 4.5 Sections through Segments 1 and 2 at Ends of Tests



Figure 4.6 Development of Cracks along Bars
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Figure 4.7 Load-Average Strain Curves,

Segment 5
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Figure 4.8 Locations of Cracks Crossing Horizontal Measuring Lines,
Face A, Segment 2
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Figure 4.9 Locations of Cracks Crossing Measuring Lines,

Face A, Segment 2
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(c) Horizontal Section (Face A Upward)

Figure 4.10.4 Cracks in Segment 4 at End of Test



106

1S9l JO pu3j 3je G juswbag uL syded) Go|°y 3J4nb 4

g9 9oe4 Anv

din
diH
WID3dS

Yy 9%e4 (@)

=dIA

N3




(c) Horizontal Section (Face A Upward)

Figure 4.10.5 Cracks in Segment 5 at End of Test
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(b} Face B

Face A

(a)

Figure 4.10.9 Cracks in Segment 9 at End of Test
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(c) Horizontal Section (Face A Upward)

Figure 4.10.12 Cracks in Segment 12 at End of Test
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NO. OF VERTICAL CRACKS
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(d) Vertical Cracks

Figure 4.11.12 Distribution of Crack Widths, Segment 12, Face B
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(a) Horizontal Cracks

Figure 4.11.13 Distribution of Crack Widths, Segment 13, Face A
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Average Crack Spacing
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Figure 5.1 Effect of Cover, Bar Spacing and Strain
' on Crack Spacing
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Figure 5.5 Bar Embedded in Concrete
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(a) Horizontal Strains

Figure 5.6.1 Measured and Computed Mean Strain, €’ Segment )
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Vertical Load, Kips
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(b) Vertical Strains
Figure 5.6.1 Measured and Computed Mean Strain, €m’ Segment 1
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(a) Horizontal Strains.

Figure 5.6.2 Measured and Computed Mean Strain, €m’ Segment 2
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(b) Vertical Strains

Figure 5.6.2 Measured and Computed Mean Strain, ¢_, Sedament 2
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(a) Horizontal Strains

Figure 5.6.3 Measured and Computed Mean Strain, €m? Seament 3

151



Vertical Load, Kips

600

500

400

200

100

Measured

o— —O0— -—-0EQq. 3.34
L————ABOSOR5

__1 ] | | 1
0.001 0.002 0.003 0.004 0.005

Strain

(b) Vertical Strains

Fiqure 5.6.3 Measured and Computed Mean Strain, €m? Segment 3
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(a) Horizontal Strains

Figure 5.6.4 Measured and Computed Mean Strain, € Seqment 4
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(b) Vertical Strains

Figure 5.6.4 Measured and Computed Mean Strain, Em’ segment 4
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Figure 5.6.5 Measured and Computed Mean Strain, €’ Segment 5

155



Horizontal Load, Kips

500

400

300

200

100

Measured

o— -0- -0 Eq.3.34
A—A—A BOSORS

| 1 | | ]

0.001 0.002 0.003 0.004 0.005
Strain

(a) Horizontal Strains

Figure 5.6.6 Measured and Computed Mean Strain, Em Seqment 6
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(a) Horizontal Strains

Figure 5.6.7 Measured and Computed Mean Strain, €., Segment 7
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Figure 5.6.7 Measured and Computed Mean Strain, €m> Segment 7
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Figure 5.6.8 Measured and Computed Mean Strain, Em? Segment 8
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Figure 5.6.11 Measured and Computed Mean Strain, €’ Segment 11

163



Vertical Load, Kips

600

500

400

300

200

100

Measured
o— —o0— —o Eq.3.34

| | | N |
0.001 0.002 0.003 0.004 0.005
Strain

(b) Vehical Strains

Figure 5.6.11 Measured and Computed Mean Strain, € Segment 11

164



Vertical Load, Kips

600
T

500

400

300

200

100

Measured
O—- -O— -0 Eq. 334
H—t——aA BOSOR5

J | I _

0.001 0.002 0.003 0.004

Strain

(a) Vertical Strains (Face A)

0.005

Figure 5.6.12 Measured and Computed Mean Strains, €m? Segment 12

165



Vertical Load, Kips

400

600

500

300

200

100

(b) Vertical Strains (Face B)

Figure 5.6.12 Measured and Computed Mean Strains, €m? Seament 12

Measured
O— —O0— —OKEq 334
Hr——tr— BOSOR5
| | | 1 _J
0.001 0.002 0.003 0.004 0.005
Strain

166



Horizontal Load, Kips

400

300

200

100

—
‘,AD
B 4
fof
of
Measured Xw/(
, o— —O0— -0 Computed Zw/{
k—.
i | 1 B ]
0.001 0.002 0.003 0.004 0.005

Strain, Xw/f
(a) Vertical Cracks

Figure 5.7.1 Measured and Computed Crack Strain,Iw/%, Seament 1

167



Vertical Load, Kips

600 g

500

400

300

200

100

Figure 5.7.1

168

Measured Zw/{(
0— —0— —0 ComputedZw/{

] | 1 | |
0.001 0.002 0.003 0.004 0.005
Strain, Xw/{

(b) Horizontal Crack

Measured and Computed Crack Strain, Iw/%, Segment 1



Horizontal Load, Kips

500

400

300

200

100

Figure 5.7.2 Measured and Computed Crack Strain, Iw/%, Segment 2

Measured Ew/{
O— —O— =0 Computed Zw/{

| ] | | |

0.001 0.002 0003 0004 0005
Strain, Xw/{

(a) Vertical Cracks

169



Vertical Load, Kips

600

500

400

300

200

100

Measured Iw/(
o— -0— —0 Computed Zw/{

] | i | | |
0.001 0.002 0.003 0.004 0.005
Strain, 2w/

(b) Horizontal Cracks

Figure 5.7.2 Measured and Computed Crack Strain, Iw/%, Seament 2

170



Horizontal Load, Kips

500

400

300

200 §

100

Figure 5.7.3 Measured and Computed Crack Strain, Iw/%, Segment 3

—
-—— e
—
- m—

Measured Tw/¢{
O— —O— —OComputed Zw/f

| | | L

0.001 0002 0.003 0.004
Strain, >w/{

Vertical Cracks

0.005

171



Horizontal Load, Kips

200

100

Measured Zw/(
O— —O0— —0 Computed Ew/¢{

] | | I |
0.001 0.002 0.003 0.004 0.005

Strain, X w/(,

(a) Vertical Crack
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Figure 5.7.13 Measured and Computed Crack Strains, Iw/%, Segment 13
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