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Abstract

This report evaluates the direct tensile strength and an equivalent
uniaxial tensile stress-strain relationship for prestressed concrete
using data from spedimens tested at the University of Alberta which
represent segments from the wall 6f a containment vessel. The
stress-strain relationship, when used in conjuhction with the BOSORS
program [4], enables prediction of the response of prestressed concrete
under any biaxial combiﬁation of compressive and/or tensile stresses.

Comparisons between the experimental and analytical (BOSOR5) load-
strain response of the wall segments are also presented. It is
concluded tﬁat the BOSOR5 program is able to predict satisfactorily

the response of the wall segments and multi-layered shell structures.
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Notation

Special Symbols

{1} = ‘a column vector

< > = a row vector

Superscripts and Subscripts

'

1,2 = sgubscripts indicating orthogonal directions or a sequence
: of points.

c = sgubscript indicating "compression” or "concrete"
e = subscript indicating "effective"

P = sgubscript indicating ''prestress"

8 = subscript indicating "steel"

E = guperscript indicating "elasfic"

P = superscript indicating "plastic"

Roman Letter Symbols

Ac = net area of concrete

Ap = area of prestressing steel

AS = area of mild steel

At = total transformed area

e = eccentricity of the applied load

Ec = initial elastic modulus of concrete

Ep = initial elastic modulus of prestressing steel
Es = initial elastic modulus of mild steel

£ = stress

fé = 28 day compressive strength of 6 x 12 cylinder
fg = maximum compressive stress of concrete
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£ = effective tensile stre&s in the prestressing strand after

pe all losses have occurréd

fpc = compressive stress in Fhe concrete, after all prestress
losses have occurred |

fé = tensile strength by Br#zilian splitting test

fg = maximum tensile strengfh in segment considering bending
effects

fto = maximum tensile strength in segment ignoring bending effects

ftR = concrete strength in tension at the loading rate of R
psi/sec.

P = toﬁal axial load on segment

Pcr = load at which first cracking occurs in the concrete

Pc = effective load carried by concrete

Pp = effective load carried by prestressing steel

Ps = effective load carried by mild steel

R = Jloading rate (bai/sec.)

v = concrete volume in Eq. 2.3

Vo = concrete volume of a 4 inch cube

X = concrete strength in Eq. 2.3

Xo = concrete strength of a 4 inch cube

X,Y,2 = a sequence of stress points

Z = gection modulus of total transformed area

Greek Letter Symbols

o = fraction.of fé to determine the effective value for f:
€ = gtrain
{e}ael’az

= the vector of total principal strains and its components
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e =

f} =
EO -
epe -
esi =
€, -
ry -
\) =
{0},0,,40,

g -

i

the vector of elastic principal strains
the vector of plastic principal strains

uniaxial strain corresponding to the maximum compressive

stress, f"
. c

strain in the prestressing steel caused by the effective
prestress

initial prestrain in the concrete and mild steel
ultimate compressive strain of concrete
equivalent uniaxial strain

elastic Poisson's ratib

the vector of principal stresses and its components

equivalent uniaxial stress

w



1. INTRODUCTION

1.1 Background to Report

This report is a sequel to the report entitled "Inelastic
Analysis of Prestressed Concrete Seéondary Containments", [14], which
déalt with the development of analytical capabilities for the prediction
of nonlinear response of nuclear containment structures. This analytical
study relied extensively on the data from tests of reinforced and
prestressed concrete 'wall segments" representing portions of the
wall of a containment vessel. ' These tests were carried out under a
parallel experimental program at the University of Alberta with the primary
objective that comparisons could be made between analytical and experimental
results. Figures 4.1 to 4.3 discussed later in this report, sho& the
overall layout of these specimens. At the time Ref. 14 was written, nine
of fourteen wall segments had been tested, but the data was not fully
processed. Based on the resuits of the first three wall segment tests,
it was shown in Ref. 14 that é proposed elastic-plastic constitutive model
for concrete, when used with the BOSOR5 program [4], was adequate for a
simulation of experiméntal reéults.

During the period between the writing of Ref. 14 and the present,
the remaining data has been processed. This allows fﬁrther conclusions
to be drawn in co;nection with the nonlinear tensile behavior of concrete,

~as presented in this report.

1.2 Objective of Report

A fundamental requirement of analysis with the proposed elastic-

plastic constitutive model for concrete [14] is an adequate characterization



of the concrete behavior, which forms a part of the input of the structure
to be analyzed with the BOSOR5 progfam. The concrete behavior is
characterized, in the constitutive model, by two individual uniaxial
stress-strain curves, one for tension and one for compression. These
input curvgs remain unchanged throughout fhe loading history of the
structure irrespective of any change in ;he state of the biaxial stress
of the concrete, The constitutive model determines which point on the
stress~straln curve is pertinent. to each of the two principal stress
directions. Such a point provides the basic properties of the concrete,
such as the hardening parameter and the stiffness:of the concrete, for a
given equivalent plastic strain.

The uniaxial stress-strain curves were initially estimated
from published resulfs of uniax%al tests on plain concrete prisms, as
described in Ref. 14. (Sects. 2.5.3 and 2.5.4). |

A certain amount of engineering judgement was involved in the
‘estimation. An éttempﬁ is made, theéefore, in this report to obtain
more reliable estimates of the tensile stress-strain curve using the
experimental data from a wider spectrum of the test segments. Briefly,
the primary objectives are:

1. To rationally derive a tensile stress-strain curve for
concrete for use with the elastic-plastic constitutive model

of Ref. 14,

2. To obtain an estimate of the strength of concrete in direct
tension, as it is exhibited in reinforced and prestressed

wall segments.

3. To make additional comparisons between the predicted analytical and

the experimental response of the test segments. This serves as a



verification of the uniaxial stress-strain curves, as derived

herein, and of the analytical technique.

1.3 Structure of Report

A short literature review of experimental and theoretical stress-
strain curves for: concrete is presented in Sect. 2.1, Tﬁe formulation
required to derive a tensile stress-sﬁrain curve for concrete, based on
the test segment data, is contained iﬂ Sect. 2.2. '

Sections 3.2 and 3.3 discuss‘the observed cracking loads of
the wall segments and compute the tensile strength of the concrete in
each of the segments. The factors that may affect the tensile strength
are also discussed.

Based on the measured strains of the test segments, the
tensile stress-strain curve for concrete is computed for each of thg
test segments in the remﬁining part of Chapter 3. A lower bound for
the'degrading branch is then proposed.

Comparisons between the analytical and experimental load-strain

response of the test segments is made in Chapter 4. Conclﬁsions are

contained in Chapter 5.



2. DERIVATION OF THE UNIAXIAL TENSILE STRESS-STRAIN

CURVE FOR CONCRETE

2.1 Literature Review

Since the‘present test program deals with specimens tested in
tension rather than compression, the uniaxial stress-strain curve in
compressién is relatively unimportant. Therefore, only a scanty litera-
ture review is prov;ded on this aspect of concrete behaﬁiqr.

Ektensive surveys of experimental and theoret}cal.stress-
strain curves in uniaxial compression have been carrieh'out by Sargin
[18] and by Popovics [17]. Safgin pointed out that thére are numerous .
factors that could affect the response of concrete to éxtérnal loads
such as the strength of the concrete, lateral reinforcement,{time,.strain
,‘gradientvand specimen size. He, therefore, proposed a éheoretical
stress-strainvrelationship for concrete under flexural compreséion
which accounts for the above factors. The form of the relationship is,
as expected, quite complicated.

‘ To date, one of the most widely used theoreticai stress-strain
curves is that proposed by Hognestad [7] in 1951. Although the
relationship does not reflect ;11 the factors mentioned above, it at
least accounts for the variation of the initial elastic modulus, EC, and
"the compressive strain, eo,,corresponding to the maximum stress, f:,
as the compressive strength of thg‘contfol cylinder, fé, varies. The
relation is of the form:

£, = £ [2e/e - (s/eo)z] for € < € (2.1a)




= [ - - -
fc fc (eu 0.85 €, 0.156)/(€u eo) (2.1b)

for e > ¢
o

where eu is the ultimate strain, which is assigned a constant value of
0.0038. fg assumes a constant relationship to fé (= 0.85 fé), and Ec

is given by
E = 18,000 + 0.46 fé (2.2)

Equation 2.1 has proven to be adequate on many investigations and
is adopted herein.

Theoretical simulation of the tensile stress-strain curve is,
unfortunately, much more difficult since experimental inVestigatidﬂ is
sparse. To obtain the complete experimental stress-strain response,
the testing machine must be rigid and the loading platen properly designed.
. By making sure these requirements were satisfied Evans and Marathe [6],
and Hughes ;nd Chapman [8] were able to successfully obtain complete
curves using plain concrete prismatic §pecimens loaded uniaxially.

The curves show a degrading stiffness similar to that of the compression
curve. Ref. 6 indicates that the peak tensile strength ﬁay occur at
strains‘between 0.00015 and 0.0008 and that the secant modulus of
elasticity drops rapidly on the falling branch of the stress-strain
curve, reaching an average value of 0.25 X 10° pgivat a strain of about
0.0006 compared to an initial tangent modulus of roughly 12 times that
amount. Nevertheless, the specimens were able to éttain a strain well
above 0.001 béfore failure occqrred and the corresponding stresses varied
between 25 to 40 percent of the maximum tensile strength. Microcracking

occurred at strains between 0.00009 and 0.00014.



A detailed documentation of the factors that affect the cracking
and ultimate tensile strengths of concrete is given by Neville [15].
Variation of tensiie strengths between similar test cylinders can be
caused by loading rate and the moistuge condition during testing.
A further Vafiation in the tensile strengths is expected between the
concrete in the test cylinder and a structural test specimen. The
more important factors are differences in the curing conditions, size
effects, the effect of reinforcement on the mode of cracking in the
specimen, and the different stress regimes in the cylinder and specimen
at cracking. The mode of cracking, {i.e. - flexural tensile cracking or direct
tensile c:ackiﬁg, or cracking in a biaxial compression-tension field as
in a split cylinder test), influences the cracking strength that the concrete
can dévelop. Neville [15] reported that a size effect is reflected
in the ratio of the smallest dimension of the test specimen to
the maximum aggregate size. The higher the ratio, the ;ess pronounced
is this size effect. |

Several investigators have used the weakest link theory to rel&te
the tensile strength of concrete to the volume of concrete under high
stress. Linder and Sprague [10] reported a 15 percent decrease in the
modulus of rupture between 6 and 18 inch deep beams and explained this
using such a theory. Malhotra [11] reported that the temsile strength
of a 4 in. diameter cylinder is greater than that of a 6 in. diameter
cylinder. Typically the difference would be about 13 percent for
cylinders with a nominal strength of 400 psi. Bolotin [3] has presented
Eq. 2.3 to relate the strength, X, of a given specimen of volume V

to that of a 4 in. cube stressed in direct tension and having a strength

and volume of X and V_.
o o



\
X = X {0.43 + 0.57 [7°]1/3} (2.3)

As V goes to infinity, X approaches 0.43 Xo‘

A further factor affecting cracking in reinforced concrete
structures is the presence of reinforcement. Such aspects as bar cover,
bar spacing, transverse reinforéing;percentage of reinforcement, and
multiaxial stress conditions may all be expected to have an influence

on the cracking behavior and the tensile strength of concrete.

2,2 Derivation of an Effective Tensile Uniaxial Stress~Strain Curve

2.2.1 General Concepts

One of the main objectives of the experimental test program at
the Uni§ersity of Alberta is to provide data for the derivation of an
effective uniaxial tensile stress-strain éurve for concrete, which is
adequate‘to allow a reliable simulation of the response of wall segments
subjected to tensile membrane forces. The test specimens included both
non-prestressed and prestressed wall segments subjected
to either uniaxial or biaxial tensile forces.

For a specimen in tension, the internal force
distribution between the concrete and the steel before cracking
occurs is a function of the material stiffnesses. After cracking, the
concrete stress drops to zero at the crack, as shown by the simple
example in Sect. 2.1 of Ref. l4. However, bond stress is developed
between the concrete and steel which prevents the effective stress in
the concrete from reducing to zero along the entire length of the
specimen. The entire load would be carried by the steel at the location
of a 'through-crack', but the strain associated with the maximum steel

stress occurs only over a short length of the steel. The average



strain in the spécimen is considerably less than the maximum steel
strain and provides a means of determining the average internal force
to be attributed to the concrete in order to simulate the proper wall
stiffrness of the section. The average strain is easily measured in
a tensile test.

Redistribution of forces during the progressive deterioration of
a structure is dependent‘on the relative overall stiffnesses of the
components and not upon the maximum stresses at specific points.
Average crgck'widths and distributions are also dependent on overall
stiffnesses rather than stresses at specific points. Therefore, to
reliably predict redistribution, cracking, and consequently leakage,
in a complex structure it is necessary to predict average strains in
concrete subjected to tensile effects. The concept of retaining a residual
stress in the concrete is necessary if accurate predictions of strains
and deformations are to be made for membrane tension states in prestressed
coﬁcrete wall segments. The effective stiffness of the concrete is
reduced, of course, as more and more cracks form and ultimately the
stiffening effect of the concrete disappears as the stress becomes
almost totally transferred to the steel. Since the degrading part of
the derived stress-strain curve is a function of the average strain,
which in turn is dépendent on the crack width and distribution, its
shape may be expected to vary. Crack widths and distribution are themselves
dependent on numerous factors such as the concrete cover, reinforcement
ratio, bar size and yield strength of the reinforcemenﬁ. By necessity,
the current experimental test program is very limited and does not
allow any extensive investigation of the effects of these parameters on

the degrading part of the stress-strain curve.



The equivalent uniaxial stress-strain curve can be derived
from_either_the uniaxially or biaxially loaded specimens. If it is
true that biaxial tensile response can be related to uniaxial tensile
response, and if the proper form of this relationship is khown, the
beffeCtive uniaxial curves deduced from either type of specimen should
be similar. The techniques used herein of attempting to deduce such
a uniaxial curve from each of these types of specimens are discussed
below.

2,2, 2 Derivation of Effective Tensile Uniaxial Curve from Uniaxially
Loaded Specimens

The load-strain response of the mild steel and the concrete
in a prestressed wall segmentiare schematically shown as the left-hand
~curve in Fig. 2.1. The average measured strain, €, in the direction
of the applied load, P, is recorded only when the load is applied and
is zero when the load is zero. However, strains already exist in the
wall segment due to the prestressing operation. The prestressing
operation induces a tensile strain, epe, in the prestressing steel and
a small compressive strain, €gi? in the mild steel and concrete. It .
is assumed that epe is the effective strain in the preétressing steel
after all creep, relaxation and shrinkage losses, and.that fpe is the
associated stress. It is simple to compute the total strain in the
prestressing steel at any stage of the iéading from test observations if
epe is know?. Because of compatibility in a bonded prestressegbspecimen,
the difference between the strains in the mild steel and prestfessing
~ steel should remain éonstant and equal to Iesil + Epe’ as shown in

Fig. 2.16, during any short term loading. Then neglecting redistribution

due to creep,



=f /E E .
epe Pe/ P (2.4

€y = fpe A.p/Ec (Ac + EsAs/Eé) -i (2.5)

| where Ep, ES and E, are the short term modulii of elasticity of the
prestressing steel, mild steel and concreﬁe, respectively, Ap is the
area of the prestressing steel, A,S is the area of the mild steel, and
Ac is the net area of the concrete.

At any given load P, the force carried by the concrete, Pc’ is

Pc = P - Ps - Pp (2.6)
where P, and Pp are the forces carried by the mild steel and pre-
stressing steel, respectively. Ps and Pp can be calculated from the
average measured strain and hence Eq. 2.6 becomes,

P, =P - EA, (e+e ) - EpAp (e + epe) . (2.7)
in which € is the observéd or measured strain.

Eq. 2.7 leads to the effective stress in the concrete being,

o, = PC/Ac | (2.8)

The equivalent uniaxial stress-strain curve is obtained by plotting
Oz V8 E.

2.2.3 Derivation of Effective Tensile Uniaxial Curve from
Biaxially Loaded Specimens

The derivation of an effective uniaxial stress-strain curve,
cdnsistent with the constitutive model of Ref. 14 , from a biaxially
loaded wall segment involves a definition of a yield curve in biaxial
stress space and a procedure of calculating the plastic strains.
Consider a wall segment being loaded biaxially with a conétant load
ratio, creating a concrete stress ratio which, due to the degrading

nature of concrete, is not constant. The stresses in the concrete at

10
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three load steps are plotted as points Z, Y, X in biaxial stress
space, as shown in Fig. 2.2a. If the shape of the yield curve for
concrete in the Biaxiél stress space is known, then the yield stresses
corresponding to the three stress points may be representéd by

(321, 322), (3&1, 5&2) and (5;1"6;2)‘in Fig., 2.2a. These stresses
are the equivalent uniaxial yield stresses. It is to be-noted that
there can be ﬁany combinations of yield stresses for each yield curve
if the chosen yield curve is non-symmetrical. Appendix A describes a
technique by which the yield stresses may be determined in a manner
completely consistent with the yield théory, providing sufficient experi-
mental points are available.,

However, since only one of the values of the yield stresses is required
to plot a curve, we will use a simple approach and select the one that
corresponds to the direction that cracks and softens first. Although
this procedure ié not strictly defensible, the scatter of the test results
is such that the more sophisticated treatment of appendix A does not
appear warranted. The choice of a function for the yield curve should
rely on experimental results, such as those of Kupfer, Hilsdorf and Riisch [91.
Various suitable functional forms have been discussed in Sect. 2.4 of_
Ref. 14, 1In its simplest form the yield curve in the tension-tensioﬁ
zone approachéé a rectangle, implying that the yield stresses in the two
principal directions are independent of each other. For the derivation
of the‘stress-strain curve, herein, a rectangular yield curve is assumed,
as shown invFig. 2.2c,>because of its simple form.

For each of the stress points, say at point X in Fig. 2.2a,

the equivalent uniaxial strain is given by (see Fig. 2.2b)
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+ € : (2.9a)

— —p —E
x ™ & X
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- —p X |

&y & + = (2.9b)

where E§ is the equivalent uniaxial plastic strain, E%'is the yield

stress consistent with this level of yield curve and € is the equi-
' X
valent uniaxial total strain.

In order to compute the unknowns, E; and cx

the concrete in the two loaded directions are first obtained in the

» the stresses in

concrete in the same manner as in the uniaxially loaded case. The

forces carrieg by the concrete are,

Pog = Py - E A (e +e (2.10a)

E A (e + e
P

si,l) pe,l)

P. = p ) (2.10b)

2 A.pl(e2 + €

2 " EBgAgp(eyte ) - E pe,2
where the subécripts 1 and 2 denote the direction. It should be noted
that no Poisson's ratio correction is needed for 81 and 62 in the above

equations because the steel bars behave uniaxially. The concrete

stresses are,

01 © Pcl/Acl ' (2.11a)

0o = Pc2/Ac2' ' (2.11b)

Having chosen the rectangular yield curve of Fig. 2.2c, the yield
stress corresponding to the stress point (ccl, Ocz) is o, = O.2s
while'gl is not defined, as shown in Fig. 2.2c. Therefore, the

required singie yield stress 0 is obtained as



o=o0, if

1

- 0'2 if

direction 1 cracks first

direction 2 cracks first
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(2.12)

(as in the illustration of Fig. 2.2)

The elastic strains in the concrete are

E

g, = 0y
E

e2 = (°c2

- “°c2)/Ec

- vocl)/Ec

(2.13a)

(2.13b)

where Vv is the Poisson ratio, and the plastic strains are

81 - €1 -
P
82 €2 -

(2.14a)

(2.14b)

The above plastic strain vector, < eP >, can be converted into a total

equivalent plastic strain EP, in the normal manner, as

(2.15)

Hence, the total equivalent uniaxial strain is computed from Eq. 2.9b

and is

(2.16)

Thus, knowing the section properties of the wall segment, the measured

values Pl’ P2, El’

can be calculated.

82 and the initial values €

si,l"esi,z’ E:pe,l’ epe,2’

‘the equivalent uniaxial stress G and the equivalent uniaxial strain €
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The determination of the uniaxial stress-strain curves from
biaxial test results, as presented subsequently herein, has been carried

out according to Eqs. 2.10 to 2.16.



3. PROPOSED STRESS-STRAIN CURVES AND TEST RESULTS

3.1 General

Uniaxial stress—-strain curves for concrete are proposed in
this chapter.. The compression curve is simply a modified form of the
curve first proposed by Hognestad [7]. The appropriateness of such a.
choice is of no gredt importance in the present inﬁestigation because
failure in the test structure,iand other secondary containments, is
expected fo be by tensile failure of the reinforcement prior to an&
significant crushing of concrete. Hognestad's curve [7} has proved
to be adequate up to the maximum stress, based on a statistical analysis
carried out by Mirza, Ha;zinikolas and MacGregor [13], and has been
§uffic1ently reliable to be used in many other studies.

The final proposed tensile stress-strain curve is determined
from the measured strains of the wall segments, using the equations
derived in Sect. 2.2. In Ref. l4, two approximate tensile stress-strain
curves for concrete were initially adopted, using published results for
plain concrete as a guide. Those curves were obﬁained in a rather
arbitrary manner, relying on a pertain amount of engineering judgement,
but gave good results in BOSOR5 simulations of Specimens 1 and 3.
The final form.recommepded in this report is similar to the revised
curve of Fig. 4.28 of Ref. 14. Thus the effect of this report is to
confirm the suitability of the revised form tentatively proposed in

Ref. 14.
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Comparisons between tﬁ; analytical and experimental response
of the additional wall segments are also given in the present report.
The basic properties of the wall segments are given in Table 3.1,
where they are groupéd according to the type of prestressing and loading.
The specimens cover a range oﬁ details including variations in concrete
cover, bar size, and percentage reinforcing. Only 8 of the 14 specimens
have been considered in this study. The remaining 6 specimens were
tested to investigate special problems such as splices, leakage and
applied moments.

There are two primary effects which can be determined from the
test results:

(a) the effective tensile strength of the concrete as evidenced
by cracking of the concrete in the presence of the details
inherent in the specimen, and

(b) the effective stress-strain response of the segments in the
post~cracking response range;

Neither of these effects would be expected to be completely
independent of the aforementioned details. Therefore, considerable
scatter in results may be expecﬁed.

The problem of determining the 'cracking gtrength' or tensile
strength is addressed in Sects. 3.2 and 3.3. The problem of determining
a representative effective tensile stress-strain curve is addressed in

Sect. 3.4.

3.2 Cracking Loads of Wall Segments

The cracking load of each segment needs to be accurately deter-

mined in order to compute the effective tensile strength of the concrete.
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Crﬁcking loads are tabulated in Table 3.2. The cracking load is taken

to be the first change of the slope of the load-strain relationship
takiﬁg into account the visual observation of crack initiation during

the tests and the load at which cracks Erossed surface mounted

strain gages. The assessment is complicated by the unavoidable presence
of small bending moments in the wall segments, although the loads were
intended to be applied concentrically. This bending caused the concrete
og each face of a segment to crack at different loads. For example,

the load-strain relationships for each face of Specimen 9 indicate that
the cracking load of face A c%n be taken as 350.0 kips whereas that of
face B is only 300.0 kips (Taﬁle 3.2). Thus, the lower value is assumed
to be the true cracking load.: Such inspection was carried out for each
of the loaded directions for a biaxially loaded specimen. The underlined
values in Table 3.2 are the ones from which the tensile strengths of
concrete are computed. Under the column heading of 'overall cracking
load' in Table 3.2, the cracking loads obtained from the average load-
strain relationships are given: that is, the effectof bending is ignored.

Appendix B outlines the technique of arriving at the cracking

loads in:Table 3.2, using Specimen 1 as an example.

3.3 Tensile Strengths of Concrete of Wall Segments
The 'true' tensile strength f:, of the concrete in each of

the wall segments is calculated from the following equation

P
n cYr cr _
ft At + Z fpc ‘ (3.1)
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where Pcr is the cracking load, e is the eccentricity of the applied
load and is calculated from the strain gradient across the thickness of
the wall segment, Z is the section modulus and fPc is the compressive
stress in the concrete after all prestress losses have occurred. A
value of f; is compdted fiom each of the ioaded directions using the
appropriate values of Pcr from Table 3.2 and the lower value is taken

as the tensile strength for that specimen.

Eq. 3.1 indicates that the fg value is highly dependent on
fpc’ whicﬁ is computed from the effective prestress at the start of
the test. The prestress losses from the time of the jacking operation
to the time of grouting were measured with load cells.on the tendons.
Once the grout had hardened the load cells could not be used and
subsequent losses were computed by an analytical procedure. The details
of this computation will be presented in subsequent reports on the
experimental phase. In fhe derivations presented in this report, lump
sum losses of 12 percent were assumed in the vertical direction where
four, seven-wire tendons had a nominal‘initial prestress of 153 ksi
and 8 percent in the horizontal direction where three, six-wire tendons
had a»nominal initial prestress of 135 ksi. These values were repre-
sentative of the sum of the measured and computed losses in all specimens.

The computed tensile strengths are shown in Table 3.3. Column 7
gives values computed with the applied moments taken into account,
whereas éolumn 8 gives the tensile strengths when the moments are
excluded. As expected, the former values are higher than the latter
values, and those values (column 7) have been taken as the 'true'
tensile strengths of the concrete. Appendix B illustrates the

computations involved in determining these values for Specimen 1.
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Before going on to discuss the individual values it is
importaﬁt to'note the relative accuracy of the computed tensile strengths.
The example computations in Appendix B show that the possible errors in
the measurement of the loads, prestress and areas are such that there is
a 95 percent probability that the computed tensile sﬁfength is within
+ 11 percent of the actual tensile stress at cracking for Specimen 1.

The computed tensile strengths are compared in Fig. 3.1 and
Table 3.3 to the splitting tensile strengths of the corresponding cylinders
and to the square root of fé. The scatter is large in both cases. It
can be attributed to the combination of scatter in the relationship
between tensile and compressive strength of concrete, and the
possible errors in computing the stresses ét cracking of the speciméns.
The mean tensile strength measured in thg specimen tests, as computed
from columns 9 and 10 of Tablé 3.3, is 0.6 times the splitting tensile
strength or 3.65 ‘Fi:. The best fit relationship to the data is indicated
in Fig. 3.1b by the dashed line, which suggests that fz is related to
some power of concrete strength between 1/2 and 1.

The tensile stress.at cracking is considerably lower than that
generally accepted in structural design. Thus, the 1977 ACI Code bases
the calculation of the flexural cracking load that governs shear
strength in Section 11.4.2.1 on 6 fé . Similarly, the extreme fiber
stress in tension in precompressed tension zones is allowed to reach
6‘122 under service loads (Section 18.4.2(b)).

| Several reasons may be advanced for this apparently low

cracking strength. These effects are examined in detail as follows.
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(a) Aggregate Size Effects
When the size of the aggregate is large compared to the siée-
of the specimen the tensile strength relationships are affected. This
was not the case, however, in either the wall segment specimens or the
test cylinders, and the aggregate size effect cannot be considered as
contributing to the observed strength reduction.

(b) Specimen Size Effects

Several studies of the effect of specimen size on tensile
strength were reported in Chapter 2. None of these specifically dealt
with the problem of conversion from a splitting test to a direct tension
test, If, however, it is assumed on the basis of photo—elastic'tééts
of discs loaded across a diameter thaf tﬁe volume subjected to maximum
tensile stress in a splitting test of a 6 x 12 cylinder extends over
the middle 80 percent of theiloaded diameter and 1 inch each way from
the diameter, the effective volume of éuch a specimen would be foughly
115 in8. Applying Eq. 2.3 suggests that a wall segment specimen with
a volume of 10400 in® should have a tensile strength of 60 percent of
that of a split cylinder test. This assumes the specimen is in pure
tension, but due to accidental moments'this was not true. If the volume
reduction were arbitrarily based on the volume of the outer inch qf the
wall segment the tensile sfrength obtained from Eqn. 2.3 would be 68
percent of the split cylinder strength. Thus, the 60 percent value measured
is probably invpart due to the §olume effect.

.(q) Prior Shrinkage Cracks

All the segments had surface shrinkage cracks on the face

which was exposed to the air when the specimen was cast, and in some
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cases the first tgnsile cracks initiated from these cracks. No trend
is discernable in the data concerning the effect of these cracks on the
load at which cracking occurred in the tests. Thus, for example, the
first crack due to loading appeared on the precracked surface in 4

of the 9 specimens.

(d) ﬁatio of Applied Stresses
Experimental results in Ref. 9 indicate that the tensile
strength of concrete under biaxial tension is almost independent of the
stress ratio at the time of cracking and is equal to the uniaxial tensile
strength. In the tests reported here, the average ratios of fg/fé wvere

0.51, 0.57, and 0.78, respectively, for loading ratios of 1:1, 1:2 and

130 in the two directions. The corresponding ratios of fg/ f; were

3.10, 3.76 and 4.23, respectively. Due to the different prestreésing

forces in the two directions and the accidental moments due to

eccentricity of the loads, the rétio of the stresses at cracking was not

- the same as the ratio of forces. In Fig. 3.2(a) and (b) the ratio of

tensile strength at cracking to either ft': or J f(': is plotted vertically
while the ratio of the transverse stress at thg same load to fé‘or ;fé
is plotted horizontally. Although there is a great deal of scatter it

would appear that the strength at a stress ratio of 1:1 is less than

'that for a stress ratio of 1:0.. Lines representing a square interaction

diagram in the biaxial tension region are plotted in Fgiures 3.2 and
this assumption will be used in the derivation of the tensile stress-
strain curves.

(e) Method of Loading

The loads were introduced as concentrated loads applied through

* the reinforcing bars and tendons, where these extended from the specimen.
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In effect, this represented the load transfer across a pre-existing
crack., To avoid end effects, the zone in which measurements were made
was limited to the middle portion of the specimen. It does not appear
that the method of load introduction affected the stresses at cracking
at the points where the first cracks developed within these zones.

- (£f) Stress Concentrations

The presence of transverse bars near the concrete surfaces
may have affected the strength in this region, either by causing a stress
concentration during the test or by causing more shrinkage micro-
cracking adjacent to the bars. The close similarity between the
cracking pattern and the bar arrangement suggests there may be some
reduction in strength adjacent to transverse bars. I; should be noted
that crack patterns observed in tests or structures frequently mirror

the reinforcement pattern.

(g8) Loading Rate
Still another factor that might have lowered the tensile
stre?gth of the concrete in the wall segments is the rate of application
of the load. Mirza, et al. [13] have suggested that the effect of the
rate of loading on flexural and splitting tension strengths of concrete

can be described by the following equation:

£f ., = 0.96 f

R (1 +0.11 loglOR) ' (3.2)

£2.5

where ft2 5 is the concrete strength in direct tension at the loading
rate of 2.5 psi/sec which roughly corresponds to the rate of loading
of the, control tension cylinders and ftR is the tensile strength to

be computed at a loading rate of R psi/sec. As an example, consider
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specimen 1 in which the first cracks were observed 1.5 hours from

the start of the test, The splitting strength of the concrete was 490
psi and the concrete had a precompression of.676 psi. Therefore, the
loadihg rate was (490 + 676)/(1.5 x 60 x 60) = 0.216 psi/sec.

Applying Eq. 3.2 the apparent strength of the wall segment concrete, ftR’

is 0.89 times that measured by the control specimens.

(h) Type of Control Specimen

Different types of tensile tests give differing tensile
strengths. Thus, for example the European Concrete Committee [5], states
that for 28 day old concrete, the mean‘ténsile strength §f a 6 in sq.
prism, 12 in or more in length loaded in direct tension, is only 86
percent of that obtained from a split cylinder test. At least a part
of this difference is due to the greater volume of concrete under high
stress. Thus, assuming the effective volume of a split cylinder specimen 
1s 115 in®, as computed earlier; and taking the volume of a 6 x 12
cylinder used for a direct tension test as 339 in®, Eq. 2.3 predicts
that the direct tensile specimen should have a mean strength of 84
percent of that of a corresponding split cylinder tes;. It seems
therefore, that the differences in strengths for various types of
specimens is iargely a function of the different volumes involved.

(1) Summary

The tensile stresses upon first cracking of the segments
were approximately 0.6 times the split cylinder strengths or 3.65 ‘[}Z.
The primary cause of this reduction in strength is believed to be the
fact tha£ a larger volume of concrete is subjected to high tensile stress

in a wall segment test than in a split cylinder test. This is coupled

£
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with strength reductions due to the somewhat slower loading rate in the
segment tests and the pfesence of stress concentrations. |

'In a full scale structure the volume under stress would be very
large and, based on Eqn. 2.3, only 48 percent of the tensile strength
could be counted on. On the other hand, the loading rate would be
somewhat faster than in a test cylinder. Thus, assuming a 10 second
rise time to a pressure sufficient to crack the walls in an overload
situation and assuming a tensile strength of 400 psi and a prestress
of 600 psi, the rate of loading is roughly (400 + 600)/10 = 100 psi/sec.
In such a case, Eqn. 3.2 indicates a basic tensile strength of 1.17
times that from a standardllab test. This effect, coupled with the volume
reduction leads to an effective tensile strength 6f<56 percent of the
split cylinder strength in a ﬁrototype structure. This could also be
. expressed as 3 fé . |

In the test structure at the University of Alberta, the volume
under st:eés is also very large and similarly only 48 percent of the
tensile strength would appear to be effective, based on Eq. 2.3. The
loading rate would be very slow in the test structure as it would
require about 4 hours to crack the walls. Again, assuming a tensile
strength of 400 psi and a prestress ofl600 psi, the rate of loading
is roughly (400 + 600)/(4 x 60 x 60 ) = 0.069 psi/sec. Applying
Eqn. 3.2, the apparent tgnsile strength due to the slow loading rate
would be 0.87 times the standard split cylinder. Coupling the effects
of volume and 1oading rate, the effective tensile strength wuld be

42 percent of that of the split cylinder. It is believed that the 37
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percent is too low. The volume effect, as expressed by Eq. 2.3, was
originally derived from;esults of unreinforced beams having similar
shapes, and tested to détermine the modulus of rupture. In such a test,
the first initiating crack will lead to abrupt failure of the beam.
Therefore, the larger the beam is, the greater is the probability of a
weak link (flaw) being subjected to the critical stress which leads to
ultimate failure. 1In the case of the test model, a weak link would

only cause local micro-cracking which, because of the reinforcement and
the restraints offered by the whole structure, would not propagate if the
load were held constant. Moreover, such micro-cracks are not likely

to be detected either by visual inspec;ion during testing or by examining
the measured strains. 1In applications, then, initial cracking is only
significant in so far as it leads to a more generalized cracking
throughout the structure. Nevertheless, a volume effect is the most
rational theory upon which to base predictions of theicracking
phenomenan.

A summary of the volume and rate effects and the effective reduction
factor, computed from tliem, is shown in columns (2) to (4) of Table 3.4.
Column (5) of Table 3.4 indicates the o values found most effective
in BO5OR5 simulations for the two types of applications with which the
investigators have had theiopportunity to correlate with experimentai
results. In both of these situations, the effective o exceeds that
computed on the basis of the theoretical effects described herein. It
appears that the theory underestimates the effective tensile strength

by about 15%.



26

3.4 Derived Stress-Strain Curves

3.4.1 1Initial Approximate Stress—Strain Curves for Concrete

Two approximate tensile stress-strain curves for concrete were
initially derived from published results of plain concrete, as discussed
in Ref. 1l4. The central idea in the approximation is to allow the
concrete to degrade after the peak strength is reached. The degralation
is such that only a small residual strength in the concrete is retained
at the yield of the reinforcement, so that yielding of the reinforce-
ment is properly simulated.

The first approximation was used as input for the BOSOR5
computer analyses of the wall segments and the first models of the
test structure [14]. The‘secoﬁd approximation has been used for some
of the analyses in this report and for one segment run in Ref. 1l4.
Both are shown on Fig. 3.3.

3.4.2 Tensile Stress-strain Curves Derived from Test Results

Tensile stress-strain curves for concrete have been derived
from the wall segment tests using the techniques described in Sect.
2.2 and are plotted in Figs. 3.3 and 3.4. For each segment,
the strains used in the derivation are averaged from the surface
concrete strains (using 5 inch Demec gages) measured on both faces of
the segment. Strains only within the central 20 x 20 inch region of the
segment are considered so as to eliminate the edge effects due to bond
stress and excessive cracking in the load transfer region. The

average strains, therefore, reflect the overall response of the

. concrete on the load deformation diagram with no consideration for the

. complete loss of stress in the concrete at a crack.
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 Figure 3.3 contains stress-strain curves for the prestressed
segments whereas Fig. 3.4 contains those for the non-prestressed
segments. Results for Segment 2 have been excluded from Fig. 3.3
because they do not appear to be consistent with the rest. Each curve
has been non-dimensionalized by dividing the computed stress by the
computed tensile strength, fto’ (see Table 3.2, col. 8) for the
‘c9rresponding segment. The strength, fto’ has been computed without
the bending effects on the segﬁent and is chosen because the stresses
used in the derived stress-strain curves are calculated without the
bending effects. The initial ascending branch of the curves are not
available because of insufficient experimental data. The general
ehape of the curves in Fig. 3.3 clearly indicates that concrete gradually
degrades after cracking. It is interesting to note that soon after
cracking in Specimen 5 (Cﬁrve 5 in Fig. 3.3), the concrete strength
picks up and then deteriorates again. This is a rather unusual
phenomenoh which can also be seen in the load-strain response for this
specimen, which is shown in Fig. 3.5. The slopes of the response curve
indicate that the.segmeh; gained stiffness between the loads of 330 and
375 kips. Although no explanation is offered for the above phenomenqn;A
it coincided with the unloading and reloading of this specimen.

In general, the degradation of the stress-strain curve is not
ae great as the first approximate stress-strain curve initially adopted
in Ref. 14. An exponential regression analysis of the four experimental
_.curves (#1, #3, #5, and #8) of Fig. 3.3 gave Curve A in Fig. 3.3. The
slope of the degrading branch resembles the second appfoximation rather
well, although the lateer gives a somewhat lower concrete stress for a

given strain.



28

The computed strains corresponding to the peak strengths of the
concrete are shown in col. 11 of Table 33 . These strains are
épproximate because the cracking loads were interpolated from the load-
strain relationships. The strain varies from 80 x 10 ° to 390 x 10™¢
with a mean value of 220 x 10 ., The fact that the coefficient of variation
is 0.55 (Table 3.3, col. 11) means that the scatter is large and that
data ﬁoints are insufficient. Tasuji, et al. [19] found that the
magnitude of the tensile strain at cracking was not constant, but mark-
edly increased with the degree of compression in the orthogonal
‘direction. In uniaxial and biaxial tension, they obtained a mean
strain of about 150 x 10 © with only slight deviation from the mean.
In the present wall segments, the states of stress at the time of cracking
varj from biaxial tension~tension to biaxial tension-compression.
Therefore, the computed mean strain of 220 x 10 ® may have no real
" meaning. If only the uniaxially loaded segments (Segments 5 and 6)
are considered, the mean strain is 165 x 10 ® and this correlates well
with the value obtained by Tasuji, et al. However, Evans and
. Marathe [6] have obtained a mean value well over 150 x 10 ° whereas
Kupfer, et al. [9] have obtained a mean strain of less than 100 x 10 ©.
Such a variation between the different test series is small considering
the difficulties involved in measuring tensile strains. Moreover,
variations in the lbading rate affect the strainvat cracking.

According to Eq. 2.10, the biaxial stresses of the concrete
. can be computed for any load level using the measured strains. The
computed stress history is illustrated for Segment 3 in Fig. 3.6 (line 1).

Line 2 represents the results from the BOSOR5 computer run for the same
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segment uéing the first épproximation of Fig. 3.3 as input. The two
lines agree very well. The important feature that can be seen from
the stress path is that as soon as the concrete in direction 2 reaches
its maximum tensile strength, as given by points A1 and A2 in Fig. 3.6,
the direction 2 stress decreases. In the meantime, the stress in direction
1 increases independently of the behavior of the concrete in direction 2,
reaching maximum values at B1 and B2 at later load levels. The above
observation clearly supports the idea of the three-parameter theory
for concrete in which the tensile strengths of concrete in any two
ofthogonal directions are independent of each other.

Segment 3 is a specimen‘for which the load ratio is 1:1. For
segments with a 2:1 load ratio the correspondence bétweeﬁ predicted
and measured stress histories is not as good. |

3.4.3 Proposed Stress-Strain Curves for Concrete

(a) Compressive Stress-Strain Curve

It is proposed that a modified form of the parabolic curve
first used by Hognestad [7] be adopted for the compressive curve

(Fig. 3.7). This curve is described by the équations.

H‘
n

fg [2e/eo - (8/50)2] for e <¢g (3.3a)

Hh
|

fg (eu - 0.85 €, - 0.158)/(€u - eo) (3.3b)

for € < e <¢g
o u
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where €, is equal to 0.0038, fg is the peak stress equal to 0.85 fé,
€ is the strain corresponding to the peak stress and is equal to

ZfZ/Ec, and Ec is as given by the ACI code [11] as
Ec = 57,000Jf(': (3.4)

~ The concrete strength fé is the only variable considéred. The :need for
a more accurate description of the curve is not required in the type of
containment structure under consideration, since failure is primarily
of a tensile nature.

(b) Tensile Stress-Strain Curve

The most common analytical form for the tensile sﬁress-strain
curve is a straight line from zero stress to the maximum tensile strength
beyond which the strength drops to zero (tension cut-off). This simple
form ig insufficient for any non-linear analysis in which the objective
is to obtain a realistic estimate of strain. It is therefore proposed
that the ascending branch of the curve be taken as bilinear with the
cbntrol points shown iﬁ Fig. 3.8. The initial tangent modulus
of elasticity is the same as for Eq. 3.4. The peak strength f: is equal
to afé and the strain corresponding to fz is 0.00012. For the analysis
of the wall segments o should be taken as 0.6, as determined in Sect.
3.3 and verified in Chapter 4.

The descending branch of the curve corresponds to the second
approximation shown in Fig. 3.3 which represents an approximate lower

bound to the stress-strain curves of the individual biaxially loaded wall
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segment tests. Mathematically, this branch has an initial straight portion
followed by a curved portion which can be expressed by the exponential
relationship

~-465¢

£, = 1.102 f: e for € > 0.0003 (3.10)

t
However, when this stress-strain curve is used as input for the BOSORS
analysis, it is approximated by linear segments as illustrated in

Fig. 3.3.

"3.4.4 Discussion of the Proposed Tensile Stress-Strain Curve

| A review of past investigations of the tensile stress-strain
curve indicates that the shape is dependent on several factors. The
ones which were specifically investigated in Ref., 6 were the maximum
strength, age and concrete mix. Two typical stress~strain curves from
Ref. 6 are plotted in Fig. 3.9 together with the proposed curves.
The sets of curves do not coincide but the phenomena being modelled in
each case are different. The curves from Ref. 6 represent tests on plain
concrete. The reduction in stress occurs due to a reduction in the cross-
sectional area and the éxial stiffness of the test piece due to cracks
extending part way across it. On the other hand, the'stress—strain |
curve derived in this study is an artificial curve used to predict
gross strains of reinforced and/or prestressed concrete members which
may be cracked completely through. The concept of such a stress-strain
curve is described in Section 2.1 of Ref. 14 and Figures 2.1 and 2.2
of that report. Indeed the resemblance between the proposed curves

and tﬁqse from Ref. 6 is only coincidental.
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4, COMPARISON OF WALL SEGMENT TESTS AND BOSOR5 RESULTS

4,1 General

The results of the wgll segment specimens are compared in
this chépter with the anal&tical (BOSOR5) results. Unless noted other-
wise, the tensile stress-strain curve for concrete that is used as input
in the BOSOR5 analysis is the 'first approximation' curve as shown in
Figs. 3.3 and 3.4 with a peak strength of 0.6 f;. It is shown later,
in Sect. 4.4, that the BOSORS results vary only insignificantly as the
degrading branch of the stress-strain curve is varied slightly from
the first approximation. The response curve is, however, much more
sensitive to the value of the peak strength. This will also be demon-
strated. The compressive stress-strain curve adopted is the one proposed
in Sect. 3.4.3. Furthermore, all the BOSOR5 results are based on the
Form 4 yield curve as described in Ref. 14.

Segments 4 and 7 are non-prestressed and are separated from
the prestressed segments in terms of discussion. No results .are
presented for Segment 9 which has spliced rebars that cannot be
simulated by the BOSOR5 program.

4.2 Segment Properties and Modelling

Typical details of the prestressed test segment are shown in Figs.
4.1 to 4.3, and the properties of the various specimens are contained

in Tables 3.1 and 3.3.

The non-prestressed segments have no prestressing strands
and contain only two orthogonal layers of mild steel located near each

face of each segment.
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The prestressed segments contain both mild steel and
prestressing strands. In the uniaxially loaded segments (Segments 5
and 6) strands are not provided in the direction in which no load
is applied (the 4 tendon direction).

The method of modelling the segments for the BOSOR5
analysis has been described in Sect. 2.5.2 of Ref. 14. Briefly, each
segment is modelled as a multi-~layered, open-ended cylindrical shell
loaded with normal pressure and line loads. To avoid confusion, it is
emphasized that direction 1 represents the vertical direction of the
specimen as tested in the test rig, and corresponds to the meridional
direction of the BOSOR5 shell model. The orthogonal direction is
referred to as direction 2. In the biaxially loaded, prestressed
segments (Segments 1, 2, 3, 8 and 9), direction 1 always has 4 strands
whereas the orthogonal direction has 3 strands (see Fig. 4.1).

The mild steel is simulated as an elastic-perfectly-plastic material
whose properties are shown in Table 3.1.

. All the BOSOR5 analyses that were carried out for the wall segments,
together with the theoretical stress-strain curves for concrete, are
summarized in Tables 4.1 and 4.2. It should be noted that the strain
\corresponding to the peak tensile stress in all the tensile stress~strain
curves is kept constant at 0.00012. Whenever the strain in an analysis
of a wall segment reaches 0.00012, the concrete is assumed to have
. cracked and this point is designated by '(' iﬁ the figures showing the
response of the segments. Similarly, the point at which the rebars

yield is indicated by the symbol 'R'.
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The theoretical modulus of elasticity and Poisson's ratio are
assumed ﬁo be 3.8 x 10° psi and 0.2, respectively.

The gonceﬁt of simulating the effects of prestressing as
temperature loads, used in Ref. 14, is discarded in.this report because
of the difficulties in convefgence encountered in the BOSOR5 execution.
Instead, the effecfs of prestressing are simulated as external pressure
and line loads acting in the opposite direction to the applied loads
on the shell model. However, this method does not account for the
strain differential between the concrete and the prestressing strands
as shown in Fig. 2.1. Therefore, the stress~strain curves for the
prestressing strands were decreased by the strain differential
lepel so that artificial origins were introduced in the curve as
tabulated in Fig. 4.4

4.3 Results of Non-prestressed Segments

The experimental and analytical results of Segments 4 and 7 are
compared in Figs. 4.5 and 4.6, respectively, in terms of load-strain
relationships. Both segments are loaded biaxially with a load ratio of
1:1. However their physical properties are too diversified to allow

direct comparison of their results. The main differences in the proper-

ties are:
Segment No. 4 Segment No. 7

Compressive strength of

concrete: 5590 psi 3290 psi
Splitting tensile strength: 536 psi 312 psi
Mild steel per layer: 8 - #4 @ 4" 6 - #6 @ 6"
Mild steel ratio per

direction: 0.0097 0.0106

Segment thickness: 10.5 in 15.75 in
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With the equal biaxial loading, it would be expected that the
measured strains in the two loaded directions would be the same. This
was ndt strictly true for Segment 4 as shown in Fig. 4.5, although the
trends in the two directions are similar. The agreement between the two
‘directions is excellent for Segment 7. it is seen that the BOSOR5
prediction (Run 4a in Fig. 4.5) gives lower strains than the experi-
mental response. The discrepang is mainly due to high tensile strength
of 0.6 fé assumed in the BOSORS5 analysis. According to Table 3.2,
the observed cracking load is estimated to be 60 kips, based on visual
- examination of photographs (see notes in Table 3.2). This load
'gives a corresponding tensile strength of 0.48 f;. However, the
graphical procedure of crack detection gives a cracking load of 40.6 kips
which produces a corresponding tensile strength of 0.32 fé. Therefore,

a second BOSOR5 prediction using 0.32 £ gives a response (Run 4b

in Fig, 4.8) that correlates well with the experimental response. This
indicates that good predictions can be obtained if the material properties,
especially the tensile strength of concrete, are known.

It can be noted that the analytical prediction overestimates the
load, at the time the rebars yield, by an amount roughly equal to the
residual strength of the concr;te times the net area of the concrete
(=100 psi x 327.6/1000 = 32.8 kips). It would seem that the concrete
in this segment degrades more rapidly than the concrete in the prestressed
segments which are discussed in Sect. 4.4. Whether this conclusion is
valid for all non-prestressed structural elements, or not, cannot be
determined from the current series of tests because of the small number

of non-prestressed segments that were tested.
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Two similar analytical predictions are also given for Segment
7 in Fig. 4,6, Again Run 7a is based on 0.6 fE and Run 7b on the
average stress at cracking. Even with the 'true' tensile strength, the
measured strains are noticeably highér than the analytical strain of
Run 7b at all load levels. There seems to be high extensibility in the
test segment even in the pre-cracking range. It is suspected that the
method of 1oad.appli;ation (see Sect. 3.3) coupled with the‘iaéé; size
rebars widens the zone in which loads are transferred into the'specimen.
In this zone the surface strains may be large due to bond splitting
stress, Nevertheless, the slopes of the analytical and experimental
curve agree’ quite ﬁell, even though the magnitude of strain is considerab1y
underestimated.

The general conclusion that can be obtained from the above
observation is that the concrete in a non-prestressed segment could
be degrading atla faster rate once cracking occurs leading to high
extensibility in the concrete. This is seen in the derived stress-
stfess curves for Segments 4 and 7 in Fig. 3.4, if the mathematical
derivation is accepted as reasonable. |

In the analysis of a non-prestressed wall segment, the
program will not converge if the rebars have yielded and if thg
applied loaded is increased. This is because the rebars have ieen
simulated as an elastic-perfectly-plastic material and the wall segment
cannot provide extra internal resisting foices once the 4ebars yield.
Therefore, the BOSOR5 predictions in Figs. 4.5 and 4.6 actually termiﬁate

at the points labelled 'R', beyond which the load-strain response is
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arbitrariiy assumed to be horizontal. It would be possible to modify

the BOSOR5 program to reduce thg loading so that it continues to execute
after the rebars have yielded. The resulting average strain would then
continue to increase with decreasing load. Such programs are numerically
sensitive and no attempt has been made to incorporate this type of solution

procedure into BOSORS5.

- 4,4 Results of Prestressed Segments

4.4.1 Uniaxially Loaded Segments

The uniaxially loaded segments are Segments 5 and 6, with

the following differences in their physical properties.

Segment 5 Segment 6
Compressive strength of
concrete 5690 psi 4540 psi
Splitting tensile strength: 444 psi 325 psi
Mild steel per layer: 10 - #3 @ 3" 8 - #4 @ 4"
Mild steel ratio per
~ direction: 0.0067 0.0097

Three sets of analytical results (Runs 5a, 5b and 5c in Fig. 4.7)
are giveﬁ for Segment 5. Run 5a is based on f: = 0.6_fé and the
first approximate tensile stress-strain curve, whereas Run 5b is also
based on f: = 0.6 fé but with the 'proposed' tensile stress-strain
curve (i.e.,, the second approximations of Fig. 3.3). The two curves
are very similar except that the load at which the rebars yield is
slightly higher for Run 5b than that for Run 5a (by about 1.7 percent).
This shows that a slight variation in the degrading branch of the tensile
stress-strain curve does not significantly affect the results of the

analysis.
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Run 5¢ is based on f: = 0.88 f; and the 'proposed' stress-
strain curve where 0.88 f; is the computed tensile strength of the
concrete in this segment. This curve agrees reasonably well with the
experimental results except at high loads. The actual test segment
seems to be stiffened at the high loads as shown by the response a-b in
Fig. 4.7. The response beyond point 'a' occured during a reloading
process which seems to cause a stiffening of the concrete. If point 'a’'
is joined to point 'c' on the experimental curve, the slopes of the
experimental and analytical curve are parailel.

For Segment 6, the BOSORS5 énalysis predicts lower strains than
measured (see Fig. 4.8). However the comparison is reasonable.

4.4.2 Biaxially Loaded Segments

Consider first Segment 3 having‘a load ratio of 1:1 which
was maintained only up to;a load of 375 kips. Subsequently, the direction
2 load was held constant at 375 kips and the direction 1 load was increased
until the termination of the test. The experimental and analytical
load-strain curves for this segment are shown in Fig. 4.9.

It 1s seen that the BOSOR5 analysis predicts the response well in
direction 2 but slightly underestimates the stiffness in the orthogonal
direction.

Segments 1 and 8 were tested with a load ratio of 1:2. Both
basically had similar physical properties except for the concrete cover
which was 0.5 in. in Segment 1, and 1.25 in, in Segmenf 8. The BOSOR5
gnalysis for Segment 1 (see Fig. 4.10) predicts the strains very
effectively in the direction of maximum strains, but yields somewhat

a stiffer response in the orthogonal direction.
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The experimental and aﬁalytical load-strain curves for Segment
8 are shown in Fig. 4.11. It is seen that the analytical curve, based
on an assumed tensile strength of 0.6 fz of the concrete (Run 8a),
agree well with the experiment curve for direction 1, although the
'true' tensile strength ig 0.76 fé. Using the latter tensile streng;h
for a better analytiéal ﬁrediction would slightly shift the analytical
response to the left of Run 8a, but the ultimate load would remain
the same. Agreement is not obtained for direction 2. A similar trend
is seen as for Seément 1 (Fig. 4.10) indicating that the measured strains
in Segments 1 and 8 are consistent and reliable. This suggests that
if a more accurate prediction is required in the direction 2, the
analytical yield function used in BOSOR5 needs to be‘revised. However,
it is the authors" opinion that sufficient correlation is at least
obtained in the méjor direction and revision is not warranted at this
time.

A second analytical prediction is obtained using the proposed
stress—-strain curve of'Seét. 3.4.3 and is shown as Run 8b in Fig. 4.1l1.
The deviation from Run 8a in direction 1 is small, whereas the deviafion
in direction 2 cannot be seen. This ;gain shows that the analytical
prediction is not significantly changed by varying slightly the degrading
branch of the stress-strain curve of concrete. It has been found that
the choice of the theoretical degrading branch, within the proximity
of the proposed form, is governed by the ease with which the program
executes. For convergence in BOSQRS, the loss in the concrete stiffness
(AE) must-ﬁe no greater than the stiffness of the reinforcement during

any load step. Assurance that convergence will occur after rebar yield
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can only be guaranteed by preliminary manual calculations and with ex-

perience in the use of the BOSOR5 program.

‘4.5 Effects of the Shape of the Tensile Stress-Strain Curve on BOSOR5
Execution ’

Slight variations in the shape of the degrading branch of the
tensile stress-strain of concrete do not significantly affect the
BOSOR5 results, as shoﬁn in Sect. 4.4. Howeﬁer, the shape affects the
ease with which the BOSOR5 program executes and hence, it affects the
execution cost.

A comparison of the execution times is given in Table 4.3 for
Segment 5 in terms of the CPU time required by the FLOW3 subroutine
which calculates the updated properties of the concrete. The three
different BOSOR5 runs in Table 4.3 are based on é tensile strength of

0.6 fé (fé = 444 psi) but with different degrading branches in the

~ stress-strain curve. Run 5a is based on the type 1 stress-strain curve

shown in Table 4.1, whereas Run 5b is based on type 2. Run 5d has a
stress-stfain curve identical to that of Run 5b except that thére are
fewer callout points for the input curve; that is, callout points 4,
6, 8 and 9 (see diagram in Table 4.1) have been eliminated.
Comparing the CPU times of Runs 5a and 5b, the following
observatiéns can be made:
(1) At load step 10, the rebars have yielded in both the runs and the
accumulated CPU times between them are comparable.
(2) Beyond load step 10, the concrete in Run 5a is in the horizontal

degrading branch of the stress-strain curve, implying that its
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stiffness has stabilised. Therefore, relatively large load incre-
ments are possible beyond load step 10 since the negative stiffness
of the concrete is easily compensated for by the positive stiffness
of the reinforcement. On the other hand, the concrete in Run 5b

is still.degrading relatively fast and hence, the load increment
has to be decreased, owing to convergence difficulties in the
analysis.

Beyond load step 10, the CPU time ﬁer load step increases
dramatically in Run 5b.

At the termination of the runs, the ratio of accumulated CPU times
is: - Run 5a/Run 5b = 138.80 secs./202.33 secs. (or 1:1.46).
Although the termination loads are not the same, the total strains
are similar and equal to 0.014. The difference in the CPU fimes

is effectively higher due to the additional load increments in

Run 5b, which means higher CPU virtual mémory storage cost, which
could amount to 40 percent of the total execution cost.

The CPU time in Run 5b could effectively be reduced by

specifying fewer callout points for the input stress-strain curve, as

shown by Run 5d in Table 4.3. Moreover, the simpler curve permits

larger load increments towards the end of the run.

The general conclusion is that the stress-strain curve should

be simulated with as few linear segments as possible. The execution

cost increases significantly: as the rate of "degradation.of .céncrete. .

stress:is-increased.
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5. CONCLUSIONS

A tensile stress-strain curve for concrete has been derived
for use with the three-parameter theory. The curve has a degrading
branch very similar to the well-established curve for compression.
The maximum tensile strength of the concrete in the test segments

1s found to have an average value of 0.6 f; or 3.65 Jf! This low -

e

value results from the rate of loading and the effect of volume.
The uniaxial tensile stress-strain curve recommehded for use

with the three parameter elastic~plastic hardening theory for the

simulation of the response of uniaxially and biaxially loaded pre-

stressed concrete segmenté is the one shown in Fig. 3.8 with a peak stress

sheutd Le %l . f

of f: - Géﬁ}”;;r computation purposes this curve may_be approximated

by a series of straight lines.

I For prestressed concrete wall segments a value of o of 0.6 is
recommended. For analysis of larger structures, slowly loaded, such as
thé U of A, test structure, a value of o of 0.5 is recommended. For
applications to prototype structures, which are significantly larger,
and are loaded at a more rapid rate, Table 3.4 indicates that a value of
o of 0.6 would be the best estﬂmate available on the basis. of existing
data;

On the basis of two biaxially loaded nonprestressed reinforced
concrete segments, no firm recommendation for o can be made but. it

appears that a value of approximately one half of that for prestressed

segments would be appropriate.
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Table 3.2 - Observed Cracking Loads in Wall Segments

Specimen‘ Vert. Load at Horiz. Load at Overall Load at
Number Cracking, kip* Cracking, kip* Cracking, kip **
Face A Face B | Face A | Face B Vert. Horiz.

4  80.3 | _60.0™  60.0 | 60.0 60.0 60.0
75.1 | 100.0 82.1 82.1 75.1 82.1

- - 280.2 { 255.5 - 267.0

6 - - 185.0 | 196.0 - 185.0
"3 . 350.0 | 300.0 266.8 206.8 330.0 206.8
1 300.0 | 325.0 194.0 | 179.3 320.0 179.3
2 287.5 | 300.0 183.5 | 200.0 287.5 191.75
8 350.0 | 350.0 | 175.0 | 175.0 350.0 175.0
9 350.0 | 300.0 181.8 | 181.8 300.0 | 181.8

k%

Rekk

The vertical load at cracking is the value of the vertical load
when horizontal cracks formed. The horizontal load at cracking
is the horizontal load when vertical cracks formed.

The overall cracking loads are the values of vertical load (or
horizontal) when the average load-strain relationships changed
slope.

The graphical procedure detected cracks at 40.6 kips, however,
the first visual observation of cracking was between 60.0 and
80.0 kips. Also, during this load increment, cracks crossed
the strain gages mounted on the surface. The cracking load has

been estimated to be 60.0 kips.
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Table 4.1 Tensile Stress-Strain Curves used for BOSOR5 Analysis

1"
Specimen| Type of* | _ ft e BOSORS5
No. g~ € f; Point on| 0, psi | € x 103 Results
Curve Curve
4 1 0.6 1 0.0 0.0 See Run 4A
2 145.0 0.0382 |in Fig. 4.5
3 322.0 0.12
4 306.0 0.3
5 60.0 2.2
6 10.0 100.0
1 0.48 1 0.0 0.0 See Run 4B
2 77.8 0.0205 | in Fig. 4.5
3 172.9 - 0.12
4 164.0 0.3
5 60.0 2.2
6 10.0 100.0
7 1 0.6 1 0.0 0.0 See Run 7A
o 2 84.2 0.0222 |in Fig. 4.6
3 187.0 0.12
4 177.7 0.3
5 60.0 2.2
6 10.0 100.0
1 0.54 1 0.0 0.0 See Run 7B
2 75.8 0.01995|in Fig. 4.6
3 168.5 0.12
4 160.0 0.3
5 60.0 2.2
6 10.0 100.0
5 1 0.6 1 0.0 0.0 See Run 5A
2 119.7 0.0315 |in Fig. 4.7
3 266.0 0.12
4 252.7 0.3
5 60.0 2.2
6 10.0 100.0
2 0.6 1 0.0 0.0 See Run 5B
2 119.7 0.0315 |in Fig. 4.7
3 266.0 0.12
4 252.7 0.3
5 135.7 1.5
6 76.9 2.8
7 52.5 3.9
8 31.7 6.0
9 22.6 10.0
10 5.0 1000.0
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Table 4.1

Continued
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Table 4.1 Continued

* The types of the tensile g - € curve used are:

3

S 10
~> . . : - —®
€ .
Typéﬁlz lst approximation Type 2: Proposed (same as 2nd

in Fig. 3.4 approximation in Fig. 3.4)



Table 4.2 Compressive Stress-Strain Curves used for BOSOR5 Analysis

Specimen |Point on| o, psi |e x 1078
No. - Curve |

4 1 - 0.0 0.0
2 2400.0 0.6316

3 4646.0 1.8
.4 5330.0 2.805

5 1000.0 5.0

6 20.0 ]150.0

7 1 0.0 0.0
2 1454.0 0.3826

3 2828.0 1.1

4 3230.0 1.7

5 700.0 5.0

6 20.0 {150.0

5 1 0.0 0.0
2 2354.0 0.6195

3 4603.0 1.8
4 5230.0 2,753

5 1000.0 5.0

6 20.0 |150.0

6 1 0.0 0.0
2 1881.0 0.495

3 3757.0 1.5

4 4180.0 2,2

5 800.0 5.0

6 20.0 }150.0

1&3 1 0.0 0.0
2 1904.0 0.501

3 3637.0 1.5

4 4230.0 2.4

5 1000.0 5.0

6 20.0 |150.0

8 1 0.0 0.0
2 2039.0 0.5366

3 3728.0 1.5
4 4530.0 2.3842

5 1000.0 5.0

6 20.0 |150.0

ca@

point 4

0.92 f'
c

57,000 vV f(': for both

tension and compression

M\
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Figure 2.2 - Equivalent Uniaxial Stress-Strain Relationship
for Concrete.



nsile Strength, f')/VT_

(Computed

58

1.0
®5
:._-o-o
0.8} |
T~~~ 8
& 06|
< Mean = 0.60, o1
() m7 o ~ 3e :
i ®9|
(7] m4|
B 04 02|
c
Sl
I_.
D
= 0.2 *
Q. .
£
o
Q
_ 0 ’ ] : |
300 400 500
Splitting Tensile Strength, f',, psi“
(@) Relationship Between f”; and f’t!
. |
| ®5
e8|
| - o1 -
A~ Mean = 3.65| ——— .
s -l — - . ®3|
7 | 2
2 ..
3000 4000 5000 6000

Compressive Strength f’c, psi

(b) Relationship Between f" and f' \
Figure 3.1 - Be!_atlensp_lp Be?yveen the Computed Tensile Strengths and!



6 -
| @5
"I' ko‘ 8A
= [, .
- Al i
| | 4} 3.65VF |
- y Yo ,
® 6| ! 4
o3 o 7 Load Ratio|
A2 ® 1:0
| A 2:1
2 o 1:1
| | i ]
-2 0 2 4 6 8
ft /V f’C
2 »

Figure 3.2 - Effect of Biaxial Stresses on Strength at Cracking.]



(Stress, f) / (Tensile Strength, f, )

1.0
0.8

0.6

0.4

0.2

60

Curve A, (line of best fit)
fiffy,= 1.0 at e =0.168 x 103
oo . o- ...‘ 8 e
for segment:
#8 !
i = #3}__
{z\- =01
- A 2nd Approximation & Final Proposall
Yield Strain for et Anmravimatian!
60 ksi Steel I1st Approximation|
L | I 1 1 I ] -
0 0.5 1.0 1.5 20 25 3.0 3.5 '4.0x10'

'Strain, &

Figure 3.3 - Uniaxial Tensile Stress-Strain Curves for Prestressed Concrete|
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Figure 3.7 - Proposed Compressive Stress-Strain Curve for Concrete!
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Figure 4.4 - Steel Properties for Segment Test
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Appendix A

Consistent Derivation of Uniaxial Tensile

Stress-Strain Curve

Al. Introduction to Appendix A

The deduction of an effective tensile stress~strain curve
from biaxially loaded test specimen data was discussed in Sect. 2.2.
The technique used in the body of the report is that described in Sect.
2,2b and, except for a contribution to elastic strain, makes no effort
to account for events occurring the direction orthogonal to the
maximum strain. It would, however, be possible to derive an effective
uniéxial curve that is consistent with the theory of Ref. 14 and
utilizes the strain measurements in both directions. In view of the scatter
in test results it may be questionable whether the effort expended would
be worth the improvement in consistency that might arise in the shape
of the derived effective stress-strain curve. However, the principal
reason that the more sophisticated treatment described in the fol;owing
was not pursued was that the project sponsors did not believe it to be
warranted at the time of processing the résults. Nevertheless, it is
felt that a technique of carrying out such data reduction is at least
worth mentioning in case it might be found worthwhile at some later date.

A2. Basis for Consistent Derivation

The concept of Ref. 14 is to relate the effective plastic
strain to a uniaxial response curve. For a stress path following along

the tensile 0, axis in biaxial space, the theory of Ref. 14 would yield



L ]
[
.lq.
[y
+
me
g

eul E ul
But

oP -.-.

{e'} = {B}e /B

and since ; for a uniaxial path,

- g

we have
* P
P - 'E .
ul
Also,
. P

. - €
1 B

Substituting A.6 into A.1l and integratingvyields

%
1 T E YW

in which Y, identifies with the plastic strain in direction 1.

1

A.l

A.2

A.3

A.4

A.S

A.6

A.7
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Now in a biaxial test the biaxial force vector {P} is imposed
and the resulting total strain vector {e} is measured. By'thé technique
of Sect. 2.2b the biaxial force vector may be converted to a biaxial
stress vector {0}, and the plastic strains associated with any

experiﬁental point may then be computed as
('} = {e} - 017" {0} . | | A.8
Hence the plastic strain increments between two experimental points are
{AeP}_ = () - {eF) 4.9
where the subscfipt o indicates the previous experimental point.

Since the stress points {0} and {c}o are expected to be on

the yield curves, we have .

B
aw} = {14 adt A.10a
62
Bl P P
- { }/<Ae > {2eF} ' A.10b
B

2/
Hence the equivalent uniaxial strains in the two directions may be

computed, for the stress point, as

€ o
e

E 5 -
a1 T2 i=1
where n is the number of stress increments.

Let us assume that Y, > |,, and that h" is the derivative
1 2

of the hardening function with respect to u. Then at the point {o},
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it is necessary that

. 1 1 -
F({o}, Ous Oeqo * h Aul, Trpg * h A“z) = 0 A.12

and this equation may be solved interatively for h'. Once h' has been

determined, the 0_ values at the current point may be established as

t

Q
|

a
1 tho + h Aul A.13a

and

Q
I

= 0O + h'Au2 A.13b

t2 t20

Knowing these values, the associated strains are determined from
Eq. A.11.
An effective stress~strain curve in tension then is determined

by the sets of values (eul’ ctl).

It is suggested that the points (euz, Otz) can be forced along

the same curve 51
as (eul’ otl) by plac%ng the proper expression fgr Orn

into Eq. A.12. That iS)'if €, <€u1’ h' in Eq. A.13b is known begause

2
the curve at this point has already been traced by (Eul’ otl). Therefore,
Eq. A.12 is solved only for the h' associated with Aul.

This procedure was not implemented for the reasons stated in

Sect. A.l.
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Appendix B

Example of the Determination of

Cracking Load and Tensile Strength of Concrete

The determination of the cracking load is illustrated herein
for wall test segment 1. The load at which the first cracking occurs
on a face of the'segment and in one of the loaded directions has been
determined from the change in the slope of the load-strain relationship
for that faéé. For examplé, the cracking load on Face A in direction 1
(vertical direcfion) has been determined as 300 kips as shown on Fig.
B.1. Similarly, the determination of the cracking loads on the other
face and in the different directions are shown in Figs. B.2 to B.4.

These cracking loads are summarized below:

Cracking Load (kips)

300.0 (critical cracking load)

Vertical direction, face A

face B = 325.0
Horizontal direction,

face A = 194.0

face B = 179.3

These are the values appearing in columns 2 to 5 of Table 3.2. Now
noting that the:ratio of the applied vertical load to the horizontal
load is 2:1, the 'lowest'iloéd level at which cracking first occurs is
300:150, that is, on face A in the vertical direction. Hence this

number is underlined in Table 3.2.



To calculate the moment induced by the loading system, it is
assumed such moment is primarily caused by the forcé differential (Pl - Pz)
between the rebars, as shown in Fig. B.5. The forces in the horizontal
-strands do not induce any moment in the horizontal direction because
they are/centrally located. The forces in the vertical strands are
assumed to be concentric because they can be accurately adjusted at.

the start of the test. Hence, the applied moment, M, is

M= (P1 - P2) a ' B.1

where a is the lever arm of the rebars. A similar moment is calculated
at the other end of the segment and the average, Mav’ of the two

moments is then used for computing the tensile strength fz as follows,

- + = .
= 3 fre B.2

f“ =
t t t

where P is the total applied load at the time of cracking; At is the
transformed uncracked section area; Zt is the transformed section modulus;
and fpc is the compressive stress in the concrete due to the effective
prestress after all losses have occurred. The values of P1 and;{’P2
#re obtained from the electrical strain gages located on the rebars

as shown in Fig. B.5, whereas P is obtained directly from the loading

machine. For Segment 1 the important data are,

P = 300.0 kips

a = 4.5625 in.
fpc = 676.2 psi
A, = 354,91 in.?
Z_ = 645.8 in.?
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P, = 33.76 kip
| } one end
P, = 12.91 kip

P, = 26.84 kip

} the.other end
P, = 8.64 kip

The average moment at the load level of 300 kips is,

M = (33.76 - 12.91) 4.5625 + (26.84 - 8.64) 4.5625 _ 89.12 k.in.

av 2
The tensile strength of concrete is,
" 300.0 x 10° 89.12 x 10° _
£y 354,91 T T 645.8 676.2

= 845.3 + 137.9 - 676.2
- 307.0 psi

fhis number appears in column 7 of Table 3.3 for Segment 1.

If the bending effect is ignored, the cracking load is
obtained from the plot of the vertical load against the average strain
of faces A and B. The cracking load is 320 kip in the vertical
direction as detérmined from Fig. B.6 and is 179.3 kip in the horizontal
direction as determined from Fig. B7. Because of the 2:1 load ratio,
the former value is then the critical value and the average tensile

strength is,
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: 'Figure B.3 Horizontal Strains on Face A of Segment 1 |
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Figure B.4 Horizontal Strains on Face B of _Se_gment 1]
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Figure B.6 Average Vertical Strains of Se'gmentj',
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Figure B.7 Average Horizontal Strains of Segment 1

|

91



