provide a conservative design approach that does not
impose excessive restrictions when high-strength con-
crete is used.

In response to the discussion prepared by Mark K.
Johnson and Julio A. Ramirez, the authors acknowi-
edge that a valid point has been raised regarding the re-
cently adopted code provisions for shear strength of
high-strength concrete members. Research conducted
by the authors confirmed the applicability and conser-
vativeness of the new code provisions for minimum re-
quired web reinforcement when the full value of J/f7 is
used in shear design. However, Johnson and Ramirez
have pointed out that when designers elect to limit the
value of /f’ used in shear design to 100 psi (690 kPa)
and used minimum shear reinforcement of A, = 50
b,s/f,, unconservative designs may result.

Test results from beam specimens 1 and 8 reported in
the authors’ research support the point raised by John-
son and Ramirez. These two beam specimens had a
concrete compressive strength of approximately 18,000
psi (124 MPa) and fulfilled all the design requirements
of ACI 318-89. The measured shear strengths V., for
these specimens are reported in Table 5 along with the
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was calculated based on ACI 318-83 code provision to

Disc. 87-S21/From the March-April 1990 AC/ Structural Journal, p

-

illustrate the lack of conservatism of the 1983 code
provisions for high-strength concrete. However, if V, is
calculated using ACI 318-89 code provisions, limiting
the 7 to 100 psi (690 kPa) as required, the ratios of
Viea/ V, are .89 and 6.80 for Specimens 1 and 8, re-
spectively.

This point is further demonstrated through compari-
son of test results from beam specimens 6 and 8. These
beam specimens had identical cross sections, identical
quantities of shear reinforcement (4, = 50 b,5/f)), and
similar reinforcment ratios. Beam Specimen 8 had a
concrete compressive strength of approximately 18,000
psi (124 MPa) yet this beam failed in diagonal tension
at a load that was less than the maximum load for
Beam Specimen 6, which had a concrete compressive
strength of approximately 10,000 psi (69 MPa). At this
time, it is not clear why Beam Specimen 8 failed at a
lower shear strength than Specimen 6. These test re-
sults do indicate, however, that the current code provi-
sions, which conditionally limit the values of J/f used
in shear design to 100 psi, may not be adequate. It ap-
pears that minimum shear reinforcement, as stipulated
in Section 11.1.2.1 should be required whenever con-
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(69 MPa) is used.
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Nonlinear Analysis of Cracked Reinforced Concrete. Paper by Hsuan-Teh Hu and William C.

Schnobrich

Discussion by P. D. Zararis and Authors

By P. D. ZARARIS

Member American Concrete Institute, Associate Professor of Civil
Engineering, Aristotle University, Thessaloniki, Greece

The authors have presented a model for cracked re-
inforced concrete subjected to inplane shear and nor-
mal stresses. However, in their attempt to develop a
model suitable for a finite element analysis, they have
disregarded basic experimental findings while, on the

confrarv thev have emnhaciced nanrealictic concantc
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and considerations. This has repeatedly been the case
with other authors presenting similar models.

First of all, the smeared crack representation is a fic-
titious but convenient device for a finite element anal-
_)"STS nowever, sucn a rcprcscmauon Iﬂa( lgDOI'CS mc
occurrence of individual cracks is not acceptable for a
thorough treatment of the subject. Indeed, it is known
that a decisive change in strains and stresses takes place
at the location of the discrete cracks. The forces acting
on these real cracks, and also the direction of the
cracks, are of primary consideration. These quantities
are necessary for the formation of the tensor of con-
crete stresses between the cracks, which determines the
behavior of a structural element until collapse.'®

Contrary to the previous statement, the authors state
that a concern about crack localization is an unneces-
sary expense. Thus, instead of searching for the fixed
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direction of the cracks, the authors use a rotating crack
approach and, while at one place in their paper the ro-
tating cracks are defined as notational ones, in another
place the change in the crack direction is mentioned as
clearly observed in the experiments of Vecchio and
Collins. But it is well known from the observation of
every pattern of cracking, as well as from the analy-
sis,'6 that cracks may appear in two directions at the
most. Besides the original cracks, ultimate cracks have

aleo formed in another direction in some of the previ-
aisC Iormeg in aneoiner QIréclion 1in soeme oI ¢ prev

ously mentioned experiments. This cannot possibly be
interpreted as rotation of cracks. Furthermore, doubts
have been raised as to whether the stress redistribution
between the real cracks is such as to infer these imagi-
nary rotating cracks.

In formulating the constitutive matrix for steel, the
authors have assumed that the dowel action of the re-
inforcing steel is negligible and the bond between steel
and concrete remains perfect. Both of the previous as-
sumptions are incorrect. Regarding the first, there are
shear forces of steel bars, caused by a transverse dis-
placement (not slip) at the crack location, which play a
very important role in the formation of the stress state
of a structural element.'® Regarding the second, it is
obvious that after the formation of dense discrete
cracks and the simultaneous formation of microcracks
around the steel bars, the bond is far from being per-
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fect. On the contrary, it could be neglected, as the ob-
servation of steel strains between the cracks advocates.

The authors believe that a crack occurs when the
concrete stresses reach the failure surface. No mention
is made of the role that reinforcement plays. Neverthe-
less, it is well known that the presence of steel bars
strongly affects both the cracking load and, mainly, the
direction of cracks.

Regarding the stress degrading effect for concrete
parallel to crack direction, the authors declare that ex-
perimental results show that the tensile cracks have
caused damage to the concrete. However, this is not
true. Experiments have shown nothing more than the
undoubtedly existing degradation of concrete strength
and stiffness. Concrete between the cracks is not al-
tered into a new material. Its failure continues to fol-
low precisely the well-known interaction diagram of
concrete strength under biaxial stresses, as it was first
given by Kupfer. What is necessary is to determine ac-

curately both the tensile and compressive stresses of
concrete between the cracks. These stresses have been
found to be directly affected by the shear forces of steel
bars.'® As the yielded steel bars lose their shear forces,
the authors’ paper correctly states, as well as in Refer-
ence 2 of their paper, that when the reinforcing steel
yields, the average tensile stress of cracked concrete is
close to zero.

In the comparison with experimental results, the au-
thors have used for their analytical results a tensile
strength of concrete (f/ = 0.33 J/f!), which is far too
low compared to a real one (ff = 0.3 f7). This de-
graded tensile strength perhaps suits the diagrams used
by the authors, but it gives incorrect values (lower ones)
of concrete strength when the real interaction diagram
of biaxial stresses is used.

Finally, the existence of the failure mode C, pre-
sented by the authors, i.e., concrete failure after the
yvielding of reinforcement only in one direction, is dis-
putable. After the yielding of steel in one direction, the
transverse tensile stresses of the concrete are consider-
ably reduced, and the strength of the concrete in biax-

ial stress conditions becomes higher. In this case, the
failure micht he attribhuted to a oreat shear deforma-
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tion (like a slip), as is evident in the experiments. But
this shear deformation mostly takes place in the direc-
tion of ultimate cracks (PV19, PV20), i.e., it occurs at
the yielding of steel in the other direction, too. Thus,
this failure mode may be regarded as identical with that
of yielding of steel in both directions.
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AUTHORS’ CLOSURE
The authors thank Professor Zararis for his com-
ments, which have been carefully reviewed and are an-
swered in the following paragraphs.
For cases in which a microscopic point of view is
necessary, the authors agree with Professor Zararis that
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a decisive change in strains and stresses takes place at
the location of well-developed discrete cracks. How-
ever, on a macroscopic level, if overall load-deflection
behavior is desired, without regard to precisely com-
puted crack patierns and local stresses, the smeared
crack representation is a viable and perhaps a best
choice.*"'® In general, overall structural behavior of
some large complex systems requires only that the
overall stiffnesses of the various constituents reflect the
average conditions of the various regions. Problems
such as the determination of the strength of cooling
towers under wind loading, the collapse mechanism of
hypar roof with edge beams, etc., can indeed be stud-
jed with a simple smeared crack approach with its
changing material constitutive matrix. The use of this
smeared crack concept has proven to be quite satisfac-
tory for a number of reinforced concrete structure
Studies.9,12.15,19~21

In anisotropically reinforced concrete elements which
have different amounts of reinforcement in two or-
thogonal directions, the internal resisting forces do not
remain proportional upon cracking. With isotropically
reinforced concrete elements, if the steel in one direc-

tion yields first, the proportionality of internal resisting

forces is also lost. Therefore in cases such as these the
principal stress and strain directions do not remain
fixed anymore and the crack directions start to shift.
The change in the crack direction and the consequen-
tial change in direction of the maximum stiffness has
been clearly observed in the experiments of Vecchio and
Collins.? In the finite element anlaysis of reinforced
concrete, a conventional fixed crack model cannot
handle this crack shift effect, and the need for a rotat-
ing crack model becomes quite apparent.**

Bond between concrete and steel is important to most
aspects of localized reinforced concrete behavior. In the
authors’ paper, though perfect bond between concrete
and steel reinforcement is assumed, the effect of the
bond stresses is already represented by the inclusion of
tension stiffening in the concrete between the cracks.

The post-cracking shear resistance mechanisms due
to aggregate interlock or shear friction and dowel ac-
tion are significant contributors in many types of rein-
forced concrete members and have attracted consider-
able research effort in recent years.® Though the dowel
action of the reinforcing steel is assumed to be ne-
glected in the authors’ paper, the entire shear transfer

nnnnnn
mechansims due to aggregate interlock and dowel ac-

tion have been incorporated indirectly into the consti-
tutive matrix of cracked concrete through the shear re-
tention factor u. Actual inclusion of dowel action intro-
duces the need to consider crack opening and flexural
stiffness, deformation, etc. This means the local dam-
age the reinforcing steel does at the crack face needs to
be evaluated. Computations can become lengthy. The
concrete-steel interaction problem is complex, as evi-
dent in Chapter 3 of the ASCE committee report.°
The authors agree that the presence of steel bars
strongly affects both the cracking load and the direc-
tion of cracks. Definitely, the cracking load as well
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as the direction of cracks are different for plain con-
crete and reinforced concrete under the same loading
environment. In the authors’ model, the role that
reinforcement plays has been incorporated into the

titrt atrix of gteeal hich has b .
constitutive matrix of St€C1, WiICil nas oedn further as-

sembled into the constitutive matrix of the entire rein-
forced concrete structure.

Regarding the stress degrading effect in the concrete
parallel to the crack direction, the authors quite agree
with Professor Zararis that ‘‘concrete between the
cracks is not altered into a new material. Its failure
continues to follow precisely the well known interac-
tion diagram of concrete under biaxial stress.’’ Profes-
sor Zararis suggests that, in order to calculate the ten-
sile and degraded compressive stress of concrete be-
tween cracks accurately, the shear force of the steel bar
must be considered. In the authors’ paper, the tensile
strain normal to the crack direction is used as a para-
meter to determine the degraded compressive stress and
stiffness for concrete parallel to crack direction, while
the shear force of the steel bar is included in the consti-
tutive matrix of cracked concrete through the shear re-

tention factor u, as mentioned in the previous para-
arnnh It is the anthors’ nmrnnn that though these two

graph. It is the authors’ opinion that though these
methods are different approaching the problem, both
methods are appropriated in anlayzing the global be-
havior of cracked reinforced concrete elements.

As to the issue of tensile strength of concrete, Mr.
Zararis suggests using a value of f{ = 0.3/** However,
in view of the scatter in the cracking stresses obtained
by Vecchio and Collins,? it was decided to use f; =
0.33/f/ MPa in its traditional and conservative form.

Finally, Prof. Zararis suggestst that the existence of

the failure mode C,, i.e., concrete failure after yieiding

of the weaker reinforcement but prior to yielding of the
stronger reinforcement, may be regraded as identical
with that of yielding of steel in both directions. How-

ever, panels with the yielding of steel in both directions
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loading after the yield of the steel in the second direc-
tion and displayed very substantial deformations prior
to failure. On the other hand, while panels that failed
in the C, mode (PV19, PV20) displayed considerable
ductility immediately after the yield of weaker steel,
these panels could still resist increasing load. In numer-
ical analysis, the stronger steel of these panels never
yielded. The authors’ think these two failure mecha-
nisms should be made different.
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Punching Shear Strength in Concrete Slabs, Paper by Lionello Bortolotti

Late discussion has been received; publication has been postponed to the March- Aprll 1991 ACI Structural Jour-

nal to allow the author to prepare a closure.
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Influence of Corrosion and Cracking on Bond Behavior and Strength of Reinforced

Concrete Members, Paper by G. J. Al-Suiaimani, M. Kaieemuliiah,
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Discussion by J. G. Cabrera and P. Ghoddoussi

By J. G. CABRERA and P. GHODDOUSSI

Member American Concrete Institute, Department of Civil Engineering,
University of Leeds, UK, and Department of Civil Engineering, University of
Leeds

The authors have presented a very interesting paper;
however, there are some aspects of the experimental
work which should be made clear. These are:
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. A. Basunbul, and

1. There is no mention of the manner in which cor-
rosion was induced. It has to be assumed that the spec-
imens for pullout tests were immersed in a salt solution
and that the beam specimens were carbonated. What
was the extent of carbonation and what was the salt
used?

b. Specimens were subjected to a constant current
density of 2mA/cm? (20 A/m?). The duration of ap-
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