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1. INTRODUCTION

A cooperative research effort was started in 1981 between Cornell
University, other research laboratories in the U.S., and institutioms in
the Netherlands: The Delft University of Technology, TNO-IBBC, and the
Rijkswaterstaat. The main objective of this program has been the coordina-
tion of research velated to the analytical modeling of reinforced concrete.
The secoud goal has been the frequent and immediate exchange of research
ideas and results.

Three meetings were held: in June, 1981 in Delft, in January, 1982
in Atlanta, Georgia, and in June, 1983 in Delft. The first two meetings
coucentrated on basic problems with analytical modeling: constitutive
relationships, effects of cyclic loading, long-term effects, representation
of cracking, bond, and interface shear transfer across cracks.

Several benchmark problems were selected during 1982 and these were
analyzed independently by participants prior to the meeting in 1983. The
approaches and results were discussed at the meeting. This report contains
summaries of the presentations at the meeting, including some results of
benchmark analyses.

Financial support for the participation by U.S. researchers was

provided by the National Science Foundationm.



FATIGUE OF CONCRETE IN TERSION

dr.ir. H.A.W. Cornelissen.
Delft University of Technology

In a co-operative research program the fatigue behaviour of concrete is studied.
Our contribution consists of an investigation of the fatigue properties of
concrete in pure tension. Different loading types have been applied (see

fig. 1). .

The research program was started with the determination of S-N lines for
various combinations of upper and lower limits of the cyclic stress. Apart from
repeated tensile stresses, also stress reversals have been applied. The result
of the constant amplitude tests (6 Hz) have been combined in a modified
Coodman-diagram. (see fig. 2) From this diagram it could be cconcluded that

at a given upper limit of the cyclic tensile stress, a decrease of the lower
limit (increase of amplitude) resulted in shorter lives, especially if the

lover limit was a compresgive stress (stress reversals).

During the tests also the longitudinal strain was measured. The strains at the
upper limit of the stresses followed a cyclic creep curve (see fig. 3). The
slope of the secondary part of this curve proved to be strongly related to the
number of cycles to failure (see fig. 4). This relation could be used to
estimate the stress-strength levels of the specimens, since the real strength

varied because of scatter.

In order to check Miners rule the research program had been continued with
program loadings with two and more blocks, having the same lowver stress
limit, but different upper limits. The results showed that Miners rule
provided a practical prediction of life. In general the failure criterion M=1

proved to be safe.

In order to simulate service load conditions, variable amplitude tests
have been conducted this year.

In all tests the development of the longitudinal strain has been recorded
to indicate internal damage of concrete.

In an additional program the damaging effect of stress reversals is studied
more in detail as well as crack propagation durirg fatigue in general.
In this program strain controlled tests with post peak cycles are performed.
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LONG-TERM TENSILE STRENGTH
dr.ir. H.A.W. Cornelissen
Delft University of Technology

To quantify shear behaviour of concrete, information on the tensile properties
is necessary, too. Mainly as a completion of the concrete mechanics projects
on shear transfer in cracks, & testing program was set up to study deformation
and life of concrete under sustained tensile loadings.

The variables were chosen in accordance with off-shore structures such as
gravity platforms. Therefore creep tests vere performed at L%¢ (temperature
of seavater) and at 21°C (reference temperature); tests at 40°C (temperature
of crude oil) are in preparation.

Four different concrete compositions were tested. The specimens were loaded

in pure tension at stress levels in the range of 60 tc 85 percent of the
static strength. Time to failure as well as longitudinal creep deformations
vere recorded.

Because of the similarities with the running program "fatigue of concrete

in tension", the same epecimen dimensions and curing conditions were chosen.

Up till now about 100 creep tests have been executed. The results have been
presented in. "stress-life" diagrams. An example is shown in fig. 1.

Also ihe relation between secondary creep velocity and life has been evaluated.
This relation could be used to adjust the data in the "stress-life diagrams".
A result is shown in fig. 2. As can be observed the scatter could be reduced

resulting in a more reliable relation.
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Theoretical and experimental research on shear transfer across cracks

in concrete under sustained loading.

J.W.I.J. Frénay
J.C. Walraven

Delft University of Technology

1. Introduction

For numerical computer programs experimental information is needed

about the behaviour of cracked concrete under shear and normal loading.
A practical example is the substructure of a concrete offshore platfornm
in which shear forces play an important role. The first part of the
research project "Concrete Mechanics™ dealt with short time tests on
specimens with a single preformed crack. The stiffness.normal to the
crack-plane was obtained either by embedded reinforcement or by external
bars. Crack width and shear displacement were measured as a function of
thé shear loading. The experimental results are well described by the
"aggregate interlock" model of Walraven [1] .

The second part of the research program concerns cracked concrete under
constant shear loading.

2. Theoretical model for short term loading

The "aggregate interlock” model has been developed for short term lovading.
Concrete is modelled as a two-phase material consisting of stiff spherical
aggregate particles embedded in a cement matrix. The matrix material
includes air voids, fine sand (< 0,1 mm) kept together by partially
hydrated cement. As far as normal strength concrete is concerned the
preformed crack will rfun into the matrix along the surface of the aggregate
particles because the bond zone between both materials is the weakest

link of the system.

After the application of an external shear force Fx on the cracked concrete
specimen, the crack opening increases and the stiff spheres of one crack
face are pushed into the matrix material of the opposite crack face.

The required normal force Fy is obtained by external or internal

reinforcement.. Figure 1 shows the two-phase system for one particle.
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Taking into account all particles the equilibrium conditions can be
formulated as;

= cpu (}:ay + u:ax) (1)
o=, (2ax - uzay) (2)
in LF
vith: T = X and g =
¢ s

Ac and As are the areas of the cross section of the cracked concrete
face and of the reinforcement across the crack; opu is the matrix
strength; Zax, Zay sre the total projected contact areas both being a
function of parallel and normal displacements A and w and of the concrete
characteristics. If Fx is increased the contact areas are about to
slide, so that (fig.1);

Tou = u-opu (3)

The matrix material is assumed to be rigid-plastic. As a result of pore
volume reduction the plastic deformations are expected to dominate

the elastic deformations. This phenomencn is even strengthened by the
multiaxial state of stress on the contact area betwveen matrix and

particie. From the experiments it was found that;

o= 6.39 1! 0.56 {4)

u=0.4o (s)

The model given by the equations (1) - (5) gives a realistic description
of the physical short-term behaviour of cracked plain concrete. It

should be noted that onu exceeds uniaxial concrete strength fé;

- f; - not apu - is reduced by cracks in the bond zone. The matrix
has a more homogenzous structure

- cpu includes multiaxial material strength
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3. Thecretical description of long-term strength

a.

Cracks in plain concrete

In order to adjust the theoretical model to the behaviour under
sustained loading it is proposed to reduce matrix strength as a
function of the time of load-application. Hence it is not necessary
to know explicitly the time-dependent deformation of the matrix.
The first attempt is to pay attention to long-term strength of
concrete as this material 1s described mostly in literature. Moreover
as shown in (L) concrete and cement-matrix resemble considerably:
- both are cement-based, so that crack-development is influenced

by the hydratrion-process.
- both materials have "crack-arresters'”, i.e. aggregate particles in

concrete and air voids in the matrix.

Figure 2 shows experimental results schematically. The so-called
creep-curves include the opposing processes in concrete under high
sustained loading; ]
- crack-initiation and -extension causing the failure of the material
after a certain time of load-application
- crack-arrestment governed both by relaxation near the crack-tips
(caused by creep) and by the cement-hydration. In miero-cracks
free water may move, potentially leading to micro-structural
self repair [2] .
It is essential to determine the place of the minimum (tf'. ocr'/fc(to))
of the curves drawn in figure 2. For concrete loaded at an early
age the minimum is clearly present because hydration is still important.
The dotted lines represent no physical reality but indicate that .
crack-arrestment dominates for t_ >t .. The hydration-process is

by by
described by the change of uniaxial concrete strength fc(to);

£(t )= forte (6)
c' o a*b.to

in which fé =1, (to = 28 days). The constants a and b make it
possible to characterize the velocity of hydration (or: the type

of mix and the environmental conditions). Sze figure 3. These

phenomenons are valid for tensile as well as compressive strength.
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Creep tests carried out by Scerbakov et.al. [3] indicate that the
critical stress level is determined by to and f;. The following
approximation has been derived;

»

Sr 18 % (1)
£, to) A + B.logt
with: A= - 11,1530 + 0.036L t‘; - 0.0003 (f(':)2

Ba  2.531h - 0.0376 £ + 0.0003 (£!)°

For young concrete (t° = 7 days) the concrete strength has hardly
any influence on a:r/fc(to)whereas for t2 14 days the critical

stress-level grows with increasing concrete quality.

An extensive research project started by Fouré [L] shows that there
is & linear relation bewteenln t, and acr/fc(to + tf) wvith only
small scatter of crzep test results. The additional advantage of
his approach is that specimens loaded at different ages to can be

presented in one plot. Now the equation for curves in figure 2 becomes;

cr Ocr f(t+t)
f(t)'{f(tm)”f(t) o (8)
¢ o
f(t +t)
= {C-D.lntf} —?-Tg—j--—}

in which C en D are constants.
The analysis of & wide variety of test results gives D = 0.010-0.050
which is in good agreement with a theoretical derivation (D = 0.013-0.025).

After combining (6) and (8) the minimum of the curves can be computed;

d °cr to 2 . o
— = —— - \
dtf(f(t)) 0~ af .)*(23 f(t)D)( *)4“130 (9)
¢c' o t
£ f
»
L Ucr L
for: a =1+ ;.to and F(t) 2 L.e.D

Now the complete curve is known for tf {t . The examples given in

figure 4 show that if t,s D and the critical stress-level are kept

constant, the time to failure increases for low values of fc(to» w)/f;.
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In that case the amount of cement is relatively big (rapid initial
hydration) so that crack-arrestment is stimulated hence prolonging
the life-time of the specimen. Moreover the critical time to failure
increases for decreasing critical stress-level. Concrete loaded at
an old age has nearly no extra hydration, yet according to (9) a
minimum is found.

The equations (L) - (9) are able to formulate time-dependent matrix
strength opu. The results will be implemented into the theoretical
model.

Another problem is that the amount of friction depends on the fact
whether cracks are formed through the aggregate particles or not.
As no information is available about time-dependency of coefficient
of friction, u is kept constant. In 4. series of tests are proposed
to solve this probtlenm.

b. Cracks in reinforced concrete

The shear transfer mechanism differs if embedded steel bars cross

the crack plane:

~ compared with "aggregate interlock”, dowel action can be neglected
for small crack widths (w< 0.25 mm)

- the stiffness of the reinforcement is governed by time dependent
bond, the reinforcement ratio, the bar diameter and the transve.'se
pressure

- contrary to plain concrete the crack opening path remains nearly
unaffected by the amount of steel and the concrete strength.

The probable reason is that secondary cracking around the bars

locally influences crack width and hence the shear transfer mechanism.

Experiments
To verify the extended theoretical model tests are being carried out on

a similar type of specimen as used by Walraven [1] . The main variables

of the experiments are;

- concrete strength : f;—- 55 or 70 N/mm 2, maximum particle size 16 mm,
The high concrete quality is necessary to meet
the structural demands of offshore industry. For
the high strength concrete it is expected that
cracks will run through the aggregate instead of

following tie bond-zone.
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~ shear stress level :: T =5 - 11 N/mm 2

i.e. 50-85% of static shear strength
- initial crack width : v = 0.01=0.10 mmn

- restraint stiffness : external or embedded bars (p = 1,12-2,24%)

The concrete specimens are stored under humid environmental conditions
(95% RH) during 22 days. Tests start at a constant concrete age of -
28 days (20°C; 50% RH) and last approx. 90 days. During the experiments
the shear stress is kept constant; crack width and shear displacements
are measured by a microcomputer.

For each combination of variables several tests are conducted in order

to pay attention to the scatter of test results.
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6. Notations

cr

pu

pu

a - projected contact areas parallel and normal to the crack

- concrete strength at 28 days age

- time to failure

- concrete age

- crack width

- coefficient of friction (particle-matrix)
- reinforcement ratio

- stress normal to crack plane

- constant stress on creep-specimen

- matrix yielding stress

- shear stress
~ ghear stress on particle

= shear displacement
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CREEP OF CONMCRETE IN SEAWATER

ir.J. Mijnsbergen
Delft University of Technology

Summary.

Due to the penetration of scawater, the long term behaviour of concrete
may be affected by some micro structural processes that take place within
the concrete. Creep experiments are being carried out in which specimens
are loaded in uniaxial compression as well as in bending, The parameters
are the concrete composition, the presence of seawater and the
hydrostatic pressure (up to 15 Nmm-2),

The observed creep behaviour is described by a method based on the rate
theory. Starting point of the method used is the equation which
describes the strain rate: ¢ = q.exp(-Q/kT)sinh(Vi/kT). Although the
experimental program is far from being completed it is clear that
seawater penetration affects the creep behaviour and increases the
creep deformations.

1. Introduction.

The lTong term behaviour of concrete strongly depends on the environment,
e.g. moisture, temperature and the influence of liquids and gasses. ithen
concrete is placed in a marine environment, seawater and the dissolved
salts will penetrate into the concrete. Seawater penetration due to
diffusion and hydrostatic pressure has often been investigated and may
be described by Fick's law and Valenta's equation. The effects of
penetration on both concrete and hardened cement paste in (synthetic)
seawater or salt solutions is well known, e.qg. the formation of
ettringite and Friedel's salt, bond of chlorides and sometimes a change
of the porosity and the pore size distribution. The influence of seawater
penetration on the creep behaviour however is unknown,

2. Scdpe of the research program.

It is the aim of the research program to jnvestiqgate and to describe the
creep behaviour of concrete in seawater and also to look for an
explanation of the observed phenomena.

Creep experiments are being performed which qive clearness with reqard
to the seawater penetration. Two aspects of the marine environment will
be investigated. At first the presence and influence of seawater and
second a high hydrostatic pressure (up to 1500 m sea depth), both
separated and toqgether. To determine the influence of the seawater
penetration and the hydrostatic pressure, also creep experiments will be
performed in lime water (Ca(0H);) and with sealed specimens.



- 19 -

With regard to the concrete composition 3 kinds of cement are used and 2
different values of the water cement ratio. Portland cement. Portland
blast furnace cement and a new developed cement: Portland flyash cement.
The water cement ratios are equal to 0.40 and 0.60.

3. Theoretical description of the ¢reep deformations.

Starting point of the method used are the deformation kinetics. This
method is based on the principle that the time dependent deformations
are the result of a thermal activated process which can be described hy
the rate theory. From the fundamental detormation kinetics, an equation
with regard to the strain rate of the creep deformations can be

derived (equation 1,.

¢ = a-exp(ig)sinh(¥¥) (1)

which can be rewritten to equation 2

¢ = ¢o exp(=Qdal,y (2)

Normally in literature, the activation energy (Q) and the work per

volume (W) are kept constant. The derivation however which is used

considers Q as well as W time dependent. The relation between Q and
time t is given in equation 3.

&5 ©

The solution for e¢p is given in equation 4 which contains only time t
and 3 constants: a, d and n (n=l-m),

eer = S S (ERD" - 1) = a(EY" - 1) (4)
d
as Eo.ﬁ

Wlith help of equation 4 creep data are fitted.

4. Creep experiments.

In the experimental part of the research program to types of experiments
are to be distinguished, namely creep experiments in which speciiens are
loaded in bendine and specirens loaded in uniaxial compression.

The bending experiments are ment to collect relative creep data with
reqard to the several parameter combinations primarily the hydrostatic
pressure. Two specimens loaded in bending and a pressure vessel are shown
in the fiquras 1 and 2, Due to small specimen dimensions and a hydrostatic
pressure of 15 ilmm~2 the seawater will penetrate very fast.

The creep experiments in uniaxial compression are of a more conservative
type, and lead to absolute creep data. In figure 3 a specimen is shown.
The specimen is placed in a seawater vessel, containing seawater which is
refreshed continuously during the 90 days lasting creep test and
following 30 days creep recovery period, The seawater which is used
conforms to ASTH-D 1142,



- 20 -

560 mm

P Y S S Sy

W0 mm

specimen (3002 60x15 mm?) |

skiniess sieel spring
lond :

1000 acjusting device

s L

=
R
| A

—

| WUy P S USHEY Ry S —— |

S00mm

|

&

/
<

prestressing tor
stee! plcte
stainless sieel ricle
loca cell

qulic jack
{2 DIKN]
specimen .
{92005 750 rem* )

seawater vessel

cross section A-A

fig.2. Pressure vessel
containing 4 specimens
loaded in bending.

fig.3. Concrete snecimen loaded
in uniaxial compression.



- 21 -

5. Experimental results and preliminary conclusion,

Although the experimental program is far from being completed, several
creep tests with regard to the specimens loaded in uniaxial compression
have been performed untill now. In figure 4 the specific creep (e rsp)
is plotted as a function of time t, It should be mentioned that tﬁe
creep tests start at an age of 23 days and that the specimens were
placed in seawater resp. limewa’:r at an age of 2 days. All 3 creep
curves consist of 3 specimens. The specific creep data have been fitted
by means of equation 5.

copsp * 3 ()" = 1) (1076 m2NY) (5)

-8 201~
o Ecrsp [107°MmM?N)

L 0"
Call

creep of concrete
o = Portland cement, wer 2 0.60 in seawater

n seawater
O = Portland cement, wer= 060 in lime water

& = Portland blast furnace cement wer s Q60

102 10" 10° 10’ 102 10°

10°

fig.4., Specific creep versus tine. time (h]

The average of the calculated reqression coefficients stands at 0.995
which gives some qualitative information about the fitting.

Two conclusions ray be derived. In seawater (curves 1 and 2) a biq
difference can be seen with reqard to Portland cerent and Portland blast
furnace cenent. At tire t=0 the creep deformations are almost equal but
at 90 days Portland cerent creeps alwost twice as much as blast furnace
cerent. It is known that the creep deforuations of blast furnace ccment
are a bit smaller, but such a biy difference is sonewhat surprising.
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During the whole creep test seawater leads to bigger creep deformations
(curves 1 and 3) than limewater, up to 40% at 90 days. So 1t can be
concluded that seawater penetration increases the creep deformations.
With regard to some mechanical properties such as Young's modulus and
coapressive strength (cubes and cylinders) no significant differences
between seawater and limewater have been found.

The first creep tests on bending show that the creep deformations in
seawater under high hydrostatic pressure (15 Nmm™2%) are much bigger in
relation to a2 hydrostatic pressure equal to 0.1 Nmm=2

6. llotations.

constant (rmZN-1)
constant (h)

Boltzmann constant (MmK=!)
constant

constant

time (h)

water cement ratio
activation energy (Nm)
temperature (K)
activation volume (ml)
work per volume (Nm-2) W = fode
constant

creep

ecrsp  specific creep (m2N1)

t<-ho§r0= Ixaw
S

[
oﬂ
=~
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Theoretical and experimental research on the tehaviour of 2razks

in concrete subjects to shear and normal forces.

A.F. Pruijssers

J.C. Walraven

Delft University of Technology

In an earlier stage of the investigation a theoretical model was developed
which was subsequently compared with experimental results, ocbtained on
cracks vhich were subjected to static loading.

The theory was based on the assumption that concrete can be conceived as

a "two-phase” material which is composed of a collection of aggregate
particles with high strength and stiffness (phase I), and a matrix material
consisting of hardened cement paste with fine sand (< 0.25 mm or 0.002 in.)
with lover strength and stiffness (phase II).

A crack in this composite material generally intersects the matrix, but

not the aggregate particles, because the contact layer between particles
and matrix is of relatively low quality. The transmission of forces during
shear displacement of the crack faces is effected via local contact areas
betwveen the particles protruding from one of the crack faces and the matrix
in the opposite crack face. The interdependence betwee: forces and
displacements of the crack faces is closely related to the deformation of
the matrix material. The aggregate particles vere simplified to spheres,
whereas the behaviour of the matrix was assumed to be rigid plastic. The
coefficient of friction between particles and matrix at overriding, and the
stress at vhich plastic deformation of the matrix occurs, were used as
"adjusting parameters” in the model. For the coefficient of friction
between mairix and particles a value of 0.4 was found: the matrix strength
was found to be a simple function of the cube compressive strength.
Excellent agreement with the experimental values was ‘obtained:

the influence of concrete strength and other mix properties, like maximum
particle diameter and gradingcurve were adequately described by the model.
The model can be extended to cyclic loading. In this case the influence of
load history has to be involved.

The principle of the model is demonstrated for one particle section, the
restraining stiffness normal to the crack being represented by a couple

of springs. Fig. 1.a represents the neutral position at the beginning of
the first cycle of loading (Point A, Fig. 2). During shear loading (Fig. 1.b)
a contact ar:a between matrix and particle is formed, between which shear
and normal stresses are transmitted, providing equilibrium with the external
forces.
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The need for equilibrium at increasirg values of the shear force T results

in increasing values of the crack width Gn and the shear displacement Gt
(branche OA in Fig.2).

If the shear load, after having reached a certain value, is released, the
shear displacement will first remain constant: the shear stress at the
contact area will change sign and sliding back to the neutral position will
only occur after surpassing the frictional resistance in the inverse direction
(branche AB, Fig.2); then only a small shear force is necessary to bring

the specimen halves back to the neutral position. (Fig. 1.c and BDO in Fig.2).
A similar behaviour can be expected for the other direction of loading

(OA'B', Fig.2). The second cycle will be basically different from the first
one: the specimen halves have to travel a larger distance tn get in touch and
will then reach full bearing in a short interval of Gt’ which results in a
pronounced hardening character (OA', Fig.2). Each subsequent cyclie will cause
some further excavation of the matrix, so that an ongoing increase of

maximum shear displacement can be expected. T (N/mm?2)

1.0-.

cycle ! cycle 15

Fig. 2. Theoretical response Fig. 3. Test, carried out by lLaible



«25a

The model takes into account that a particle can be intersected by the
crack at arbitrary levels and that, in a mix, particles of vea-ious sizes
are found, depending on the grading curve.

The resistance of the crack plane, for arbitrary values of Gn and Gt after
any arbitrary load history can be calculated with a relatively simple
numerical calculation program, integrating all particle contributions. For
this program two versions have been developed: one version divides the
range of particle diameters into a number of classes for which the average
most probable contact areas are calculated and added: this approach enables
an analysis qf the role of the grading curve.

The other version considers only one general particle diameter, from which
the general crack resistance is calculated using a conversion factor which
couples the individual particle response to the response of a complete mix
with a Fuller particle gradation.

Using the characteristics for the friction between particles and matrix
and the plastic strength of the matrix obtained in the previous, static,
investigation, the calculated behaviour of cracks subjected to cyclic loading
is in fairly good agreement with results obtained from other investigators
(Fig.3).

In both versions of the numerical calculation program the normal restraint
stiffness should be known.

A prediction based on bond stress-slip relations under repeated loading
gives satisfactory results.

In addition to the theoretical analysis of the problem series of experiments
are carried out. The parameters are so chosen that the results will yield
information which is complementary to the information gained in the
experiments at Cornell and Washington.

This is shown in the following survey.

Cornell Mashington Delft
-~ Intermediate concrete quality - High concrete quality
16 <£! < 25 B/m’, or 30 < £} <65 N/ma®
2250 < f; < 3600 psi {Lo00 < rc{ <9000 psi)
- Crack widths > 0.25 mm (0.0 in.) - Crack widths < 0.25 mm (0.01 in.)
- Low cycle high intensity - High cycle low intensity

Unvil now only tests on reinforced specimens are carried out. The average
crack opening path obtained in these tests is in good agreement with the

crack opening pat. obtained in the previcus static tests (Concrete

Mechanics I, Walraven 1980). This supports the assumption that the theoretical
model of Walraven can be used for dynamic tests.

Further tests are needed for a good implementation of the normal restraint
stiffness into this model.
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Poet-peak cyclic behaviour of plain concrete in tension

H.dW. Reinhardt, Delft University of Technology

Fatigue of concrete is a phenomenon which is usually treated by empirical
relations such as S-H- curves and Goodman diagrams and the mechanism of

whick is not yet well understood. It is believed that crack propagation is
an essential feature of fatigue and that a rationsl approach should start

from cracking behaviour of concrete.

A physical model for cracks in concrete may depart from the Barenblatt -
Dugdale idea of cohesive cracks. It is asswaed that a certain zoune exists
in front of a visible ecrack where stresses act holding the crack faces to-
gether. The distribution of these stresses depends on two quantities: the
shope of the crack and the stress-strain curve of the concrete. Fig. 1

(insert) shows the situation of a erack in an infinitely large panel with

a central crack.

oe

Fig. 1. Stress distribution in Fig. 2. Size of softening zone as

softening zone function of relative stress

First an analysis has been done in regard of the influence of the stress-

distribution in the softening zone. The stresses have been described by

/e, = 1 ("';"-)n
oty = ' == . (1)

n=11is a linear distribution, n + « is the Dugdalecsseand n = o would
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mean a visible crack of length 2 ¢. Fig. 1 is an illuétration of eq.(1).
The length of the softening zcne (c-a) is determined by the requirement,
that, at x = ¢, the stress is equa. to the tensile strength and that the
stress singularity vanishes. The condition cen te fulfilled by equetirng
the stress intensity factors due to the stresses in the softz=ning zone,
Ks, and due to the remote stress ¢ acting on a panel with crack length

2c,K°.This condition reads as

- § alx)dx
K= 2 /S [l (2)
K, =" %,/_;E . (3)

Combination of eq. (1) and (2) and equating (2) and (3) leads to an ex-
pression fer a/c. The results of numerical integration are plotted in
fig. 2. They show how the softening zone spreads with increasing stress-
strength ratio indicating clearly the strong influence of the power n on
the results.

Regarding a/c =0 a failure criterion {independent on real length of the
crack and dimension of the panel) it is obvious that failure occurs at

a low stress-strength retio for small n and that nigh failure stress
(o/ft=1) is present at complete yielding (n=100). In a material such as
concrete one may state that the tensile strength ft is an apparent strength
which is smaller than the real material strength. The smaller n the greater

the difference between these two strength values.

A first step to use the model in concrete is to establish a complete
stress-strain curve in uniaxial tension. For this reason tests on 120 mm

thick cylinders have been carried out in three loading types:

(N

Typel Type 2

Fig. 3. Types of deformation controlled loading

1, deformation controlled until failure; 2, cyclic loading towards the
envelope curve;- 3, after passing the peak ecyclic loading between fixed
upper and lower stress, fig. 3. .
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Reproduced from
best available copy.

The results tvo examples of which are given in fig.h and 5, show no signif-

icant difference in the cuvelope curve. Independent on type of loading

o (N/mm?}

1}

100 120
Siml

(V)

Fig. 4. Cyclic loading to the envejope curve
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Fig. 5. Alternating loading
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and on lower stress during cycling the curve remains the same as has been
found earlier in case of compressive lcadirg. Fig. 6 gives the relation
between crack opening (which is defined as total deformation minus elastic

strain measured over 25 mm) anid relative strength O/ft' The concrete used

‘N-_

0 5o 100 200
£ pon

Fig. 6. Average envelope curce in tension

was a gravel concrete with max.aggregate size of 16 mm, cube compressive
strength f_ = L5 Ii/mm?.

A second conclusion from the experiment is that the strength decrease per
cycle seems greater for a sompressive lover stress than for a tensile one.

More data should be evaluated to support this finding.

A second serice of experiments is started to establish the shape of the
crack during cycling. Stress-strain curve and crack shape together will

provide the information necessary to evaluate the model for concrete.
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Yan Mier, Jan, G.M. "Complete stress-strain behaviour of concrete
under multiaxial-conditions",

presented at the workshop on "Concrete-mechanics", Delft University

of technology, June 22-24, 1983 / extended summary

COMPLETE STRESS-STRAIN BEHAVIOUR OF CONCRETE
UNDER MULTIAXIAL CONDITIONS

Jan G.M. van Mier *

1. Introduction

In the last decade, computer models based on finite-element-methods
are used very frequently for studying the highly non-l1inear behaviour
of concrete structures under various loading conditions.

A major input parameter in these models is the stress-strain behaviour
of concrete under multiaxial conditions. Consequently very much
attention has been paid on gathering multiaxial-test results, and

much energy has been stored in the development of general constitutive
equations, describing the complete stress-strain behaviour of concrete,

;?sluding softening behaviour and unloading/reloading characteristics.

Some of these models can describe last mentioned effects, however
tuning the models only was possible, using uniaxial compressive and
tensile test results. Very scarce experimental data are available
regarding the softening behaviour and the unloading/reloading
characteristics of concrete under multiaxial conditions.

It is in the scope of this research to learn more about the overall
behaviour of plain concrete under multiaxial loading, in order to
develop usefull constitutive equations.

In 1981 the construction of a triaxial testing machine for cubical
specimens was completed at Eindhoven University of Technology. The
major difference to other existing triaxial testing machines, is

the ability of deformation controlled testina, using servo-hydraulic
loading equipment.

Z. Experimental details

The experimental machine is composed of three very stiff identical
loading-frames. The three frames are hung in a fourth overall frame
by means of steel-cables. Movement of the loading-axes with regard
to each other is possible in the horizontal plane and is fixed in
the vertical direction. Each loading axis is completed with a

2000 kN compression/ 1400 kN tension servo hydraulic actuator. All
jacks are connected to a high pressure oil-system through accumul-
ators. It should be mentioned that the tensile capacity is not
necessary for the concrete-tests.

Loading is applied to the cubical specimens (dimensions d = 100 mm)
by means of brush bearing platen. In case of tensile loading, the
specimen is glued between the brushes.

* research assistent, Eindhoven University of Technology, The
Netherlands .
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Forces are measured with callibrated dynamometers, strains are
recorded using LVDT's, measuring the relative displacement between
two opposite loading platen.

In each direction two LYDT's are installed in a diagonal position
with regard to the cube (see fig. 1).

Test-control is - in case of deformation controlled tests - through
these LVDT's.

It was shown in the international multiaxial testing program /2/,

that unconstrained boundary conditions are necessary in order to

avoid an over-estimation of the concrete-strength. Also important

is the fact that scatter in strain-results decrease by using friction-
poor boundary conditions. The results by Gerstle et.al. showed that
very great deviations are observed by using different strain-measuring
systems. .

In our case, a number of uniaxial pre-tests was carried out, in order
to compare surface strains (measured with 60 mm long strain-gauges)
and the overall strains, which were measured between the loading platen.
A linear relationship between brush-deformation and loading level was
derived (in cases of pre-peak strains). The same relationship is used
for post-peak strains.

The relationship derived was in close resemblance with results
obtained with an alumizium cube.

Also a number of pre-tests was carried out, in order to investigate
the influence of manufacturing-methods of the specimens on strength
and strain results. (six cubes were sawn from a prism ¢ 135 x 700 mm,
after sawing the cubes were ground flat and plan-parallel with a
diamond grinding-disk)

The concrgte used was a medium strength gravel mix (cyl. strength
~ 45 N/mm¢) with a maximum aggregate size dy = 16 mm.

The grading curve of the aggregate was according to curve Bl6 of
the dutch-codes VB74. The water-cement ratio was chosen 0.5, ths
cement used being an ordinary portland cement (type A, 320 kg/m7).

. Multiaxial test-results

Until now several bi- and triaxial tests have been carried out.
Variables in the triaxial series were: the loading path (constant
strain-ratio EI/E2, or constant stress-ratic S1/52) on four levels
in the tension-compression-compression region and in the triaxial
compression region; the lateral stress-level (S3 = 0.05 S1 or

$3 = 0.10 S1); the direction of casting with regard to the major
and minor compressive direction, and monotonic loading or cyclic
loading to the envelope.

Loading spged (strain-rate) was held constant in all tests:

El ~ 2.10°9/sec. in the major compressive direction. The experimen-
tal design was constructed using statistical methods.

Strength results are plotted in fig. 2. Also plotted are the results
of the biaxial series, which show excellent agreement with Kupfer's
results /3/. Each point in the stress-plane S1-S2 of figure 2
represents one test-result.

Examples of monotonic and cyclic stress-strain curves are shown in

fig. 3 (specimen 882-4, S1/S2/S3 = -1.0/-0.33/-9.05, cyclic, parallel

to the direction of casting and specimen 8Al-3, $1/52/S3 = -1.0/-0.33/-0.05,
monotonous, perpendicular to the direction of casting).
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By using the servo-hydraulic loading equipment, we managed to get

a stable test - also in the descending branch of the stress-strain
curve. '

At this stage only preliminary conclusions can be drawn: not yet
all tests have been plotted, and the statistical analysis is not
yet finished.

Some first observations will be summarized.

When we confine ourselves to the triaxial-compression region, in general two
types of stress- or strain induced anisotropy can be distinguished.

The first type is called CTI, cylindrical transverse isotropy, when

all load-induced cracks run parallel to the major compressive

direction. This type of failure-mode is characterised by:

€) <0 <egy<eq

The second type is PTI, planar transverse isotropy. A1l cracks run
parallel to a plane. The deformational responseis:

51552<0<c3

ai(i=l.2.3) represent the three principal strains.

From the tests, it was observed that post-peak behaviour is strongly
influenced by the kind of failure mode. In the PTI-case a very fast
degradation of material strength is found. Energy release is con-
centrated in one direction. In the CTI-case the descending branch
showed to be more gradual.

Also in close relation to this anisotropic behaviour, is the direction
of the initial damage field with regard to the major and minor com-
pressive direction. The initial damage is the result from creep,
shrinkage and bleeding during the hardening process of the concrete.
Weaker spots develop under the bigger aggregate particles.

The influence of this factor is shown in figure 3. In the cyclic-case
the major compressive load is applied parallel to the direction of
casting. (specimen 8B2-4). In the second test (8A1-3) monotonic loading

is applied perpendicular to the direction of casting. In general, an
increase of energy-requirement was observed when 1oadin% was parallel
rather than perpendicular. In the case shown (fig. 3) also some of the
extra enerav-requirement is due to load-cycling,

The cyclic loading path did not influence the peak stress-level. However,

re d?d observe some influence of load-cycling on the peak-strain-
evel.

The effect of inftial-anisotropy on the descending branch, was
already observed in uniaxial pre-tests. However, in the uniaxial
case only a difference of energy-requirament of about 10 % was
measured.

. Conclusions
At this stage only very preliminary conclusions can be drawn:

- In the triaxial compression-region, two major types of failure-
modes can be distinguished. Both types (PTI and CTI) have a
typical post-peak behaviour.
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- The alignment of the initial damage field with regard to the
currert stress-state, very much affects the energy-requirement
for fracturing the specimen.

- Cyclic-loading to the envelope, does not seem to affect the
peak-stress-level,
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NUMERICAL MODELLING OF CONCEETE: SOME NEW DEVELOPMENTS IN DIANA

Summary of lecture presented at Delft University of Technology

R. de Borst .
Institute TNO for Building Materials and Building Structures
Software Engineering Department / Section DIANA

Rijswijk, August 1983,



NUMERICAL MODELLING OF CONCRETE: SOME NEW DEVELOPMENTS IN
DIARNA.

R. de Borst
Institute TNO for Building Materials and Building Structures
Software Engineering Department / Section DILANA.

Rijswijk, Augusc 1983,

Suamary of lecture presented at Delft University of
Technology, Delft,
June 1983.

1 INTRODUCTION

The main theme of the lecture is the numerical modelling of
concrete under multiaxial compressive loading, both with respect
to the constitutive modelling and with respect to the numerical
treatnant of the derived constitutive law. The lecture concludes
with a brief survey of new methods for solving nonlinear
equations, which have receantly been implemented in the DIANA
finite element package.

2 PLAIN CONCRETE UNDER MULTIAXIAL COMPRESSIVE LOADING

The mechanical behavicur of concrete in compression is among other
phenomana characterized by friction, by inelastic volume changes,
and by an increasing ductility at higher stress levels. Presently,
three different types of wodels exist for describing the nonlinear
response of solids under short-time loading. These are nonlinear
elastic models, plasticity models and fracturing models. Nonlinear
elastic models cannot adequately represent the phenomena just
mentioned. Further, a number of theoretical ot jections exist
against such models, especially when they are employed in a three-~
dimensional situation.

Fracturing models have only recently been developed (Doughill,
1976) and promise to be versatile for describing concrate
behaviocur, especially when they are combined with a plasticity
model to account for the more ductile behaviour of concrete at
higher stress levels. Therefore, implementation in DIANA of such a
model is currently in progress (de Borst, 1983).

Classical plasticity theory as originally developed for metals
can also not represent the phenomena as described above. From
geomechanics it 1s known however, that plasticity theories can be
developed such that the frictional character and the inelastic
volume changes can be described quite wall (Vermeer, 1978). To
this end, failure criteria vhich also involve the first stress
invariant are employed and Drucker's postulate is abandoned so
that a non—-associated plasticity model is obtained. In contrast to
failure criteria which also involve the first stress invariant,
non~associated flow rules are not yet frequently employed in
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concrete mechanics. Nevertheless, their influence upon the
load=deformation behaviour of s structure can be significantly.
For certain structures, even the collapse load can be affected, as
is shown by the example of a dome (see figure 1). The results of
the calculations sre shown {n figure 2, one being performed with a
Mohr~Coulomb yield criterion with a classical associsted flow
rule, and one with a simple nca-associated flow rule (see figure
3). The results reveal a clear influence of the adopted flow rule
on the collapse behaviour.

Another property of concrete which cannot be described within
classical plasticity theory is the increased ductility at
higher stress levels. In the hardening regime, this phenomenon can
however be accommodated for by a hardening law in which the
friction angle rather than the cohesion depends upon the strain
higtory (see figure 4). The difference in response of a concrete
specimen at increasing confining pressure is illustrated in figure
S5 for both types of hardening. It is clear that this improved
description in DIANA for the hardening regime has to be augmented
by a suitable model for the softening regime. This has not yet
been done.

3 NUMERICAL TREATMENT OF RATE LAWS

Owing to their computational simplicity, rate laws ars mostly
integrated by an explicit scheme in order to arrive at a relation
between finite increments. In the past, some researchers have
pointed out that such schemes have rather poor convargence
properties snd that i{mplicit strategies should be preferred (for
instance Willam, 1978). Even more so than for metals this
statement holds for materials as concrets, rocks, aud soils due to
their frictional character (Vermeer, 1979).

Detailed treatment of the implicit scheme which {s currently
employed within DIANA is beyond the scope of this extended
suzmary. The interested reader is referred to Vermeer (1979), and
to de Borst (1982). To demoustrate the differences which may
result from using different integration schemes, the dome of
figure 1 has been analyzed using the explicit scheme as previously
employed in DIANA and by the implicit scheme. Especially at higher
load levels, significant differences occur. From figure 6 it can
be observed that at impending failure, the explicit scheme
predicts a much too stiff structural response.

4 SOLUTION OF NONLINEAR FINITE ELEMENT EQUATIONS

The last part of the lecture is devoted to solution procedures

of nonlinear finite element equations. Currently, much attention
is paid to implementing and testing new solution algorithms like
arc-length control procedures (Riks, 1979) for overcoming limit
and bifurcation points, sodified initial stress procedures, and
Quasi-Newton or Secant methods (Crisfield, 1979) for fmproving the
convergence within & loading step. An example of a large
displacement analysis of a shallov circular arch, computed by
displacement control as well as by an arc-length constraining
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method is included (figure 7).

5 CONCLUDING REMARKS

A brief survey has been given of new development which currently
take place in DIANA. Although not all these developments are
original, bringing them together in one programme seems to be
rather unique. The options which are now available, and the ones
wvhich will become available shortly, make DIANA to be one of the
more powerful packsges {n the field of concrete mechanics.
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Figure 7. Load-deformation curve for a shallow cinrular arch, calculated
by displacement control as well as by arch length control.
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BOND BETWEEYN CONCRETE AND REINFORCEMENT

Hans Groeneveld

Mato Dragosavil

INSTITUTE TNO FOR
BUILDING MATERIALS AND BUILDING STRUCTURES
Rijswijk, The Netherlands

In 1981 a physical model and a mathematical model for bond were outlined
based on a rational approach of a triaxially loaded bond zone. Further a

program of experiments was drawn for verification an quantification of the
models.

Two series of tests were included:

a) Cast in bars loadad in tension. The differences with relation to
other similar tests are a greater length of the specimen,
introduction of several primary cracks and variation of bar diameter,

concrete cover and concrete quality. Sustained and cyclic loading is
involved.

b) Detail~-tests on the bond 2zone, 0.5 ¢ thick aad 3 ¢ long ( ¢ = bar
diameter). The concrete outside the bond zone is substituted by a
metal tube. These tests make it possible to measure the axial bond
stress and slip, as well as the consequent radial stress and
displacement (the origine of longitudinal cracks).

In 1982 a lot of effort 1s spend on improving the test specimens, the
loading procedure and the accuracy of the measurements.

In 1983 cthe main program of the experiments is being carried out.

Some of the first results are shown in the figures 1 to 4.

Figure 1 gshows an example of the measured steel strains alomg the bar in a
tensile specimen, before cracking and after one, two and three cracks

occured. Figure 2 gives the corresponding axial bond stresses.

Figure 3 1s an example of the measured axial bond stresses versus measured
slip in a detailespecimen, due to monotonic and repeated loading. Figure &
shows the corresponding radial bond stresses.
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The meeting at the Delft Universicy of Technology in June 1983, was, as
well as former meetings, a good opportunity to exchange research data on
bond with foreign institutes (Cornell a.o. from U.S., Germany and Italy).
Various coamplications related to bond are discussed (e.g. compression and
tension perpeadicular to a reinforcing bar). The Dutch program is found

promissing and necessary.
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Figure l: Tensile specimen; steel strains along the bar
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SMEARED CRACK ANALYSIS OF SOME BENCHMARK PROBLEMS WITH DIANA
J.G. Rots, R.J. van Foeken, G.M.A. Kusters

Tuastitute TNO for Building Materials and Building Structures
Rijswijk, The Netherlands.

INTRODUCTION

The finite element package Diana, developed at TNO-IBBC, offers
the facilities of a non~linear analysis of concrete (or other ma-
terial) structures. Several constitutive relations are available
for modelling the diversity of the material behaviour of concrete
under multiaxial stress states e.g. cracking, creep and crushing.
The DIANA results of three types of benchmark problems with refe-
rence to crack modelling of concrete structures are discussed.
For full details apout the computations and backgrounds of the
constitutive model the reader 1{s referred to [4,5,6,7]. The
benchmarks are:

- Mixed-mode crack propagation test

At Cormell University experiments are performed on notched,
unreinforced concrete beams ([l). We analysed beam Cl. The
notch and the load were placed in such a way that the beam was
loaded non-symmetrically which leads to the arising of a
wixed-mode crack in front of the notch. Between the two crack
faces not only a crack opening displacement (mode I), but also
a crack sliding displacement (mode II) occurs.

= Reinforced beams, subjected to four-point losding

Three beams ( Al, A2 and A3 ) out of a series of beawms are
studied which were teated at the Stevin Laboratory of the
Dalft University of Technology in the Netherlands in a re-
searchprogram to investigate the influence of beam depth and
crack roughness on the shear failure load [8]. The concreate
beams have no shear reinforcement, only underside reinforce-
ment. Beam Al collapses by yielding of the reinforcement,
whereas the beams A2 and AJ fail in shear by the arising of a
diagonal tension crack prior to yielding of the reinforcement.
In this summary the computations on the beams Al and A2 are
reported.

- Punch test
A reinforced circular plate has been tested at the Stevin
Laboratory of the Delft University of Technology. The failure
wechanisa is punch of the column prior to ylelding of the
reinforcement, The main problem of this benchmark is the
occurrence of cracks in the radifal and tangential directions.
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CONSTITUTIVE MODEL

For the behaviour of uncracked concrete under tensile and compres-
sion loading an elasto-plastic model, based on an associated flow
tule, has been adopted. Incidentally, the model has been extended
by isotropic hardening.

To initiate a crack tension cut-off criteria are available, as
shown in figure l. Once the principal stresses exceed the tension
cut-off criterion a crack is introduced, perpendicular to the
direction of the principal tensile stress.

Within Diana the smeared crack concept 1is used. This concept
spreads the effect of cracking over the entire volume that belongs
to an integration point of the finite element.

Crack propagation is controlled by a fracture mechanics criterion
that takes into account the 'tension-softening' effect. This
effect reflects the gradual decrease of the tensile load carrying
capacity, which i{s the result of the formaction of micro—=cracks in
front of a macro-crack. We employ an adapted and extended version
of the linear tension-softening model proposed by Bazant and Oh
{3]. This model 1is organized around an equivalent concreate
tensile stress-strain diagram, as shown in figure 2. Three
regions can be distinguished (1) elastic, (2) partially cracked or
micro-cracked and (3) fully cracked. The length of the descending
branch ¢ is linked with the fracture energy G, , see [5].

To simullte aggregate 1interlock we reduce "the initial shear
stiffness once cracks occur by using 8G , where 8 is the shear
retention factor (0C B8 <1) and G is the elastic shear modulus of
uncracked concrete. For concrete good results are attained with
0.01< 8 0.2 .

GENERAL REMARKS ON THE COMPUTATIONS

Eight-noded isoparametric plane stress elements have been used to
represent the concrete. The elements are numerically integrated
employing the four-point Causs integration scheme. For {nforma-
tion on the element formulacion see Buthe [2].

The reinforcement is smeared out into a thin sheet having the same
cross section as the actual reinforcement. Between the concrete
and the reinforcemen: perfect bond is assumed.

The Modified Newton-kaphson scheme was adopted. As yieldcriterion
the Drucker-Prager and the Von Mises criterion were used for
concrete and reinforcement respectively. The tension cut-off
cricerion 2 1is applied, see figure 1, wvhich is in agrecement with
experimental findings.
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MIXED-MODE CRACK PROPAGATION TEST, (6]

The experimental set-up of the notched unreinforced beam {z showm
in figure 3. The concentratad load was applied to the steel beanm
which distributes the load to the coucrete beam. The finite
element wmesh can be recognized from figure 4, which shows a plot
of the deformations. The steel beam was included into the mesh.
In order to compute the beam behaviour not only before but also
after the point at which the wmaximum load is reached, the
computations were parformed by controlling the displacement at the
loading point.

The nonlinear respouse of the beam is presented in terms of losad=-
CMSD curves, in which CMSD is the crack mouth sliding displace-
ment as indicated in figure 4. The experimental as well as the
computed load-deflection curves are shown ia figure S.

The computation appears to give a good approximation of reality.
After the top there is a difference, viz. the experimental curve
shows & faater decline than the computed curve. This is probably
due to the fact® that in the aralysis many integration points
suddenly cracked just after the tcp of the diagram was reached,
which may heve resulted in numarically inaccuracies. It should be
said that the vslues of the fracture energy G,, the shear reten~
tion factor B and in particular the assumption for the crack band
width h affect the calculated curva. ses {6].

The crack patterns corresponding to two CMSD levels, indicated in
figure 5, are presented in figura 6. From the mesh only the part
around the notch is shown. A distinction is made between the size
of the actusl strain at the gausspoints to investigate the occur-
rence of strain localizacion. Thick lines indicate cracks with
strains larger than 0.0005, whereas norual lines indicste cracks
with strains smaller than 0.0005. Many cracks appear to have
snall crack strains and may be interproced as 'pseudo-cracks'.
When we disregard these pseudo~cracks, the single crack of the
experiment is clearly predicted by DIANA. The only difference is
that the predicted path of the crack is somewhat too steep.

By studying this benchmark problem two main problems arise.
First, the wmixed-mode crack does not propagate parallel to the
lines of the finite element omesh. This inevitably leads to a
‘zig-zag' crack band path of which the width h is not constant but
varies along the crack band path. Secondly, our tension-softening
model assumes all supplied energy to be consumed in crack opening,
vhereas in reality also a part of the supplied energy will be
consumed 1im crack sliding. A coupling betwveen tension-softening
and shear stiffness reduction is required. Both aspects need
further study.
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REINFORCED CONCRETE BEAMS, [4,7]

The finite element mesh and the geometrical properties of the team
Al are shown in figure 7. On account of symmetry of the structu-
re, the boundary conditions and the loading, it was sufficient to
confine the analysis to one half of the structure. The
computations were carried out displacement controlled at the
loading point.

The experimental as well as the computed load-deflection curves of
beam Al are presented in figure 8. The computed behaviour
resembles the recorded behaviour closely. 1In both cases failure
occurs by ylelding of the reinforcement. The predicted failure
load differs only less than 10 Z of the experimental one. The
crack patterns of this beam are presented in figuyre 9. When the
strain normal to the crack exceeds 0.001 the crack is marked by a
thick line. Just like the praevious benchmark, a coansiderable
number of integration points appear to contain pseudo-cracks with
very small crack” strains. 3By disregarding these pseudo~cracks,
the predicted crack patterns clearly visualize the dominant cracks
occurring in the experiment.

The mesh and the geometrical properties of beam A2 are shown in
figure 10. From figure 11 one amay observe that the computed
load=deflection curves are extremely sensitive to the choice of
the shear retention factor. When using 8 -values higher tham 0.1
aumerical failure is governmed by yielding of the reinforcement
vhereas 8 -values lower than 0.1 predict the beam to fail in shear
prior to ylelding of the reinforcement. The failure load corres-
ponding to 8 = 0.01 and 8 = 0.05 reaches respectively 50 and 70Z
of the load that corresponds with yielding of the reinforcement.
(For beam A3 similar results were obtained.) The low B ~values
(e.g. B8 = 0.05) appear to be the best approximation of reality
since experimental failure wvas also brittle, due to the arising of
an inclined diagonal tension crack prior to yielding of the rein-
forcement.

Figure 12 shows the crack patterns at two load laevels ( 8 =0.2).
Thick 1lines 1indicate cracks with normsl strains larger than
0.00054. Fotr this deeper beam A2 the dominant cracks are even
more pronounced as they are for beam Al. Initially vertical
flexural cracks arise near midspan. With increasing load however,
we observe a transiton from flexural cracking to diagonal cracking
controlled by shear. In the final stage severe dacage due to dia-
gonal cracking is predicted, which i{s in close agreement with the
experiment.



- 51 -

PUNCH TEST, (4]

The circular plate is an axialsymmetric structure, S0 we use an
axialsyumetric element. For the reinforcement a grid-element was
used by wvhich che reinforcement is smesred out in two directions
(radial and tangential) into a thin sheet. Between the concrets
and the steel perfect bond is sssumed.

The network of elements, the restraints and supports and the ex-
ternal loading of this structure are shown in figure 13. The load-
deflection curve for the analysis and experiment are shown in
figure 14. The crack patterns at different load levels in radial
and in tangential directiom are showm in figure 15. The calcula~-
tion is discontinued af:er numerical instability occurs. The com=-
puted behaviour of the plate resenbles the recorded behaviour
closely.

The size of the crack strain in tasgential direction is plotted in
percentages at saveral Gausspoints. The dominant cracks in radial
direction are uark,d by thick lines. The doainant crack strains
vary from 0.002 to 0.006. The difference in the thickness of the
lines gives an indication of the size of the calculsted crack
strain.

At none of the above calculations the ylelding stress of the steel
has been exceeded. Therefors the plate fails by punch.

CONCLUSIONS

With the current constituctive model used in the finite element
package Diana good results are obtained to simulate the cracking
of concrate. For s variety of benchmark problems satisfactory
agreement with the experiments 1is sttained with respect ¢to
load-deflection curves, failure mechanisms and dominant cracks
which leads to ultimate failure of the structure.

The predicted crack patterns clearly reveal strain localization by
considering only cthe large c¢rack strains. Despite the fact that
ve use the smeared crack concept dominant cracks can be predicted
satisfactory as shown in the above calculations.

Nevertheless, improvements are required. In particular the propa-
gation of aixed-mode cracks, which oecur i{n the notched unrein-
forced beam, the reinforced beams as well as in the punch test,
should be paid attention to. Suggestions about an axtesnsion of
the shear stiffness reduction concept and a coupling between ten-
sion softening and shear stiffness reduction are given in [6,7].
To analyse e.g. punching shear, the numerical treatment of two or
three cracks in one integration point needs {mprovements, see [4].
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Program Micro/]

Structures of reinforced and unreinforced concrete in the cracked stage

are analyzed numerically in two ways, either with discrete single cracks,

or using the concept of smeared cracks. This paper regards applications

of the program MICRO/1 for plane stress problems with discrete cracks. A
finite element method is used which is based on an assumed stress field and
natural boundary displacement (Lagrangian multipliers for the boundary
tractions). So, differently from the standard FEM programs of the compatible
type, the program MICRO is an equilibrium model, using boundary displacements
as degrees of freedom. Essentially two different types of elements are

used, namely triangular elements for the concrete and straight linear
elements for the reinforcement. A reinforcement bar never crosses a triangu-
lar element, but instead is always positioned in between two elements.

Bond behaviour is counted for by a nonlinear spring between the concrete and
the reinforcement. Stresses in the triangles vary linearly over the region
of the element. This corresponds with linearly varying boundary displace-
ments, linearly varying bond stresses between the triangles and the straight
reinforcement bars,and hence a2 parabolic distribution of the normal force

in the bars. '

Discrete cracks do not occur between the triangular elements, but run

across the elements. In such a case a triangle is split in two parts, and
additional degrees of freedom appear in the crack, namely for the crack
opening and for the sliding of the two crack faces. In a cracked triangle
.the stresses can become discontinuous if necessary, and the same applies

for the bond shear stress along the edge of a cracked element.

The constitutive relations of the concrete correspond with the model of
Link, which has been extended with an appropriate temsion cut-off criterion.
The bond mechanism is a nonlinear spring, which behaves elastically up to

a maximum shear stress, and shows softening for increasing slip behind that
state. The behaviour of cracks can be discribed with the rough crack model
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of Walraven and the fictious crack model of Hillerborg, Petergon c.s.
The latter tension-softening concept has been adopted as the fracture
mechanics option to account for the process zone of micro cracks around
the]crack *tip"”. This model is especially active if no reinforcement is
applied. ~

Shear failure of reinforced concrete beams

The program has been applied to simulate the behaviour of reinforced
concrete beams under shear loading. We consider the case in which main
reinforcement is applied to carry the bending moments, but no shear
reinforcement (stirrups) has been used. Furthermore we concentrate on the
well-known fact that for such beams the shear capacity depends on the actual
depth of the beam. Our starting point is a series of experiments which was
carried out at the Stevin Laboratories of Delft University of Technology.
From this series we selected two beams which correspond to each other such
that the slendernessratio a/A in the shear part of the beam has the same
value (namely 3), however the depths differ considerably (respectively

125 mm and 720 mm). The beams have been shown in fig. 1. If model laws would
apply, these béams should show the same ultimate nominal shear stress <,
which is the average shear stress at failure. The experiment however shows

a value T, = "1.2 Mpa for the shallow beam, and T, = 0.7 MPa for the deep
beam. So the shallow beam behaves far better. In fact this beam can be
loaded until the main reinforcement starts to yield because the full plas-
tic moment has been reached, producing a ductfle failure behaviour. The deep
beam cannot be loaded that far. Long before the reinforcement yields,
brittle failure occurs in the shear part of the beam. The two beams are

welcome bench-mark problems because of théir expected simularity and still
so different behaviour.

The wanted material properties of the concrete to be fed in the program
MICRO/1 are the cylindrical compression strength, the tensile strength,

the modulus of elasticity and Poissons ratio. These quantities have been
taken from the experimental data. The rough crack model of Walraven is
related-to the cube compression strength, which is also known from the
experiment. The fictituous crack model of Hillerborg has not been applied
in these analyses. Due to the presence of the crack arresting main reinforce-
ment, the fictituous crack model is less important in this case. The data
for bond have been chosen on basis of experience. The adopted data are
regula:ly used values for normal concrete and ribbed reinforcement bars.

In this short note we just show a comparison between the load-deflection
diagrams found in the test and resulting from the analysis (fig. 1). The
ductile and brittle failure is produced satisfactorily. Crack patterns, not
shown here, do also correspond quite well.

Mixed mode fracture in unreinforced notched beam

The program has also been applied to the problem of crack propagation in
an unreinforced beam. Starting point in this case is a series of tests at
Cornell University for mixed mode crack propagation in notched beam under
pure shear. One of the tests is shown in fig. 2. A curvilinear crack deve-
lops and a typical diagram occurs for the load versus the crack mouth
sliding displacement (CMSD).
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In the analysis we used data for the tensile strength, compression
strength, elasticity modulus and Poisson's ratio which are derived from
the exper1ment For the fracture mechanics release energy G, two
values 35 ?/n and 100 ¥/n have been adopted. The results (f{ﬁ 2) show
that the ultimate load can be computed rather accurately, but not the
softening branch. Part of the difference between the test and the ana-
lysis may be due to different definitions of CMSD.

Conclusions

The rough crack model of Walraven in F.E. Analysis of the shown rein-
forced concrete beams yields good computational results. Used in
combination with the fictitious crack mode! of Hillerborg also promising
results were reached for failing unreinforced notched beams.
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SUMMARY REPORT: MEETING AT DELFT UNIVERSITY OF TECHNOLOGY, NETHERLANDS, JUNE
23 and 24, 1983.

by David Darwin*

BENCH MARK PROBLEMS

Work at the University of Kansas centered on three problems: The unrein-
forced beam, the reinforced beam, and the tension panel. The results obtained
in preparation for the meeting are briefly summarized.

Several variations of the material models were used to investigate the
effects of the model ing parameters on the behavior of the finite element
representations.

For most of the studies, concrete was modeled as linear elastic in com-
pression and as linear elastic in tension, until the cracking stress was
attained. Upon reaching the tensile strength, a smeared crack representation
was used. [n some cases, the tensile stress was reduced abruptly to zero and
in others a linear strain softening branch (referred to as tension stiffening)
was used. In the reinforced concrete beams, a nonl inear representation for
concrete in compression (2,3) was also lnvestigated} Vhen used, steel was
modeled as a uniaxial material with § bilinecar stress-strain curve. Perfect
bond between steel and concrete was assumed.

Four node linear isoparametric elements and two node truss elements were
used for concrete and steel, respectively.

Following the formation of a crack the modulus of elasticity was set
equal to zero and a shear retention factor, 8 = 0.4, was used.

Unreinforced Beam: Notched four point bend specimens were used to study
mixed mode crack propagation in mortar a.d concrete at Cornell University.

The tests are described in Reference 1. In our study, we considered the beams
in Series B, shown in Fig. |, along with the finite el ement model.

The material properties used in the analysis are given in Table 1. The
concrete was represented as linear elastic in both tension and compression,
with three methods of representing tensile failure: tensile strength =
7.5 /?:. no tension stiffening, tensile strength = 7.5 /?:'with linear tensicon
stiffening, and tensile strength = 4.5 /Fz'with linear tension stiffening. No
unloading was permitted once a crack formed, i.e., when tension stiffening was
used, positive strains resulted in a reduced stress, but negative strains re-
sulted in no stress change. The load vs. crack mouth slip displacement curves

* Professor of Civil Engineering, University of Kansas, Lawrence, KS 66045
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for the three cases are illustrated in Fig. 2. The model using the low tensile
strength plus tension stiffening proved to be the best. The fracture energy,
Gf, was close to typical values for concrete only for this case.

The results clearly indicate that tensile strength alone is not satisfac-
tory to correctly represent this structure. Both fracture energy and tensile
strength must be considered. Allowing the material to unload once it is on the
descending branch is also important. Without unloading, 3 broad band of cracks
is formed instead of allowing the cracks to localiize. The crack path was also
steeper than obtained in the tests (Fig. 3). This was also observed for other
results presented at the meeting and may be due to 1) the lack of a rough
crack model to represent crack dilatancy and 2) the fact that the test was
cyclic and the finite element models attempted to obtain the envelope curve
with monotonic loading. An accumulation of residual strain in cyclic tension
may result in the difference in the calculated and the actual crack traject- -
ories.

Reinforced Beams: A series of normal weight and lightweight reinforced
concrete beams were tested by Walraven at Delft University of Technology (h)
to study the influence of depth on the shear strength of beams without stirrups.
The beams all had the same reinforcing ratios and shear-span to depth ratios.
Two of the beams with normal weight concrete, Al and A3 were studied. The
material properties used for the beams are given in Table 2. The finite ele-
ment representations are in Fig. &.

The load-deflection curves for beam Al, the shallowest of the group, are
illustrated in Fig. 5. Concrete is represented as linear in compression.
Separate representations, both with and without tension stiffening, are illus-
trated. The failure of this beam is apparently governed by yielding of the
reinforcing, and both representations are reasonably close to the test results.
The small amount of linear tension stiffening does Improve the match with the
experimental results.

Three variations of the concrete mode! were used to study beam A3, the
deepest of the three beams. A3 failed in shear during the test. Both linear
and nonlinear compression were used without tension stiffening and |inear com-
pression was used with tension stiffening (Fig. 6). Both of the representa-
tions without tension stiffening give results which are reasonably close to
the experimental curve, but which tend to slightly underestimate the flexural
cracking load. The use of tension stiffening greatly overestimates the
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stiffness and strength of the structure. The reason for this can largely be
assigned to the large amount of tension stiffening used, coupled with the
large size of the elements, which translates into a very high fracture energy.

All three representations have the drawback that they do not represent
the failure mode of the specimen. This shortcoming may be assigned to the
lack of inclusion of a model for bond in the finite el ement representation.

The critical shear crack in the test specimen indicated the possibility of a
bond fallure. In the finite element models, the state of stress in the concrete
alone does not indicate incipient material failure in the compression zone.

All three models are ultimately too stiff.

Tension Panel: A tension panel tested at Cornell University as a portion
of a study on shear transfer was used as a''blind'' bench mark problem. Material
properties for the model are given in Tabie 3. The finite element model and
load-deflection curve are illustrated in Fig. 7 and 8. The model did not use
tension stiffening.

Due to the limited time, only a portion of the load-deflection curve was
obtained. The curve contains a linear portion prior to major cracking, which
ensued at a 1oad of about 10 kips. The load-deflection curve flattens out and
then subsequently increases in stiffness. Cracks occurred predominately at the
transverse reinforcing bars where the concrete section is reduced (Fig. 9).
There was, however, some spurious cracking in the elements, probably due to the
coarse grid and the lack of stress relief with the large linear strain quadri-
laterals used.

BENEFITS OF THE VISIT

The bench mark problems gave my graduate students and me the opportunity
to participate in an intense and stimulating investigation. The meeting
allowed me to make new contacts and become aware of new research, especially
work on cyclic tension, tensile fatigue and creep and shear strength of rein-
forced concrete. The importance of cracking in structural response and what
we do not know about cracking were strongly emphasized.

The meeting exposed a number of important questions that need to be
answered. What is the behavior of concrete in cyclic tension? How much shear
is transmitted parallel to a crack? What is the fracture energy for mixed
mode cracks, and how is this represented using a smeared crack representation?
What is the correct fracture energy for Mode | cracks, and what are the effects
on tensile strength of cycling into compression?
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The program allowed me to advance the level of my work a great deal in a

short amount of time. 1| feel that | am much more aware of the problems in-
volved and have been stimulated to pursue a number of different approaches to

obtain the answers.
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TABLE 1 Material Properties for Four Point Bend Specimen (Series B)

Property Value
Concrete
Compressive Strength 6.600 ksi §45.5 MPa;*
Young's Modulus 3600 ksi (24.8 GPa)*
Cracking Stress 0.365 ksi (2.52 MPa)*=*
0.609 ksi (4.20 MPa )
Poisson's Ratio 0.18*

* Experimental
:* i = 4.5
*k 1 =

ft 7.5/?:

TABLE 2 Material Properties for Beams Al and A3

Property Value

Steel
Young's Modulus 29000 ksi (200 GPa)
Yield Stress 64 ksi (440 MPa)

Concrete--Beam Al
Compressive Strength 4.464 ksi (30.8 MPa)*
Young's Modulus 3808 ksi §26.3 GPa )**
Cracking Stress 0.361 ksi (2.49 MPa)***
Poisson's Ratio 0.2

Concrete--Beam A3
Compressive Strength 4.543 ksi 231.3 MPag*
Young's Modulus 3842 ksi (26.5 GPa)**
Cracking Stress 0.386 ksi (2.66 MPa)***
Poisson's Ratio 0.2

* fé = .9 x Ave. Cube Strength

** [ = 57/?:

hadded f% = Ave, Splitting Strength
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TABLE 3 Material Properties for Temsion Panel

Property Value
Steel
Young's Modulus 29000 ksi (200 GPa)
Yield Stress 60 ksi (414 MPa)
Concrete
Compressive Strength 3.800 ksi (26.2 MPa)
Young's Modulus 3500 ksi (24.1 GPa)*
Cracking Stress 0.280 ksi (1.93 MPa)**
Poisson's Ratio 0.2
* E = 57-/?":'

* f;: = 4.5/7":—
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P = 14.78 kips (65.8 kN)

ils (208 pm)
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4
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All bars #6 (19 mm)
Slab thickness = 6" (152 mm)

Fig. 7 - Finite Element Model of the Tension Panel
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Steel Stress per Bar = 10.5 ksi (72.4 mPa)
Total Concrete Elongation = 00745 in (.19 mm)
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Fig. 9 - Crack Pattern for the Tension Panel
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1. COMPARATIVE EXAMPLE PROBLEMS

Four plain and reinforced concrete problems were distributed to the
participants of the US-Dutch Symposium in order to verify different com-
putational approaches in comparison to experimental results. Two examples
were selected at UC-Boulder for presentation at the symposium. The results
of these two numerical predictions are briefly summarized below.

At this stage it is important to keep in mind that the material prop-
erties of most problems were defined at best in terms of stiffness and
strength parameters such as E and fé. There was no extensive material test
data made available which could be used to cal.brate the material parameters
for the nonlinear computational studies. Therefore, the different numerical
investigations were forced to adopt parameter values for their particular
material formulation in a rather arbitary fashion which resulted in con-
siderable variations from one study to another.

1.1 Tension Panel

This test example was selected by Dr. Gergely at Cornell University
in order to assess the prediction capabilities of different computational
strategies for reinforced concrete componentssubjected to tensile load histories.
The geometry and material properties of the reinforced concrete panel are
summarized in Fig. 1.1, whereby only fé = 3.8 ksi and fy = 60 ksi were specified
in the original description. .

Since our computational strategy is geared towards a "smeared"
cracking approach, a macroscopic viewpoint was adopted, in which the entire
48" x 48" panel was idealized by a single biquadratic plane stress element
QUAMCY. The X- and Y-reinforcements were lumped into equivalent bar elements
which were connected to the pertinent degrees of freedoms of the quadritateral

concrete element assuming perfect bond. The load history was originally



- 83 -

specified in terms of the steel stress in the Y- reinforcement with a
monotonic increase to °y = (0.6 fy. subsequent unloading and reloading
thereafter. Fig. 1.2 shows the corresponding finite element idealization
of the tension panel at hand, whereby the load-unloading history was spec-
ified in terms of prescribed Y-displacements A. Three parameter studies

were carried out in order to assess the influence of the tension softening
of concrete on the overall load carrying capacity of the reinforced concrete
structure.

Fig. 1.3 shows the results of the elastic-perfectly plastic material
model for the steel and concrete behavior in terms of the total reactive Y-
force which comprises both steel and concrete components versus the overall
elongation & in the Y-direction. We recognize a considerable load-carrying
contribution of the concrete if fully ductile behavior is assumed in tension
(upper bound solution). Note that the initial load strategy yields large
permanent deformations upon unloading according to the unloading concept with
the initial elastic stiffness of both concrete and steel constituents.

Fig. 1.4 filustrates the response prediction of the perfectiy brittle
concrete model while the steel behavior was again described by an elastic-
perfectly plastic formulation. We observe that the brittle post-peak behavior
of the concrete leads to an abrupt discontinuity in the load-deformation be-
havior which is fully reproduced by the displacement control of loading (lower
bound solution;. Since the actual tests were run under load control rather
than displacement control, no such discontinuity could be observed in the
experiment. The simple unloading strategy with the inftial elastic stiffness
of both steel as well as concrete components leads again to large irreversible
deformations.In contrast,arefinement of the tensile-unloading strategy accord-

ing to the concrete strain of the cracked cross-section would lead in this case
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to full recovery of deformations and no permanent set. This would certainly
Tead to larger disagreements with the experimental observations by Dr.
Gergely than the irreversible deformations predicted by the simple unloading
strategy shown in the figure (upper bound of permanent set).

Fig. 1.5 finally exhibits the computational results of the most re-
presentative material formulation which includes the tension-softening of
the concrete in the post-peak regime. Because of the lack of material test
data, an arbitray choice was made for the rupture point €p = 0.0016 which
corresponds to a fracture energy value of Ug = 3.36 k in. The discontinuous
character of the response curve corresponds to that of the experiments re-
ported by Dr. Gergely, except for the decrease from the cracking limit at
160 k to 134 k which cannot be captured in the experiment under load-control.
The simple unloading strategy with the initial elastic stiffness, again over-
estimates the permanent set. However, it agrees better with the experimental
results than the prediction of zero permanent deformation by the more refined
strategy which entirely disregards the concrete stiffness in tension after the
tensile strain has exceeded the rupture value €y 2 €.

In this context it was intriguing that the experimental data presented
by Dr. Gergely during the symposium showed a curious contractive Y-deformation
in the initial tensile loading regime, because the actual measurements were
taken between the Points B-B of Fig. 1.1 on the top surface of the concrete,
rather than in the midsurface. Clearly, the two-dimensional plane stress
idealization is unable to account for the out-of-plane distortions caused
by the particular load transfer mechanism from the reinforcement into the
concrete.

Acknowl edgement
I would like to thank Mr. Afshar Jalalalian who carried out the computa-
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tional and analytical study of the tension panel in partial fulfiliment
of his Master thesis. The numerical investigation was based on the finite
element program SMART (1) which was originally developed at ISD, in Stuttgart.
Because of the relatively simple configuration, the reinforced concrete panel
was analyzed independently by hand calculations in order to verify the finite
element predictions and to give credence to the computational results.
1.2 Notched Shear Beam

This plain concrete example was selected by Dr. Ingraffea at
Cornell University in order to evaluate the capabilities of the smeared
versus the discrete failure approach in predicting shear failure. In this
case, a high strength plain mortar beam with a 2.75 in center notch was
primarily subjected to shear by the loading frame shown in Fig. 2.1 (Series
A, Beam #2). As a result of the loading mechanism, the critical failure zone
was limited to a 7.2" wide strip in the midspan region near the blunt notch.
The experimental results were specified in terms of the overall loading force
of the hydraulic actuator and the crack-mouth-sliding-displacement -CMSD, i.e.
the shearing deformation across the crack flanks. The material properties of
the high strength mortar were specified for an age of t = 150 days although
actual testing was carried out 400 days after casting.

fo = 8.8 ksi

E = 3800 ksi and v = 0.21
Note the unusually high value of the uniaxial compressive strength of the
mortar and the relatively low sﬁiffness. Aside from the minimal material
information we observe that the govering control parameter, the CMSD deforma-
tion across the notch, is an extremely sensitive quantity which can not be
monitored directly by the finite element displacement formulation. In fact,

the computations were carried out under displacement control of the vertical
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component of the loading frame under the hydraulic actuator, Point A,

Fig. 2.2 shows the plane stress idealization with 137 biquadratic quadri-
lateral QUAMC9 and 36 linear strain triangles TRIMC6 in the mesh transition
region. Two spring elements were used to model the roller supports of the
steel loading beam which was idealized with two elements in order to account
properly for the load transfer into the actual specimen. Altogether, 1373
DOF were used for the spatial discretization of the notched mortar beam and
the loading set-up. The actual bearing platens were also included in the
idealization in order to avoid excessive cracking at the supports. This was
especially important because the LVDT - measuring device for the CMSD was

attached only 0.9" away from the edge of the 2" x 4" x 0.5" bearing plate at
the left support.

Two parameter studies were carried out in order to gain insight into
the influence of the softening formulation for combined tensile cracking and
frictional slip. The underlying material formulation has been described be-
fore (2), here we should mention that a crack width parameter was included
recently (3) in order to reduce the mesh size dependence of the smeared
failure prediction. At this stage, the tensile and cohesive strength
parameters in the Mohr- Coulomb model with tension cut-off shown in Fig.
2.3 degrade independently of each other. They are described by softening
formulations of the tensile strength fé versus major principal strain & and
the cohesion ¢ versus the shear strain A in the prevalent slip-plane of the
Mohr- Coulomb criterion.

Fig. 2.4 shows the material parameters which were adopted in the case
of the linear softening model, the results of which are compared in Fig. 2.5
with thoseofa perfectly brittle assumption for the post-peak behavior of the

tensile as well as cohesive strength properties.
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The experimental results exhibit extremely brittle post-peak behavior,
whereby the unloading and reloading curves suggest that the actual fracture
mechanism is a rate process with a viscous component. The computational
results for the linear softening model exhibit reasonable agreement in the
stiffness and the maximum load-carrying capacity, but far too large ductility.
This can only be partly attributed to the difficulties with the indirect
monitoring of the CMSD-control over the vertical displacements of the loading
beam and the numerical or rather financial difficulties in getting a fully
converged solution the (iteration ¥imit was 20 with a convergence threshold of
0.001 in the relative displacements). The numerical predictions of the
brittle model show some improvements with regard to both strength and
ductility, however, the brittle post-peak behavior of the actual mortar
beam was not reproduced satisfactorily. Although there are several possi-
bilities to refine the present softening model in terms of a combined fracture
energy formulation for cracking and frictional slip the post-peak regime of
the test beam # A2 is highly unstable. Therefore, it is prudent to resort to
a bifurcation analysis since the smeared approach replaces the discontinuous
crack phenomenon by a continuous degradation of strength.

The following figures show typical results of the computational study
using the brittle softening model. Fig. 2.6 shows the nodal displacement
vectors and thus, the prevalént motion of the center of beam # A2 at load

step No. 3 which corresponds to an actuator force of P__ = 21.3 kips when

fe
the peak value is reached. The voctor plot helps to visualize the driving
action at the roller support of the steel beam and the splitting motion in
the mortar beam along the blunt notch at midsection. The apparent discon-
tinuity of displacements is a measure of the CMSD deformation. The deformed

mesh in Fig. 2.7 clearly illustrates the tangential motion of the notch
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flanks. Moreover, the deflection of the bottom fiber at the left support
shows the considerable influence of the bearing platen on the CMSD-value.
In the original description of this example problem, the size of this
bearing platen was not specified. Therefore, the results of the 1inear
softening model are somewhat on the stiff side because of the particular
choice of the platen geometry.

Fig. 2.8 shows the distribution of principal stresses in the center
of the beam. The compressive strut action clearly demonstrates the load
transfer from the steel loading beam into the left hand support at the bottom.
It is intriguing that the prefabricated notch hardly affects the overall
stress distribution and that the main failure mechanism develops due to
excessive tensile cracking parallel to the direction of the principal
minor stress rather than frictional slip. This is hardly surprising if

we consider the extremely high value of initial. cohesion, ¢, = 2.05 ksi,

0
which results immediately from the high compressive strength, fé = 8.8 ksi.
Therefore, the suggested shear failure is in reality a tensile failure mode
which is also responsible for the brittle nature of the structural post-peak
regime.

The last two figures supplement the behavioral study of the brittle
softening model. Fig. 2.9 illustrates the deformed mesh at the final load
step No. B8 in the post-peak regime when the actuator force has decreased to
Pfe = 14.8 kips. The plot which uses the same scale as Fig. 2.7 demonstrates
the splitting motion across the depth of the mortar beam. Fig. 2.10 shows
the associated distribution of principal stresses for comparison with that
at the peak load in Fig. 2.8. The compressive strut action is apparent from
the distribution of the minor principal stresses. Note the large stress

redistribution at the top right next to the support of the loading beam.
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The full release of stresses in this zone agrees with the final crack

pattern which was observed by Or. Ingraffea during testing.

Acknowledgement :
I would 1ike to thank Mr. Bryan Hurlbut who carried out the computa-

tional study of the notched mortar beam within an individual study.

2. CURRENT CONCRETE RESEARCH AT CU-BOULDER

At present, there are three research projects being actively
pursued on various aspects of concrete mechanics.

2.1 Numerical and Experimental Study of Direct Shear Test:

Within the AFOSR project on "Finite Elements and Localized

Failure", the current computational strategies are re-evaluated for
predicting the failure propagation in structural components. In parti-
cular, tensile cracking and frictional sl1ip modes of failure are studied
with the aid of the direct shear test. The computational work is accompanied
by an extensive experimental test phase with the large capacity direct shear
apparatus developed at CU Boulder. The MTS-servo control provides full
insight into the peak and post-peak behavior of mortar and concrete speci-
mens subjected to di fferent ratios of normal to tangetial shear loading.
The project is directed by Dr. K. Willam and Dr. S. Sture as principal
investigators. Preliminary results of this work on tensile and cohesive
softening were published in refs. (4,5,6) and are presently summarized in
the form of a Master Thesis (3}.

2.2 Triaxial Load History Study of Plain Concrete:

Within the NSF project on "Response of Concrete to Multiaxial

Load Histories", the behavior of concrete was studied for different load

histories in triaxial compression. Guided by the “simple” formulation
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presented in ref. (7) a large number of tests were carried out with the
cubical cell device developed at CU-Boulder. Preliminary results were
published in refs. (8,9), while the entire test data is presently compiled
in an extensive research report (10). The test results indicated a strong
interaction between hydrostatic and deviatoric behavior which led to a re-
finement of the simple theory (11). The project was directed by Dr. K.
Gerstle and expired in December 1982. Funding for a subsequent research
project on triaxial concrete behavior is presently proposed to NSF in order
to develop a unified approach for the full range of tension-compression
behavior which includes the post-peak regime.
2.3 Biaxial Behavior of Fiber Reinforced Concrete

Within the AFOSR project on "Load History Effects of Steel Fiber
Reinforced Concrete Properties" the biaxial behavior of cubical reinforced
concrete specimens is studied primarily in the tension-compression regime.
To this end, the cubical cell device was extended to accommodate brush
bearing platens for tensile load histories. Both strength and nonlinear .
deformation behavior are explored in order to assess the effect of steel-
fibers. The project is directed by Dr. H-Y Ko, Dr. C. C. Feng and Dr. S.
Sture. Preliminary results were reported in ref. (12) while the detailed
results of the project were compiled in the recent report (13).

3.  ASSESSMENT OF COOPERATIYE RESERACH PROGRAM
The cooperative reserach program between the US and Dutch institutions
was extremely useful. It provided insight into current research activities
in concrete mechanics in both countries and led to a lively exchange of
ideas among leading experts during the informal meetings in Delft and Atlanta.

A brief assessment of the exchange program follows below.
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3.1 Annual Meetings
The regular meetings in Holland and the USA led to intensive

contacts among prominent members of the research community. The format
of a closed workshop gave all participants an opportunity to raise ques-
tions and express their opinion in a personalized atmosphere. Therefore,
it was easier to focus on the open problzms and to share sometimes negative
experiences with the ongoing experimzntal and computational research. The
main advantage of the informal meetings was, in my view, the mutual exchange
of ongoing research activities and the stimulating discussion of “"hot" topics,
such as fracture energy concepts and prevalent softening formulations.

3.2 Comparative Example Problems

The closed workshop atmosphere was instrumental for the formulation

of example problems which served to verify the different computational approaches
proposed by individual researchers in the light of experimental evidence. The
purpose of this comparative study was to challenge the current numerical
strategies with a broad spectrum of example problems. In principle, this
type of an international competition was an excellent idea. However, there
were two aspects which influenced the outcome of the individual contributions,
the difference in resource allocations and the 1oose description of the example
problems. We all recognize that a nonlinear finite element analysis still
imposes considerable demands on manpower and computer resources even {f we
can restrict ourselves to the execution of existing software programs. There-
fore it is unrealistic, at least for academic institutions in the USA, to
pursue four example problems with several parameter variations without any
external funding. Although the outcome of nonlinear finite element studies
is determined to a large extent by the underlying material model and the parti-

cular choice of material parameters, little information was made available
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on the material properties of the comparative example problems. Therefore,
a wide variety of results were obtained by the different contributors, each
of which resorted to additional sensitivity studies in order to explore the
effect of i11-defined material parameters on the computational results.
3.3 Recommendations for Future Cooperation

As indicated before, the exchange of infoarmation and the stimulat-
ing discussions are extremely valuable. Some of the experimental research
activities of our Dutch colleagues along the line of the fracture energy
studies in Delft, and the triaxial load history studies in Eindhoven, are
of particular interest of our own work. Therefore, I recommend ta follow up
the outgoing cooperative research with a similar activity along that line.
1 propose to widen somewhat the number of participants and to include
current researchers in the field of‘concrete mechanics from other European
countries, but to retain the clcsed workshop format. On the other hand, it
wouid be worthwhile to focus on one particular topic in each research meeting
and to prepare the ground with comparative example problems, the resu:lts of

vhich could be published in a joint report for public distribution.
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The Fracture Mechanics of Concrete

Anthony R. Ingraffea
Cornell University
The proper fracture mechanics to be applied to crack propagation in
concrete is determined by scale effects:

* How large is the process zone compared to the smallest critical

dimension of the structure under consideration?
First, some definitions:

* Process sone = that area accompanying crack propagation in which
inelastic material response is occurring.

¢ Critical dimension = the length of the crack itself, including its
process zone, or, if it is smaller, the distance from the crack tip
to the nearest free surface or reinforcing bar.

* Crack = 1is not used here in its classical sense, as a complete
discontinuity in both traction and displacement fields. Rather, it
is used to describe an effective crack which consists of a length of
true crack (in the classical sense) preceded by its process zone.

Next, some assumptions:

* It is assumed that the only constitutive wmodeling required for
process zone description in pure Mode I is the stress-versus-crack-
opening-displacement (COD) relation which can be obtained from a
displacement-controlled direct tension test (Ref. 1). This relation
is, in fact, the post-peak stress-COD curve measured in such a
test. A range of such process zone softening models used in the
present analyses is shown in Figure 1.

* The previous assumption implies that normal stress continues to be
transferred across a displacement discontinuity which may or may

not be visible to the naked eye. It is assumed that this stress
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transfer is due to aggregate bridging and the undulating, three-
dimensional nature of the opposing crack surfaces (Ref. 2).

* It is assumed that the process zone localizes, due to the rapid
sofening behavior shown in the models of Pigure 2, into a very
narrow band ashead of the true crack tip. In fact, for the purposes
of finite element analysis, all softening is confined to one-
dimensional interface elements lying in the crack plane shead of
the true crack tip (Ref. 3).

Given these observations and asssumptions, it is natural to ask:

* How large must the critical dimension be for the application
of linear elastic fracture mechanics (LEFM) to be valid? Or,
rephrased, how long is the process zone?

¢ How sensitive is the process zone length, rp, to structural
geometry and the constitutive model which drives it?

¢ For a problem of effectively infinite domain, what is the steady-
state process zone length for a given constitutive model?

This last question is addressed in the analysis of the structure shown
in Pigure 2. The structure is, except for its finite dimension, the same as
that used by Griffith (Ref. 4) in developing the frundamental relatiocushipe of
LEPM. To-facilitate analysis over a wide range of crack lengths, two meshes,
showm in Figures 3 and 5 were used. Both employed quadratic order, iso-
parametric quadrangles, triangles, and interface elements. Detail A of the
first mesh, Pigure 4, shows a typical interface element placement along the
crack patn.

Figures 6 and 7 show displaced shapes at two post-peak load levels.

The shaded areas are actually the elongated interface elements comprising

the process zone.
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The complete load-displacement prediction is shown in Figure 8. The pre-
peak nonlinearity due to process zone development shead of the initial true
crack is clearly shown.

The development of the process zone and the trailing, true crack is shown
by way of crack opening profiles in Figure 9. Recall from Figure 1 that,
for the coustitutive model employed here, a COD of 0.005 inch is required to
completely relieve normal stress transmission through the process zone.

Figure 9 can be used to trace the development of a steady-state process
gone length. As shown in Figure 10, for this structure and this process
zone constitutive model, the steady-state length is aboat 37 inches and this
requires the development of a true crack length of about 60 inches.

The implications of this result are as follows:

e Por LEFM to be applicable for this structure, a true crack length of
at least 370 inches, 10 times the steady-state process zome length,
would be required (Ref. 5).

* The steady-state process zone size estimate,

2
Y o 3
p Ir fT

often used for concrete and rock is a gross underestimate. Note
that Model D corresponds to a K, of about 900 pei /in, and that

a Young's modulus of 3 x 106 psi was used in this analysis.
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Detail A

Figure 3. Mesh 1



- 117 -

T s Jo v Trwaaq 'y In874 .

JU2W3I|3 920}J34U) d&.U-

dil %o01) (oW

T




- 118 -

Z USIN

°G In8ya




- 119 -

18d ¢/ = “n 103 adwyg paderdsiqg

*9 2an813

€0 +3G.2¢€2'¢
404004
uolodYidwy




- 120 -

%S » T0 103 adeys paoeydsig

*( @an31y

€o+3LP'C
Jojoon
uoNDIYYdwy




ssuodsoy juowmeovidsyg-peo] ‘g andyyg
u ‘(coI*) 3 0 2/009
b € 2

|
| L

-

- 121 -

2 UsOnW B o2al
I Ysay ©

(18d) ®o

Q spow Buugyjog




- 122 -

89T1FJjo1g jusmaseldsq-Suyuadp-yovan yeed-1804 °6 ind1j

...:s:o ‘qibumy 120s) eAlIe)3
dy woox) sy NWy

091 ort oz oot . o8 09 or (4 &

MqABIA

o
o
o
-
llllllllllll [, ]
*
h| oy o
130 ‘sseng paddy —{ ) -
S WW-— o ¥

| ussm— o

0 ispoyy  Sumegjog




- 123 -

Yyidua Roe1) aNn1l snsiajs YiBua auoz ssadoiay

‘01 2an8yz
(w)yo  ‘usbudq yooay aniy
obl (ord ¢ 0]] 08 09 ov 02
| I L 1 ! L | L ! I L] T I
0¢
(b9) (65) o =
(SL) =~
18d ‘ssesjg payddy( ) (v8) 09
_ Z Yssy ©
| ysany O
qQ 19poyw Oujuajjog o8




- 124 -

Bond-Slip Relationships for Reinforced Concrete

Peter Gergely
Cornell University

The refined analysis of reinforced concrete, notably by the finite element
method, requires detailed knowledge of the constitutive relationships of this
composite material (1). Perhaps the most difficult parameter is the bond-slip
law, especially for high-level reversed cyclic loading. Several experimental
and analytical investigations have addressed this probiem but agreement can be
found only on some qualitiative conclusionms.

The difficulties are manifold. It is well known (2, 3, 4, 5) that the
properties of the bar (diameter, lug geometry) are important, particularly for
cyclic loading. The properties of in-place concrete, especially the casting
position of the bar, also affect the slip and bond strength. The greatest
problem in arriving at general bond-slip relationships is the large variety
of confinement conditions and radial stresses that may be caused by the cover,
stirrups, and external loading. The failure mode, force level, extent of
cracking, and slip all depend on the confinement.

Another complication is the effect of differences in loading conditions.
In a beam large bond stresses exist at each crack and the concrete is in
tension near the bar between cracks. On the other hand, anchorage bond is
normally characterized by compression in the concrete.

" The requirements of micro-modeling of reinforced concrete are much wmore
exacting than those of design. It is necessary to know the variation of
bond-slip relationships along a bar but it is impossible to measure the slip
accurately right at the bar because of the complex stress and displacement
conditions. The pioneering work and measurements by Nilson (6) are still used

by most analysts. To avoid complications, one may ignore the local cracking
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and crushing at bar lugs and define slip as relative displacements between the
bar surface and 2 point (cylinder) chosen away from the bond zone around the
bar (7). That idealization is simple for overall member analysis but it does
not congider the details of local behavior.

Several researchers have proposed bond-slip relationships; for example
at the University of Washington, in Japan, at Cornell University, Greece,
Stuttgart, and TNO. When the bond stress gradient is large, it is insufficient
to use average bond stress. Attempts have been made to generate bond-slip
relationships by examining short bonded lengths with 1, 2, and more lugs (4).
External pressure could be applied to simulate confinement.

Typical repeated and monotonic force-slip curves are shown in Pig. 1
for a specimen with 200 psi external pressure on a common concrete cylinder.
Hysteresis curves in Fig. 2 illustrate the highly nonlinear behavior at low
stress levels. The effect of confinement is evident in Fig. 3 and the number
of ribs in Fig. 4. Not much change in behavior is expected for more than
3 ribs,

Idealized bond-slip hysteretic curves are shown in Pig. 5, based on 1,
2, and 3-rib tests. Such curves may be used in analysis, though the actual
loading conditions must be similar to those used in the tests.

For anchorage problems in situations where high confinement is present,
for example in a well-reinforced joint, quite accurate analytical models
have been developed (8, 9) that can predict the cyclic bond behavior even at
high loads. The confinement and joint geometry preclude cover cracking and
associated uncertainties.

It is not likely that general bond-slip relationships can be developed
that ars equally applicable to tension situations, anchorage, varying confine-

ment, external pressure, and loading history. However, research during the
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past three years has resulted in several models that are applicable in specific

situations.
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Models for Analysis of Concrete

Oral Buyukozturk
MIT

Hybrid Model for Discrete Cracks

A method is proposed for the analysis of mode I and mixed mode crack
propagation in concrete. It is based on a hybrid technique which uses finite
elements to represent the uncracked specimen, and distributed dislocations
to represent the crack. Consequently, no remeshing of the finite elements
is required after crack propagation. This method is improved and further
developed to make it applicable to concrete by incorporating the nonlinear
traction transfer characteristics in a crack in concrete. By incorporating
expressions obtnined from previous studies to represent the aggregate interlock
and imperfect debonding (i.e., tensile softening) in the crack, the propagation
in a single edge notched beam, subjected to four point bending, is modeled
correctly, wvhile the predicted reduction in load corresponds satisfactorily
vith the experimentally obtained results.

A hybrid method, which combines the advantages of the finite element and
boundary integral mechods, was recently proposed for the analysis of cracks in
finite bodies. This new approach utilizes finite elements to represent the
features (particularly the finite geometry) of the body in vhich the crack
occurs, while a continuous distribution of dislocations are used to -odcl'th;
crack. The effects of the dislocations are evaluated with a surface integral
method. The crack can be treated as a pseudo substructure in the body by
assuming that superposition holds for the specimen. A generalized stiffness
matrix is assembled, and the displacements and dislocation densities can be
obtained explicitly. A brief discussion of the derivation of the generalized

stiffness matrix is outlined here.
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Assume that a linear elastic body, in which a crack exists, is subjected
to boundary tractions R. Tractions of magnitude T act on the crack. The
actual stress and displacement fields in the body can then be treated as the
superposition of two problems, by using the general method of substructuring.
First, consider a crack with the same configuration as the actual problem, but
in an infinite domain. Represent this crack by the superposition of mode I and
mode II dislocations, distributed along the crack. Assume that tractioms 'I"i
act along this crack, which create certain stress and displacement fields in
the infinite body. When the boundaries of the actual body are mapped onto the
infinite body, the normal and shear tractions along this path can be calculated
from the stress influence functions for dislocations. The corresponding
equivalent nodal forces, R‘i, (which act on the finite body) can be calculated

from these tractions as

= GF, (1)

where G is the traction influence matrix, and
F are the dislocation density amplitudes (derivatives of the disloca-
tions with respect to the distance along the crack). The surface tractions

along the crack can also be written in terms of the dislocation density

smplitudes as

- cr, 2)

wvhere C is the matrix representing the stress influence functions along
the crack.

The displacements (at the finite element nodes) due to the dislocations
are given by the displacement influence functions. Special care has to be
taken to represent the line of discontinuity of the crack correctly. These

influence functions are used to compile the matrix L, which expresses the
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displacements at the nodes in terms of the dislocation density amplitudes,
v*t = 1r. 3)

Consider also a finite body without a crack which is represented by finite

elements and subjected to applied boundary tractions lfe. The displacements

can be found from the well-known expression

xuf® - gf* ,

where K is the stiffness matrix of the specimen. These displacements will in
turn create stresses along che line of the crack that can be written as

suf® - ofe )

wvhere 8 is traction influence matrix. The total displacements (U) are the sum
fe

of the displacements due to the dislocations and the load vector R Thus,

vevuftspticgfe, o (s)
The total applied load vector, R, is

r-ef® .t e i, (6)
and from equation (5),

R=K(U-LF) «GF = KU + (C - KL)F. ’ ¢))

Similarly, the tractions slong the crack will be

T= rfc . ‘l'"'

- suf® + cr

= 50 + (C - 8L)F. 8)
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The global generalized stiffness matrix can be written as

k (c-x) | |v R
- 9)
|8 (c-sL) | |F T
or
k" v] R
- (9a)
s ¢*] Le, T

The stress intensity factors at the crack tips can be calculated from the
dislocation density smplitudes. If the critical stress intensity factor of the
material (lIc) is known, and it is assumed that crack extension will take place
in a direction normal to the direction of maximum tensile stress, the load
level required to propagate the crack cam be calculated. Thz general approach
to this problem is to extend the crack by a certain increment, and then cal-
culate the loads corresponding to this extension. Since this is an incremental
method, two different approsches can be followed to calculate the direction
of crack extension. In the first method it is assumed that the stress field
around the current crack tip can be modeled with the normal expression for
stresses at a crack tip. The new direction of a short crack increment will be
in the direction where ‘II is szero. Erdogen and Sih pointed out that the rela-

tion between ‘I and KII is given by
K, sin 8 + K, (3 cos 6-1)=0

where 0 is the direction with respect to the previous crack direction in which
‘II will be gero. The value of 8 can be calculated from this expression when

‘1 and ‘II are knowmn.
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Although the constitutive relations of the two phenomena of aggregate
interlock and tension softening are vastly different, it will be assumed that
the influence functions for tractions along the crack will be independent of
the source of these tractions. The particular constitutive relations, which
express the stresses along the crack in terms of the relative crack displace-~
ments, are discussed in another section. In this section a proucedure is
proposed for the solution of the general set of nonlinear equations. Gener-
ally, these crack face tractions are load path dependent. Due to the lack of
sufficient experimental dats to formulate the overly complex model that will
be needed to incorporate all the significant features, it will be assumed that
the stresses are path independent. In that case, the stresses across the crack

(Tcr) are functions of the relative displacement of the crack faces (U ) or

T, =T (U ). (10)

The relative crack displacements (Ucr) are in turn linear functions of the

dislocation densities along the crack, or

er = DF (11)

vhere D represents the displacement influence functions along the crack.

Constitutive Model for Concrete

A rationsl anslysis and, hence, design of complex concrete structures
through computer based methods is often limited by the lack of adequare
material models for concrete. This is particularly true for structural
situations where concrete is subjected to multi-dimensional loading condi-
tions. In the past, numerous attempts have been made, with limited success,
to establish comstitutive equations of coucrete for a variety of load con-

ditions including cyclic load effects. Several clearly outlined approaches
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used for defining the stress-strain behaviour of concrete may be categorized
into the following main groups:

(1) linear- and nonlinear-elasticity theories

(2) elastic perfectly plastic models

(3) elastic strain-hardening plasticity models

(4) plastic-damage (fracturing) type models

(5) endochronic theory of inelasticity

A recent summary of finite element analyses of a variety of reinforced
concrete structures shows that, in spite of the general recognition of the
nonlinear material behaviour of concrete, most of these analyses use a linear-
elasticity approach for modeling material response in pre- and post-peak stress
range. This may be attributed to the difficulties encountered in assessing
various parameters involved with complex material wodels and in their computer
implementation. Significant realism in predictions can be achieved by assuming
a nonlinear elastic stress-strain relationship. In general, two different
approaches are employed in the formulation of nonlinear elasticity-based
stress-strain laws. There are: (1) finite (or total) material behaviour
characterization in variable secant-modulus form, known as hyperelastic type
of formulation; (2) incremental or differential material descriptions of the
hypoelastic type using variable tangent-modulus. Hyperelastic formulations
approximate a losd-path independent reversible process with no memory. That
is, the material response ar any instant is a function only of the current
state of stress and not of the load history. These models simulate the
response of coucrete sustaining proportional loading with reasonable accuracy,
but they fail to predict inelastic deformations when the material experiences
unloading. The hypoelastic formulatiom approximates a path-dependent,

irreversible process with limited memory. That is, the material response
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at any instant is a function of the current state of strain, and of the stress
path followed to reach that strain.

In the finite element Program ARC, four nonlinear constitutive models,
three based on the theory of elasticity and one based on the incremental theory
of work-hardening plasticity have been implemented. These formulations are
described herein and critically evaluated. A material model developed for
refractory concretes is also described. Thermal expansion-contraction and
creep modeling capabilities in the program are discussed with regard to normal
and refractory concrete.

An overview is presented of the approaches generally used in defining
constitutive relations for concrete. Capabilities of the finite element
computer program ARC, developed for the three dimensional analysis of complex
reinforced, prestressed and refractory concrete systems is described. In that
program the material models based on isotropic elastic, orthotropic elastic,
and plasticity formulations have been implemented. This analysis capability
is used to analyze some selected structural concrete problems; through these
analyses, the verification of the implemented constitutive models is shown,
and the applicability of the developed computer analysis capability to concrete
structures is dewmonstrated. In the process of this verification an sutomatic
check on the stability and effectiveness of the numerical procedures was also
achieved.

Most elasticity-based models are computationally simple and particularly
well suited for application in finite element codes. They provide a reasonably
good representation of the deformational behaviour of concrete for practical
applications. However, some of these formulations do not model the behaviour
of concrete at high stress levels accurately. Moreover, these formulations

are limited to proportional loading cases which may result in prediction errors
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in certain structural situations. The development of plasticity-based
models reaches greater generality. These models accurately predict inelastic
dilatancy and hydrostatic pressure sensitivity observed in concrete.

The developed computer analysis capability incorporates special structural
effects inherent to complex concrete systems. These include temperature
dependent nonlinear material properties, cracking in concrete, shear transfer
in cracked reinforced concrete sections, and time dependent effects such as
transient temperature distributions and creep and shrinkage.

From the wide range of structural problems snalyzed using the developed
computer program, it is concluded that cracking, load-displacement response
and ultimate strength predictions are achieved with adequate accuracy. The
developed computer analysis capability may be used as a powerful tool for three
dimensional structural snalysis of complex concrete sytems. It can be used as
a tool for gaining better insight into the behaviour of concrete structures,
and as a valuable aid for improving existing design codes. The usefulness of
the program can be enhanced by incorporating finite elements to analyze planar

type of structures such as beams, panels and shells.

Damage Model for Concrete

A rate-independent damage-type constitutive model is proposed for the
multiaxial cyclic behaviour of concrete. The material composite is assumed
to experience a continuous damage process under load histories. The model
adopts 8 damage-dependent bounding surface ia stress space, which predicts
the strength and deformation characteristics of the gross material under
general loading path. Reduction in size of the bounding surface as damage
accumulates and the adopted functional dependence of material moduli on stress

and damage permit s realistic modeling of the complex behaviour of concrete
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under multiaxial load cycles. Satisfactory prediction is obtained of the
generally nonlinear stress—strain response, degradation in stiffness during
load cycles, shear compaction-dilatancy phenomena, aggregate interlocking and
post-failure strain softening behaviour. Finite element implementation of the

proposed model is feasible and computationally efficient.
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Delft Meeting on Mechanics of Concrete, June 22-24, 1983

CRACK SHEAR IN CONCRETE : ROUGH CRACK MODEL AND MICROPLANE MODEL

Pletro G.Gulbaroval
Professor of Structural Engineering
Politecnico di Milano, Milan, Italy

Introduction

Concrete members are subject to cracking, which reduces the mechanical pro-
perties of the material compared to solid concrete. However, cracked concrete pro
perties (strength and stiffmess) may still be important on coudition that the con
finement action across the cracks is significant.

Both shear strength and stiffness of cracked concrete are mostly ensured by
the toughness of crack surfaces (Aggregate Interlock Mechanism). Consequently, a
first approach to the description of the behaviour of cracked concrete subject to
shear should be based on Aggregate Interlock properties. Nevertheless, a more ge-
neral approach is needed to describe not only the shear transmission capabilities
of existing cracks, but also the process of formation of the cracks themselves.

Within these different approaches, two constitutive models are here presented:
the first (Rough Crack Model) refers to a system of existing parallel cracks, and
is based on finite stress-strain relations between the stresses at the crack integ
face and the equivalent strains produced by cracking itself.

The second (Model of Weak Planes or Microplane Model) assumes that the non
linear behaviour in tension (up to cracking, which is introduced by mesns of equi-
valent strains) is the result of concrete behaviour along randomly distributed
weak planes or microplanes. A one-to-one functional dependence is assumed between
the normal stress and the normal strain in each microplane; cracking is represen-
ted in each plane by the tail of the cn(cn) function, characterized by large strain
values and by zero stress values.

Rough Crack Model

The Rough Crack Model describes the Aggregate Interlock Mechanisa, Fig.l /1/,
starting from some simple micromechsnical models (Fig.2) and from the available
test data (Psulay and Loeber, Daschner and Kupfer). Total stress-total displacement
relations are worked cut at the crack interface /1,3/. These relations can be regar
ded as constitutive laws of the material (cracked coucrete) if the following assum-
ptions are imtroduced: the cracks are linear, parallel and densely spaced; solid
concrete deformations between two contiguous cracks are negligible; crack displace
ments can be replaced with equivalent strains obtained by smearing the displacements
over a length equal o crack spacing s. The stress-strain relations are formulated
as follows:

1 Theory and results shown in this compact have been coauthored by Prof.Z.P.Bagzsnt
of Northwestern University (Evanston, Illinois) and by C.Karskoc of Istanbul Tech.
University (Istanbui, Turkey).

This compact is a first version of the short paper published in the Transactions
of W.Prager Symposium, held in Bvanston at Northwestern University, September 11-
-15, 1983,
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vhere '1"2"3"4 are constants, To 0.25-0.30 fc. t-vnt/cn. u:ltl; vnt bt/., L
Gn/l- At constant crack dilatancy (Gn linearly proportional to cnt)-l'ig.:!-, the
shear modulus !33' w:t/bvnc has large values (comparable to elastic concrete),
and so also the atiffness coefficient B__= b?:t/ben, which represents the shear-

31
opening coupling (crack opening of course).

Micxoplape Model

Because of the nature of concrete, which has hard inclusions and a wesk matrix,
(Pig.4), the stresses are far from uniform at the local level, having sharp extremes
in the thin cement-paste layers between two contiguous aggregate particles (weak
planes or microplanes). Assume now that in each microplane the static behaviour is
characterized by an uniaxial law o = C (¢ _)-¢_ , where n is the normal to the micro
plane (Figs.5,6); the shear stiffndss Us R.gl.fgiblc; the normal strain ¢_ is equal
to the resolved macroscopic tensor ¢, for the same plane (¢ = ;tn S’ Bith ko=
1,2 in two dimengions); the law cn('n has a softening branch (Fig.6), the micro-
planes have a random distribution at the macroscopic level (Fig.5). For the loading
in tension of the microplanes,the following intringic law has been adopted:

=K ¢, .'Cn/co. Superimposing the responses of zll microplanes, the stresses o j
agd tRe Coefficients Bi Jkm of the stiffness matrix of the materisl camn be obtainc&
as follows: -

14
%" (1/m) Jlo c, nADn, 6 do , l“h- (1/n) Jo (C *+dC /de ) LTI dp (3,4)
With a suitable formulation for C_, the elastic behaviour can also be described,
with y=0.33 (plane stresses), vhifh can sasily be corrected to 0.18-0.20 /2/. The
formylation of the laws o_(¢_ ) for loading in tension and in compression, and for
unloading, can be based ot the results of Aggregate Interlock Tests ,see Fig.7,
where §_ and & have been smeared over a "crack band width" w_equal to a multiple
of the ilxt-nnawcutc size d (w = d has been so0 far adopﬁcd). Although the
constitutive lgw of the ucropﬂnucin ﬂath-indcpondont. the superposition of the
responses is path-dependent.

Comparigon with test results. sod conclyding remarks

Both models give shear-slip curves (under imposed strain histories) which are
in good agreemsnt with the experimental results, Pigs.8-10 (here reference is made
only to Aggregate Interlock Tests, namely those tests performed on concrste speci-
mens having one single preformed crackand external confinement devices).

The firting obtained with the Rough Crack Model is even better, but the Micro
plans Model is much more general snd efficient (for instance, the orientation of
cracking within the crack band is intrinsically linked to the imposed strain hi-
story, and it is not supposed to be constant as in the Rough Crack Model).The Micro
plane Model can describe also the overall behaviour of concrete in tension snd shear.

Both models can usefully be introduced into FEM programs, for updating the stiff
ness matrix of cracked concrete.
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Meeting of THD/THE/TNO/RWS/TH Darmstadt/Milanc University
US Universities .
at Delft University of Technology
Department of Civil Erngineering
Stevinlaboratory
NETHERLANDS

Wednesday 22 June 1983

9.00 a.m. = departure from Delft

10.30 a.m. - - visit to lab at Eindhoven University
12.30 p.m. - triaxially loaded concrete (Van Mier)
LUNCH

1.30 p.m. - departure from Eindhoven

3.00 p.m.-

’ - wvisit to lab at TNO-IBBC in Delft
$5.00 p.m.
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Meeting of THD/THE/TNO/RWS/TH Darmstadt/Milano University/
US Universities )
at Delft University of Technology
Department of Civil Engineering

Stevinlaboratory
NETHERLANDS
Program
Thursday 23 June 1983 Friday 24 June 1983
9.00 a.m. - 1.00 p.m. 9.00 a.m. - 11.00 a.m.
- shear transfer under sustained and
ecyelic loading(Frénay, Pruijssers,
- introduction (Reinhardt) Walraven) , :
- bench mark problems 11.30 a.m. - 1.00 p.m.
(US Universities, .
Blaauwendraad : MICRO - bond under sustained and repeated
Kusters : DIANA) loading (Dragosavié, Groeneveld,
US Universities)
LUNCH LUNCH
2.00 p.m. - 5.00 p.m. 2.00 p.m. - 4,00 p.m.
- bench mark problems, ~ tensile failure of concrete
continued (Cornelissen : creep and fatigue,
Reinhardt : deform. controlled
- current developments of slow cracking).
numerical analysis :
(US Universities, 4.30 p.m. - 5.00 p.m.
De Borst : DIANA).
- creep under compressive loading
(Mijnsbergen)
7.00 p.m.
. $.00 p.m.
- informal meeting at The Hague ,
- closure,
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September 1981
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1. Introduction

The National Science Foundation awarded Cornell University a grant for
"Cooperative Research Between Cornell University, Other U.S. Research
Laboratories, and Research Laboratories in the Netherlands" on April 23, 1981. The
primary intent of this project is to facilitate research and development ifn the
general area of reinforced concrete structures. The personnel involved are engaged
in experimental and analytical studies of bond, cracking, splices, and shear
transfer, plus development of several levels of computer analysis programs for
reinforced concrete structures. Five U.S. universities and three groups in The
Netherlands are represented.

Planned activities of the cooperative program include the following: (a)
organized exchange of reports and papers, (b) annual meeting of researchers, (c)
cooperative activities in both analytical and experimental research projects, (d)
exclung: of research personnel, and (e) issuing of joint proposals for new
research.

This brief report summarizes the first meeting held at the Stevin Laboratory
of the Delft University of Technology in Delft, The Netherlands, on June 9 and 10,
1981.

2. Participants

Seventeen individuals participated in the meeting -- 6 from the U.S. and 11
from The Netherlands. A 1isting of participants and their addresses is given at
the front of this report.

3. Agenda

The agenda for the meeting, which was under the general chairmanship of Dr.
Reinhardt, s given in Appendix A. Half day sessions were devoted to each of three
topics -- analysis, shear transfer, and bond, and the final half day was devoted to
general discussion and setting of plans for future activities.

4. Presentations

a. Introductory comments by Reinhardt. In addition to the Phase II of
Betonmechanica (outlined DeTow], there is strong interest in the shear
capacity of frames, hollow core slabs, punching shear strength of circular
sms and cylinders, general aspects of shear transfer, and size effects in
shear.

b. Blaauwendraad on Betormechanica. The first phase focused on five main
areas: plain concrete, steel rebars, crack zone, bond zone, and
anchorage, all under monotonic loading. Fine scale advanced behavioral
models were incorporated into computer programs STANIL and MICRO/1. The
second phase is directed more toward offshore structures, with attention
focused on cyclic loading, sustained loading, and environmental effects
such as effect of saltwater, temperature changes, etc. Experimental
fnvestigations led to better basic physical models. Micromodels are
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formulated from these, using the discrete crack approach. The micromodels
are then blended into a macromodel global analysis approach using a smeared
crack representation.

Delft University of Technology (DUT) has responsibility for the sustained
load experiments; TNC for the cyclic load experiments and for derivation of
the fine scale physical model for bond zone; DUT for the modeling of crack
zone and plain concrete; and the constitutive laws are being based on
material avaflable in the literature.

Research on plain concrete is directed to tensile strength under sustained
loads, interaction between shrinkage and tensile strength, and
envirormental effects.

Two analysis programs are being developed: DIANA and MICRO 1. DIANA f{s
for design engineers. Program development for 2D and 3D {is done at TNO;
program veri{fication is shared by TNO and Rijkswaterstaat (RWS); and
implementation and documentation is done by TNO. MICRO/1 is for very
special operations to be done fn-house by TNO and RWS and possibly by a few
other research groups in the Netherlands.

Kusters described the DIANA program. This DIsplacement method ANAlyzer
general purpose finite element program has been under development since
1972. 1t now has about 200,000 program 1ines with some 40% devoted to
comments. It is flexible, portable, and efficient. More than 40 types of
elements are incorporated. Steel material models include plasticity by von
Mises or Tresca, three types of hardening, creep with creep data supplied
by user, and combinations of placticity and creep. Concrete material
modeling includes several cracking criteria, tensfon stiffening, special
yield criteria, and bond-s1ip relatfonships. Analysis capabilities include
large displacements, dynamic response, eigenvalue determination and heat
transfer.

Some examples were presented, and considerable discussion ensued as to how
bond and shear transfer effects will be put fnto practical use, which in
turn raised the broader question of practicality of the program for design
use. It was agreed that the end product of this type of development must
be usable by the profession, and considerable effort has gone into making
the program user-friendly and amenable to the design engineer who is not a
computer specialist.

d. lngraffea summarized Cornell research related to finite element analysis of

reinforced concrete structures. Major efforts have been in the area of
defining bond-s1ip relations, local effects at the ribs under cyclic loads,
and cracking. The new fracture mechanics-based program FEFAP was described
and examples given.

Mahin summarized many research programs at Berkeley. Current analysis

deveTopments are concentrated in the areas of dynamics, sustained loads,

thermal shock, and a wide variety of inelastic nonlinear approaches to
structural analysis. Macroscopic models are bei.ig developed for large
structures, such as for R/C beams with a modified Takeda hysteretic model,
beams with inelastic shearing action, and fnelastic 3-D column action under
biaxfal bending. Other topics currently being studied include modeling
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with layered elements at critical locations in beams, simplified FEM for
sustained and thermal loads, connection area models with simplified M-0
relations, and special elements for large panel structures and
nonstructural components. Local {dealization is receiving considerable
attention: concrete under multiaxial stresses, cracking analysis, creep
and envirormental effects, post-yield behavior of steel, and models for
bond and shear at the local level.

Walraven presented his theory of shear transfer in cracked concrete (now
availabTe in the literature). The model, which is based on a combination
of basic principles and data taken from experiments, predicts the shear
transfer phenomena quite well. Experiments that have been done to provide
input data and to check the theory were described. The role of concrete
strength in the shear friction analogy and in shear transfer was
discussed. Differences between results of pull-off and push-off specimens
were discussed in terms of the difference in confinement stress afforded to
the reinforcement. Conflicting evidence on the effect of high strength
concrete on shear transfer was presented. Problems in {dealization caused
by cyclic loading were described, and the new experimental program for
three concrete strengths, three initial crack widths, and different levels
of restraining stiffness was outlined.

White summarized research on shear transfer conducted at Cornell
University, the Portland Cement Association, and MIT. Experimental

studies on interface shear transfer, dowel action, and on combined biaxial
tension and cyclic in-plane shear have been supplemented by development of
several analytical models of varying sophistication. Models for IST and DA
at a single crack subjected to cyclic shear have been formulated.
Experiments on membrane shear and bfaxial tension have been done on 6 in.
thick and 24 in. thick flat elements. Punching shear tests on flat
elements subjected to simultaneous biaxial tension have revealed that the
tension has relatively 1ittle influence on punching strength.

Hawkins presented research results on shear transfer at the University of
Washington. Variables covered included shear plane characteristics, rebar
size and percentage, type and strength of concrete, direct stress parallel
and perpendicular to the plane of shear, moment across the plane of shear,
angle of rebar to the plane, and type of loading (cyclic and repeated).
Results indicated that more information is needed on the falling branch
part of the shear-slip curves. In the Mattock equation for shear strength
it was shown that the first tam (400 psf) should be a function of the
concrete strength, with 6.7/fc a reasonable value.

Discussion of these various topics led to several questions:

1. what do we want to put into computer codes?

2. how do we best contrast the applications ranges that go from pure
monotonic response to severe sefsmic response?

3. how do box girders behave under torsional loading?

4. what needs to be done in the laboratory? Can we concentrate on cyclic
shear and be content with current knowledge on monotonic response?

5. a cow:md failure envelope and damage rule formulation s needed
urgently.
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i. de Groot discussed models for bond, with extensions to beams under constant
moment. A nonlinear shear-slip relation is used, with springs at an angle
for producing radial pressure forces in addition to the regular spring
element for bond forces parallel to the bar axis. The rebar and slip
element are combined into a single element. Concrete is modeled with a
Mohr-Coulomb criterion with a tensile cutoff. Round concentric specimens
have been analyzed. New experiments on rectangular prisms and on beam ends
were reported. Discussion focused on the need for more study of the
interface layer and on the fact that the elasto-plastic formulation is
difficult to extend to cyclic loading.

h| Dra%savic discussed the behavior of the bond zone under monotonic loading,
an e Influence of cylcic and sustained loads. Emphasis was on the
influence of primary cracks and the local damage at ribs near the cracks.
The sequencing of primary cracks dominates the level and discontinuous
reverses of the bond stresses. The local damage at ribs, with stresses and
deformations far beyond the uniaxial collapse of concrete, allows large
s1ip. The result 1s a highly nonlinear and discontinuous stress-slip
curve. Cyclic or sustained loads cause additional damage, with
redistribution of the bond stresses and a larger slip. Experiments by
Mehlhorn, Rehm, and others were compared. It is recommended that
experiments be done by long specimen to introduce a more adequate
cracking. It was concluded that for bond stress and slip, the radial
stresses and deformations must be included in any model for the bond zone,
including the concrete out at least one half the diameter of the
reinforcing bar.

Points made in discussfon: We must look at imposed deformations and not
only tensile loads. A micromodel of bond must be very basic if it is to
include such important factors as direction of casting, top layer vs.
bottom layer effects, and number of bars in a layer.

k. Gergely summarized Cornell research on local behavior at a rib.
xperiments on 1, 2, and 3 rib bars, with and without external confining
pressure on the concrete cylinder, have been conducted. Monotonic and
repeated 1oads have been used. The presence of secondary internal cracks,
both radial and longitudinal, has been verified at low steel stresses by
{njection techniques.

1. Ingraffea discussed the analysis of the bond specimens, with attention to
Figfﬁﬁnsi ty, Yow level cyclic loads. Fracture mechanics concepts
applied to thick-walled cylinders were presented. There {s an urgent need
to have empirical data to properly define the properties of concrete
immediately in front of the rib, where effective stresses of several times
the uniaxial strength of concrete exist.

m. Hawkins described research on bond on multi-ribbed bars. Development of
cracks were explained in detai) as a function of load history, where
disp'acements of up to 0.6 in. were measured. Push-pull tests on 1, 2, and
3 rib specimens were done to simulate the effect of reversed moment on
beam-column joints. Steel wodeling is done with a Ramberg-0Osgood
formulation. Excellent comparisons of model with experimental results for
monotonic loading were given. Steel deformations and bond-slip
;ﬂ:glt:cmnts were superimposed to permit a definition of finite bond

e .
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n. Mahin reported on work on anchorage regions in R/C beam column joints,
TncTuding interior joints with combined ¥V, P, and M on the columns. Bond
tests were conducted on bars run through a specimen reinforced 1ike a
typical columm, with three bar sizes, normal and 1ight-weight concrete, and
both original and epoxy repaired specimens.

0. Jirsa pointed cut some of the practical difficulties of dealing with bond
Tn analysis, including the rather sobering fact that bond is more
::n:it‘lve to construction practice than is any other parameter in R/C

sign.

5. Susmary of Future Activities

a. Define overall goals and intended ranges of application in research and
design practice.

b. Conduct an organfized exchange of reports and papers. Direct majling 1s
satisfactory, but copies of all correspondence and reports should be sent
to Drs. Reinhardt and Gergely.

c. Hold conference meetings annually, and have more informal discussions

whenever a "critical mass” of participants is together at an international
conference.

d. Cooperate on research projects:
1. General - exchange informal progress reports; correspondence.
2. Analytical - analyze the same benchmark cases.
- divide parametric studies and sensitivity studies.
- divide work on future developments on 3-D analysis,
long-term 1ocading, and fracture mechanics.
3. Experimental - Divide test programs, particularly on bond studies.
- ghplicate selected critical experiments in different
abs.
4. Exchange personnel for periods from several weeks up to one year.
5. Nrite joint proposals for new research in structural concrete.
e. Next meeting will be in Atianta, Georgfa in the general time period of
19-23 January, which is the scheduled time for the ACI Spring Convention.

6. Commentary on Future Work

a. Program MICRO: 1incorporate cyclic loading effects, improved interface
layer, results of ongoing materials research, and update
creep laws. Run benchmark problems and propose new
parametric studies, with all studies completed by March
1982. Extend program with fracture mechanics options in
1983-84. This program now has 40,000 1ines with 200
subroutines.
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The possible role of the U. of I11inois in cooperative
work on analysis needs clarification.

Experimental: Final decisions on test programs should be reached by

correspondence. More work {s needed to build up a better
understanding of basic bond behavior, particularly under
cyclic loads. Careful planning of experiments to get
critical parameters for analytical formulation of
bond-s1ip laws is needed. By January 1982, the Netherlands
group wants to have plans for a new three year
experimental program that includes cyclic loads, sustained
load effects, confining pressure, and variable cover. A
visitor to Cornell for about one month is proposed.

Walraven detailed the planned program on shear transfer on
both plain and reinforced concrete. Initial crack widths
of 0.05, 0.10, and 0.15 mm are planned. Other variables
include degree of external restraint stiffness.

Future research at Cornell University:

1. Summer 1981 research at Cornell will include development of new design
recommendations for membrane shear in combination with unfaxial and
bfaxfal tension, and addit{onal punching shear experiments with larger
shear spans and larger loaded areas to better mobilize the membrane
forces in the reinforcing steel.

2.

Research proposed to the Electric Power Research Institute by a joint
team from PCA, Cornell, and MIT include the following topics:

c.

Membrane shear experiments at two scales as required to verify
desfgn criteria for containment walls: (1) study of construction
joint effects, (2) steel ratios and stress conditions simulating
prestressed concrete containments, (3) influence of a steel liner
plate on one side of the specimen, (4) heavily reinforced specimens
to determine the limits of membrane shear strength. Concurrent
development of simple analytical models.

Punching shear experiments at two scales as needed to formulate
realistic new design criteria, with variables to include ratio of
loaded area to slab thickness, level of biaxial tension, slab
depth/shear span ratio, », fé. and pipe penetration loading.

Radial shear studies on full cylindrical models at base mat-wall
Juntion regfons and on two scales of specimens simulating a unit
width strip of the base mat-wall junction.

Analytical developments in four areas:

1) Element modeling to represent initially cracked reinforced
:oncnte Timits subjected to monotonic and cyclic inplane shear
orces.

2) Equivalent linear models for contaimment dynamic response, using
system identification techniques.
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3) Nonlinear analysis models for discontinuity areas in contaimment
structures.

4) Models to better predict strength, ductility, and failure modes
in nuclear safety-related structures.

7. Laboratory Tours

Tours were conducted through the DUT and TNO laboratories to observe ongoing
experiments.
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APPENDIX A - MEETING AGENDA

Meeting CUR/TNO/THD - Cornell at Delft University of Technology

Tuesday, 9 June 1981 Wednesday, 10 June 1981
1°:w .o-' - 1:00 pc.. 9:00 l... - l:w p.ﬂ.
- Welcome (Reinhardt) “Bond"
- general introduction to - Research in the
Betonmechanica 2e fase" Netherlands (De Groot,
(B1aauwendraad) Dragosavic)

- DIANA (Kusters)
- US research in FEM

Research in the US

Lunch Lunch

2:00 p.m. - 5:00 p.m. 2:00 p.m. ~ 4:00 p.m.

"Shear Transfer"

Further topics

- Research in the Visit to the laboratories
Netherlands (Walraven) of TNO-IBBC and THD

- Research in the US

7:00 p.m. Party

Each session will contain a presentation of topics of Delft and

US research and an extensive discussion. As far as the experimental
progrmm is not yet fixed, an attempt should be made to adjust the
the parameters of Cornell and THD/TNO. At the end of each session
the way of cooperation should be clearly formulated.
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Dept. of Civil Engineering
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I. Introduction

This report summarizes the second meeting held between researchers
in the U.S. and the Netherlands. The first meeting took place in Delft
on June 9 and 10, 1981 with the participation of 6 people from the
U.S. and 9 from the Netherlands. In addition, several observers also

,dtfﬁnded. The first meeting was summarized in a brief report by
R.N. White and P. Gergely, dated September 1981,

The coordination of research activities and the exchange of fresh
research information continued during the seven months between the two
meetings. The fruitfulness of the cooperation is reflected by the fact
that it was generally felt by the participants that the second meeting
should be held sooner than one year after the first one.

IT. Agenda
Monday, January 18
9 a.m, - 12:30 p.m.
-Welcome (Gergely)

=Discussion of agenda
-Current status of anmalytical program

experimental results and
analytical models

Tuesday, January 19
9 a.m, - 12:30 p.m.

-interface shear transfer experimental
work and analytical modelling

2 p.m. - 5pm.

=Future work

-Selection of benchmark problems
=Future meetings

~Summary
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IIl. Presentations

].

6.

The development and use of a finite element analysis program

(FEFA) was described by Ingraffea, with special emphasis on the
modelling of crack propagation. The transfer of forces along the
crack and in the "process zone" was discussed. The formation of
primary and secondary cracks in tension specimens was revealed by
the analysis. Several comments were made on the width of the
process zone.

Bazant observed that the blunt crack model can also give good
results, especially in macro-idealization.

Willam commented on tension stiffening especially on the difference
between uniform tension and loading with a gradient. The work of
Hillerborg and others was cited.

Bazant elaborated on the effects of crack spacing on fracturing

and on problems with the use of plasticity, especially for triaxial
tension. He discussed the changes in the flexibility matrix in

the idealization which cannot be obtained from loading surfaces.
Bazant stated that the element size should not be changed near a
crack and the element size depends also on the size of the structure.

Willam summarized the three basic approaches under discussion:

" discrete, continuum, and classical.

Reinhardt presented the analysis of shear transfer across mortar
Joints in precast construction, with emphasis on the effect of the
length of the joint for strong mortars as would be predicted by

linear fracture mechanics. This {is not true for low quality mortars.
The planning of an extensive investigation of local bond was described

by Dragosavic. Several reports have already been issued on analytical
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model1ing and the state of the art. The model involves a bond
layer next to the bar and the s1ip of the bar is considered relative
to the concrete outside this bond layer. The experimental work
will include monotonic, cyclic, and sustained loading. Other
variables are: the type of deformed bar, its diameter, concrete
strength, cover, specimen size, and load history.

A discussion followed on the ways of incorporating bond in finite
element analysis programs. Ingraffea described four types of
bond representation using springs and link elements. The use of
these refined models is justified only in research or in special
applications, )

The analytical representation of interface shear transfer along
crack and its effect on certain types of problems was discussed
by Ingraffea. The transfer of normal forces across cracks and the
Hillerborg model were found to improve analytical results.
Walraven commented on the role of IST in beams without shear
reinforcement, especially relative to the bending of concrete
teeth betwees diagonal tension cracks. The effect of cycling is
that the crack width does not keep increasing but the slip does.
The effects of cycling and load duration on IST need further
work. Hawkins observed that small aggregates are more fmportan.
than large ones in IST.

Buyukozturk described a model of IST that involves normal and
sliding stiffnesses. The effects of cycling are included. The
dependence of the idealization on the crack width and on external

reinforcing was questioned.
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Hawkins summarfized work done for the U.S. Navy on dynamic shear
resistance involving IST. The main application is blast loading
of slab in which case shear builds up much faster than moment.

One of the main questions is what displacement (s11ding) represents

failure., Little-known tests by Karagozian and Case were cited.

More information is needed on the unloading portion beyond the

peak of the load-s1ip curve. Hawkins handed out copies of a paper
in which local bond was studied for various bar lug geometries.
Kusters described in detail the DIANA program, especially its-
idealization of bond, IST, cracking, cycling, and plasticity. The
3-D plastic fracture and the 2-D Darwin-Pecknold models are incorporated
and a comparison was presenied with test results.on pressurized
concrete reactor vessels. The nonlinearities can be handled either
with the regqular or, more often, with the modified Newton-Raphson
procedure.

Bazant commented that the results are element-size dependent, which
creates problems for large structures. Convergence may not be to the
correct solution; the limiting element size shouid be about three
times the maximum aggregate size.

Buyukozturk outlined current and planned analysis work at MIT, which
includes 3-D curved shell elements, cyclic. loading, smeared or
discrete reinforcing, and thermal problems. The analysis of
refractory concrete was summarized.

van Zwol presented a short description of the treatment of creep

in DIANA and SMART, together with alternative creep models. These

were discussed by Willam and Bazant.
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A detailed presentation of current and planned work at TNO was
given by Blaawendraad. The IST idealization includes the effect
of crack opening and will also include the relationship between
normal stresses and crack width. Similar factors are to be
included in bond modelling. Elements at crack tips are assigned
a lower tensile strength, Comparisons with beam tests at TNO are
being made. The analysis does not use fracture mechanics concepts.
The question of the effects of scale was raised.
An extended discussion of future work followed the informal
presentations. The concensus was that the principal task of the
cooperative effort should be the selection of benchmark problems
which should be analyzed by all concerned. The following suggestions
were made:

a) unreinforced specimen with shear crack (Ingraffea)

b) reinforced beam with high shear (Delft)

c) punching shear in a circular sleb

d) shear panels of Toronto (shear and also tension-compression)

The comment was made that at least two sizes of specimens should be
analyzed wherever tests are avﬁiiable. say 10 to 20 times and over
200 times the aggregate size.

Gergely was asked to collect and distribute benchmark problems
before the end of the year,

The view was expressed by the participants that this cooperative
effort is highly beneficial and should be continued. As part of
the present NSF project, at least two researchers will spend at

Teast a week each at Delft.



