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I. INTRODUCTION 

A cooperative re.earch effort v .. Itarted in 1981 betveen Cornell 

Univeraity, other re.earch laboratories in the U.S., and inatitutiona in 

the N.th.rlands: The Delft Univer.ity of TechnololY, TNO-IBBC, .nd the 

aijk.v.ter.t •• t. The .. in objective of thia prolr .. h •• been the coordin.

tion of r •••• rch rel.ted to the .n.lytic.l .ad.lina of reinforced concrete. 

The aecoad 10.1 h.. been the frequent .nd u..ediate CKch.ole of re.e.rch 

ide ... nd re.ult •• 

Three aeeting. were held: in June, 1981 in Delft, in January, 1982 

in Atlant., Georlia, and in June, 1983 in Delft. The firat two meetins. 

concentrated on b •• ic probl~ with an.lytical .adelina: con.titutive 

rel.tion.hip., effect. of cyclic loading, long-tera effect., repre.entation 

of cracking. bond. and interface .he.r tr.nafer aero •• crackl. 

Sever.l benc~rk probl ... were .elected during 1982 and the.e were 

.nalyzed independently by participant. prior to the .. etina in 1983. The 

.ppro.che. aDd relult. vere di.cu •• ed at the aeetina. Thi. report contain • 

• ~rie. of the pre.entation. at the aeetina, including Io.e re.ultl of 

bencb.ark analrlel. 

Financial support for the participation by u.s. relearcher. v •• 

provided by the Nation.l Science Found.tion. 
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In a eo-operative research program the fatigue behaviour of concrete is studied. 

Our contribution consists of an investigation ot the fatigue properties of 

concrete in pure tension. Different loading types have been applied (see 

fig. '). 

The research program vas started vith 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 

Goodman-diagram. (see fig. 2) From this diagram it could be concluded that 

at a given 'lpper limit of the cyclic tensile stress, a decrease of the lower 

limit (increase of amplitude) resulted in shorter lives, especially if the 

lower limit was a compres.ive stress (stress rev~rsals). 

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 cheek Miners rule the research program had been continued with 

program loadings with two and more blocks, having the same lower stress 

limit, but. different upper limits. The results showed that Miners rule 

provided a practical prediction of life. In 6~neral the failure criterion M=l 

proved to be safe. 

In order to simulate service load conditions, variable amplitude tests 

have been conducted th~s year. 

In all tests the development of the longitudinal strain has been recorded 

to indicate internal damage or concrete. 

In an additional program the damaging effect of stress reversals is studied 

more in detail as well as crack propagation duri~c fatigue in general. 

In this program strain controlled tests with post peak ~ycles are performed. 
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To quantifY shear behaviour of concrete, information on the tensile properties 

is necessary, too. Mainly as a completion of the concrete mechanics p~ojects 

on shear transfer in cracks. a 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 were performed at 4°C (temperature 

of seawater) and at 21 0 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 or 60 to 85 percent of the 

static strength. Time to failure as well as longitudinal creep deformations 

were recorded. 

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

in tension", the same epecimen dimensions and curing c:onditions were chosen. 

Up till now about 100 creep tests have been executed. The results have been 

presented in "stress-lire" diagrams. An example is shown in fig. 1. 

Also ~he relation between sec:ondary creep velocity and life has been evaluated. 

This relation c:ould be used to adjust the data in the "stress-life diae;rams". 

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. Fr~nay 

J.C . .Jalraven 

DeH't University of Technology 

1. Introduction 

For numerical computer programs experimental information is needed 

about tr.e behaviour of cracked concrete under shear and normal loading. 

A practical example is the substructure of a concrete offshore platform 

in which !hear forces play an important role. The first p&rt of the 

research project "Concrete Mechanics" dealt with short time tests on 

specimen! with a single preformed crack. The stiffne5s.normal to tbe 

crack-plane was obtained either by embedded reinforcement or by external 

bars. Crack width and shear displacement were measured &s a function of 

the shear loading. Tne experimental results are well described by the 

"aggregate interlock" model of Walraven [I] . 

The second part of the research program concerns cracked concrete under 

constant shear loading. 

2. Theoretical model for short term loading 

The "aggregate interlock" IIIOdel has been developed for short term ltJading. 

Concrete is modelled as a two-phase material consisting of stiff spherical 

aggresate particles embedded in a cement matrix. The matrix material 

includes air voids, fine sand « 0.1 em) kept together by partially 

hydrated c~ment. As far as normal strength concrete is concern~d the 

preformed craCK will tun into the matrix along the surface of the aggregate 

particles because the bond tone between both materials is the weakest 

link of the system. 

After thp application of an external shear forc~ F on the cra~ked concrete 
x 

spedmen, the ("rack opening increases and the stifr spberes of one crack 

face arE" push .. d into the matrix material of t.he opposite cracK face. 

T:te required normal forc~ F is obtained by ext.ernal or int.ernal 
y 

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; 

with: 

A and A 
c s 

T • a (Ia + ~!a ) pu y x 

a • a (Ia - ~!a ) pu x y 

IF x 
T .-

Ac 

IF 
and a • -L... 

A 
s 

are the areas of the cross section of the cracked concrete 

f&ce and of the reinforcement across the crack; a pu is the matrix 

strength; ta ,Ia are the total projected contact areas both being a x y 

( 1 ) 

( 2) 

function of t>arallel and normal displacements A and v and of' the concrete 

characteristics. If F is increased the contact areas are about to 
x 

slide, so that (fig.1); 

T • 1I.a pu pu 

The matrix material is assumed to be rigid-plastic. As a result of pore 

volume reduction the plastic deformations are expe~ted to dominate 

the elastic deformations. This phenomenon is even strengthened by the 

multiaxial state of stress on the contact area betveen matrix and 

particle. From the experiments it vas found that; 

a • 
6.39 r' 0.56 

c 
1I • 0.40 

(4) 

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 a exceeds uniaxial concrete strength f'; 
~ c 

- f' - not a - is ~educed by cracks in the bond zone. The matrix c pu 
has a more homogen~ous structure 

- a includes multiaxi~ material strength 
pu 
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3. Theoretical description of lons-term strength 

In order to adjust the theoretical model to the behaviour under 

sustained loadins 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 ot the matrix. 

The first attempt is to pay attention to long-term strength of 

concrete as this material is described mostly in literature. Moreover 

as shown in (4) concrete and cement-matrix resemble considerably: 

- both are cement-based, so that crack-development is influenced 

by the hydra~ion-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 micro-cracks 

free '.tater may move, potentially leading to micro-structural 

self repair (2) . 

It is essential to determine the place of the minimum (tf*, a -If (t )) cr c 0 

of the curves drawn in figure 2. For concrete loaded at an early 

age the minimum is clearly 

The dotted lines represent 

crack-arrestment dominates 

described by the change of 

present because hydration is still important. 

no physical reality but indicate that . . 
for t r :> tr • The hydratl.on-process is 

uniaxial concrete strength f (t )i c 0 

f' .t 
f (t ). c 0 
c 0 a+b.t o 

in which f' • f (t • 28 days). The constants a and b make it 
c c 0 

possible to cha.racterize the velocity of hydration (or: the type 

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

phenomenons are valid for tensile as well as compressive strength. 

(6) 
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Creep tests carried out by Scerbakov et.al. [3J indicate that the 

critical stress level is determined by to and f~. The following 

approximation has been derived; 

• log t a cr a 
f (t ) 

.. 
A + B.logto c 0 

with: A • - 1.1530 ~. 0.0364 f' - 0.0003 (f' )2 
c c 

B • 2.5314 - 0.0376 f' + 0.0003 (f' )2 
c c 

For young concrete (t • 7 days) the concrete strength has hardly o 
any influence on 0'" / f (t ) whereas for t > 14 days the critical or coo 
stress-level grows with increasing concrete quality. 

(7) 

An extensive research project started by Foure [4J shows that there 

is a linear relation bewteen In t ... and a If (t + tt) with only 
.L cr C 0 

small scatter of cr~ep test results. The additional advantage of 

his approach is that specimens loaded at different ages t can be o 
presented in one plot. Now the equation for curves in figure 2 becomes; 

0c'" 0 f (t + t ) 
~ cr c 0 f 

f(t)·{f(t+t)}{f(t) } 
c' 0 c 0 f C 0 

(8) 

in which C en D are constants. 

The analysis of a wide variety of test results gives D • 0.010-0.050 

which is in good agreement with a theoretical derivation CD = 0.013-0.025). 

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

o 

d~ (f (~ » - 0 -P 

f c 0 

for: a = 1 + ~.t and 
a 0 

Now the complete curve 

• 
Ocr 
flt) ~ 4.a.D 

c 0 

+ Cl .. 0 

• is kno .... n for t
f 
~tf. The examples given 1n 

figurl! 4 show that if to' D anI! the crit.ical stress-level are kept 

constant, the time to failure increases for low valucs of f (t -~ ool/f'. 
c 0 c 
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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 (4) - (9) are able to formulate time-dependent matrix 

strength a • The results will be implemented into the theoretical pu 
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, ~ is kept constant. In 4. series of tests are proposed 

to solve this problem. 

b. Cracks in reinforced concrete 

The shear transfer mecr~nism differs if embedded steel bars cross 

the .;rack 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. 

4. E.xperiments 

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

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

of the experiments are; 

- concrete strength f' ~ 55 or 70 N/mm 2, maximum particle size 16 mm. 
e 

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 

rollowing t~e bond-%one. 
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- shear stress level .. T • 5 _" N/mm 2 
i.e. 50-85~ of static shear strength 

- initial crack width w .0.01-0.10 mm 

- restraint stiffness external or embedded bars (p • '.'2-2.24%) 

The concrete specimens are stored under humid environmental conditions 

(95% Rlll during 22 days. Tests start at a constant concrete ag~ 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 

ax· a y- - projected contact areas parallel and normal to the crack 

r' c 
- concrete strength at 28 days age 

t
f 

- time to failure 

t 
0 

- concrete age 

v - crack width 

IJ - coefficient of friction (particle-matrix) 

P reinforcement ratio 

0 - stress normal to crack plane 

0 cr - constant stress on creep-specimen 

0 pu - matrix yielding stress 

T - shear !ltress 

T pu - shear stress on particle 

A - shear displacement 
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w a, 

Figure 1. Formation of a contact area and equilibrium of forces [11. 

o 
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Figure 2. Concrete strength under constant stress level, 

depending on age to' Time to failure t r · 

2 
fe( t,) ( N/mm ) 

40r ---::::z::===:;:::==:==:r:===--..., 
,.. -,,- -

/' fc ( t.--' / f~ 
-- 1.10 
--- 1.25 

I 
fc (N/mm 2, 

36.4 
32.0 

O~------~2~8------~5~O------~7S------~ 
t, (days) 

Figure 3. Development of short time concrete strength for two 
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CREEP OF CONCRETE 11{ SEALIATER 

ir.J. tHjnsbergen 
Delft University of Technology 

Summary • 

Due to the penetration of seawater, the long term behaviour of concrete 
may be affected by some nicro structural processes that take place within 
the concrete. Creep experir:1ents are being carried out in \'Ihfch specimens 
are loaded 1n uniaxial compression as well as in bending. The parameters 
are the concrete composition, the presence of sea\'/ater 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 \,/hich 
describes the strain rate: t • a·exp(-Q/kT)sinh(VU/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 long term behaviour of concrete strongly depends on the environment, 
e.g. moisture, temperature and the influence of liquids and gasses. 'lhen 
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.g. 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 unknm'ln. 

2. ~cope of the research program. 

It is the aim of the research prograr:1 to investi~ate and to describe the 
creep behavi our of concrete in seauater and also to look for an 
explanation of the observed phenomena. 
Creep experiments are being performed which lJive clearness \,/i th re~ard 
to the sea\'/ater penetration. Two aspects of the marine environll1ent will 
be investi9ated. At first the presence and influence of sea\',ater and 
second a high hydrostatiC pressure (up to 1500 m sea depth). both 
separated and tOlJether. To determine the influence of the seawater 
penetration and the hydrostatic pressure, also creep experiments will be 
performed in line water (Ca(Ollh) and \'/ith sealed specimens. 
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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 creep deformations. 

Startin~ point of the method used are the deformation kinetics. This 
method is based on the principle that the tiRe dependent deformations 
are the result of a thermal activated process which can be described by 
the rate theory. From the fundamental detonmat10n k1net,cs. an equatton 
with regard to the strain rate of the creep deformations can be 
derived (equation 1" 

t • a,exp(i¥-)sinh(~) (1) 

which can be rewritten to equation 2 

(Z) 

Normally in l1terature, the activation energy (Q) and the work per 
volume (U) are kept constant. The derivation however which is used 
considers Q as well as H time dependent. The relation between Q and 
time t is ~iven in equation 3. 

4Q • m·kT 
r£ "T+O 

The solution for Ecr is given in equation 4 \-/hich 
and 3 constants: a. d and n (n-l-m). 

• d t+<l)n t+<l n 
Ecr - ED' "'«er - 1) • a((er) - 1) 

a • lo'~ n 

Hith help of equation 4 creep data are fitted. 

4. Creep experiments. 

(3) 

contains only tiae t 

(4) 

In the experimental part of the research proqram to types of experir.1Cnts 
are to be distinguished. namely creep experincnts in "/hich specit.1ens are 
loaded in bendin~ and specir~er.s loaded in uniaxial conpression. 
The bendin!} experiments are ment to collect relative creep data "lith 
regard to the severa 1 parar;leter coro; nati or:s priMarily the hy:1rostati c 
pressure. Two specimens loaded in bending and a pressure vessel are shO\·m 
in the figures 1 and 2. Due to small specimen dimensions and a hydrostatic 
pressure of 15 ili:l11- 2 the sea,~ater will penetrate very fast. 

The creep experiments ;n uniaxial cor.ljlression are of a 1~lore conscrviltive 
type. and lead to absolute creep data. In figure 3 a specir.len is shO\·IO. 
The specimen is placed in a seawater vessel, cO"taininq sea,.,ater \'/hicll is 
refreshed continuously during the 90 days lastin9 creep test and 
following 30 days creep recovery period. The sea~/ater which is used 
conforms to ASTrI-D 1142. 
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fig.1. 2 specimens loaded in bending. 

5 

e e 
i~ 
I 

I 
J 

I 
Jo 

6 

t, 

2, 

3, 

,. 
5. 

6. 

7. 

ptKlreung ~r 

5tH! piC!' 

5tainIeU 5teel !=Icl. 

!oed cell 

~QUIoC j:Xk 
I .~Ok~1 

lPfCimen • 
t.200.750P.'m· , 

s.eawctC!r vesSEl 

& 
·1~ 
I 

I 

~t j 
..j 

; 

erosl H<:tion A·A 

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

fig.3. Concrete s~ecimen loaded 
in uniaxial c~ression. 



- 21 -

5. Experimental results and preliminary conclusion. 

A 1 though the experimental program ; s far from bei n9 cornp 1 eted, several 
creep tests with regard to the specimens loaded in uniaxial cOllpression 
have been perfonned unti 11 now. In fi gure 4 the specifi c creep (E:,rs ) 
is plotted as a function of tiflle t. It should be mentioned that the P 
creep tests start at an age of za days and that the specimens were 
placed in seawater resp. limewa~~r at an age of 2 days. All 3 creep 
curves cons is t of 3 specirnens. The spec; fi c creep data have been fi tted 
by rneans of equation 5. 

ccrsp • a. «~)n - 1) (10-6 rrm2N-l) (5) 

2 Ecrsf'l [10-6mm2 N-' J 
10 r-~~~~------~------~----~---------------

fi~.4. Specific creep versus tine. 

creep of concrete 
o • Portland cement. wcr • 0.60 in seowoter 
A • Portland blast f~ee eemtnt. wcr • 0.60 

in s.awater 
c • Portland cement. wcr a 0.60 in lime water 

103 104 

time (hJ 

ill! average of the calculated reqress;on coeffi cients stands at O.9~5 
"'hich gives sCII'Ie qualitative infonaation about the fHtin1. 
Two conclusions r.ay be derived. In seawater (curves 1 and 2) a biq 
difference can bc seen 11ith regard to Portland CCr:1ent and Portland blast 
furnace CElf.lent. At tir.!Q taO the creep defomations are alr.1ost equal lJUt 
at 90 days Portland cer.'!nt creeps all.lOst twice as Huch as tJlast furnace 
cer:1ent. It is known that the creep dcfonaations of blast furnace celllent 
are a bit smaller. but such il bi!,l c.!ifferenco is SOl.1ewhat surprising. 
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Uuring the whole creep test seawater leads to bigger creep deformations 
(curves 1 and 3) than limewater, up to 401 at 90 days. So it can be 
concluded that sea~ater penetration increases the creep deformations. 
With regArd to some mechanical properties such as Young's modulus and 
ca.lpressive strength (cubes and cylinders) no significant differences 
between seawater and liD~ater have been found. 

The first creep tests on bendin~ show that the creep deformations in 
seawater under hi!Jh hydrostatfc pressure (15 Nm-~) are lIIuch bigger in 
relation to a hydrostatic pressure equal to 0.1 ~.nm-~. 

6. !lotations. 

a 
d 
k 
m 
n 
t 
wcr 
Q 
T 
V 
W 
CI 

tcr 
£crsp 

cons tant (!l1!12N-l) 
constant (h) 
Boltzmann constant (rlmK-l) 
constant 
constant 
time (11) 
water cement ratio 
activation energy (r.m) 
temperature (K) 
activation volume (m!) 
work per volume (N~Z) W. /aa£ 
constaot 
creep 
specific creep (mrnZN-l) 
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Theoretical and experimental research on the behaviour of :ra-::ks 

in concrete subjects to shear and normal forces. 

A • F. Prui j ssers 

J .C. Walraven 
Delft University of Technology 

In an earlier stage of the investisation a theoretical model was developed 

which was subsequently compared with experimental results, obtained on 

cracks which were subjected to static loading. 

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

a "two-phase" DllLterial which is composed ot a collection of asgresate 

particles with high strength and stiffness (phase I), and a DllLtrix DllLterial 

consisting of hardened cement paste with fine sand « 0.25 mm or 0.002 in.) 

with lower strength and stitfness (phase II). 

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

not the agsregate particles, becauae the contact layer between partic~es 

and matrix is of relatively lov quality. Tbe transmission of forces during 

shear displacement of the crack faces i. effected via local contact areas 

betveen the particles protruding from one of the crack faces and the matrix 

in the opposite crack tace. The interdependence betvee:. forces and 

displacements of the crack faces is closely related to the detormation of 

the matrix material. The aggregate particles were simplified to spheres. 

whereas the behaviour of the matrix ~as 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, vere used as 

"adjusting paramet.ers" in the IIIOdel. For the coefricient of friction 

betveen ma~rix and particl~s a value ot 0.4 was found: the matrix strength 

vas found to be a simple function of the cube compressive strength. 

Excellent agreement vith the experimental values vas 'obtained: 

the influence of concrete strength and other mix properties, like DllLximum 

particle diameter and gradingcurvevere adequately described by the model. 

The model can be extended to cyclic loading. In this case the influence of 

load history haa to be involved. 

Tbe 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 (F;.g. 1.b) 

a contact ar,!& between matrix and partic!e is formed, between which shear 

and normal stresses are transmitted, providins equilibrium with the external 

torcea. 
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Fig. 1a 1b 1c 

The need for equilibrium at increasir.6 values of the shear force T results 

in increasing values of the crack width 5n and the shear displacement 6t 
(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 vill 

only occwr after surpassing the trictional resistance in the inverse direction 

(branche AB. Fig.2)i 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 6t • which results in a 

pronounced hardening character (OA', Fig.2). Each subsequent cyc~e will cause 

some further excavation of the matrix. so that an ongoing increase of 

maximum shear displacement can be expected. l (N/mm2 ) 

T 

to 

6t 
, 

,-
6t / 

I I , / 
I I , ' 
" 
., 

FiS. 2. Theoretical response 
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The model takes into account that a particle can be intersect.ed by the 

crack at arbitrary levels and that, in a mix, particles ot v ... ·ious sizes 

are tound, depending on the grading curve. 

The resistance ot the crack plane, tor arbitrary values of 6n and 6t after 

any arbitrary load history can be calculated with a relatively simple 

numerical calculation program, integrating all particle con~ributions. For 

this program tvo versions have been developed: one version divides the 

range of particle diameters into a number of classes tor which the average 

most probable contact areas are calculated and added: this approach enables 

an analysis of th~ 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 tairly good agreement with results obtained from other investigators 

(Fig.3) . 

In both versions ot the numerical calculation program the normal restraint 

stift'ness should be known. 

A prediction based on bond stress-slip rel~tions 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 

intormation which is complementary to the information gained in the 

experiments at Cornell and Washington. 

This is shown in the following survey. 

Cornell/Washington 

- Intermediate concrete quality 

,6 < f' < 25 N/rr1lf? or 
c 

2250 < f' < 3600 ps i 
c 

- Crack widths> 0.25 mm (0.01 in.) 

- Low cycle high intensity 

~ 
- High concrete quality 

30 < r' < 65 N/mzl c 
(4000 < f' < 9000 psi) 

c 
- Crack widths < 0.25 mm (0.01 in.) 

- High cycle low intensity 

Un1;il now only tes~s on reinforcl!d specimens are carried out. The average 

crack opening path outained 1n these tests is in good agreement with the 

crack opening pat:1 obtained in the previous static tests (Concrete 

Mechanics I, Walraven 1960). This supports the assumption that the theoretical 

model of Walr~ven 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 cuncrete in tension 

H.tT. Reinhardt, Delft University ot Technology 

Fatir,ue of concrete is a phenomenon which is usually treated by empirical 

relations such as S-N- curves and Goodman diagrams and the mechanism of 

whicr. is not yet well understood. It is believed that crack propagation is 

an essential feature of fatigue and that a ration&l approach should start 

trom cracking behaviour of concrete. 

A physical model for cracks in concrete may depart trom the Barenblatt -

Dugd:lle idea ot cohesive crack::;. It is assullled that a certain ~oue exists 

in f~cnt of a visible crack where stresses act holding the crack faces to

geth~r. The distribution of these stresses depends on two quantities: the 

sh~pe of the crack and the stress-strain curve of the concrete. Fig. 

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

a central crack. 

100 f
~· 

.5' .S' 

• '. 
:~1"-
i~~ 

0 0 
.5 t-l( 0 0 .S' f· -c-" t 

Fig. 1. Stress distribution in 
softening zone 

Fig. 2. Size of SOftening ZOne as 

function of relative stress 

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

distribution in the sottening zone. The stresses have been described by 
n 

alf • 1 - (~) t c-a 
( 1 ) 

n • , it! a linear distribution, n + a is the Dugdale case and n • 0 would 
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mean a visible crack of ler.gth 2 c. FiB. 1 is an illustration of eq.( 1). 

The length of the softening zone (c-a) is determined by the requirement, 

that, at x = c, the stress is equa_ to the tensile strength and th~t the 

stress singularity vanishes, The condition can be fulfilled by equatir.g 

the stress intensity factors due to tne stresses in the sOftening zone, 

Ks' and due to the remote stress a acting on a panel with crac~ length 

2c,K .This condition reads as 
a 

K = s 
(2) 

Combination of eq. (1) and (2) and equating (2) and (3) leads to an ex

pression fer &/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 ratio for small n and that high 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 f t is an apparent strength 

which is smaller than the real material strength. The smaller n the greater 

the difference between these two st=ength values. 

A ~irst step to use the model in concrete is to establish a complete 

stress-strain curve in uniaxial ten~ion, For this reason tests on 120 mm 

thick cylinders have been carried out in three loading types: 

E 

Type J 

Fig. 3. Types of deformation controlled loading 

1, deformation controlled until failure; 2, cyclic loading to·.,rards the 

envelope curve; '3, after passing the peak cyclic loading between fixed 

upper and lower stress, fig. 3. 

, 
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The results two example~ of which are given In fig.4 and 5, show no signif

icant difference in the envelope curve. lrJd~penll~nt on type of loadir:g 

o (N/mm2
) 

Fig. 4. Cyclic loading to the envelope curve 

~nr'" LI 
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~o eO . lCn 120 
.. -"_-._-.- .. , -' I) 'U·' 

Fig. 5. Alternating loading 
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and on lover stress durin~ cycling the curve remains the same a:; has been 

found earlier in case of ccm!lreEsive loadil'g. Fig. 6' eives the rela.tion 

betveen crack opening ( .... hich is defined as total deformation minus elastic 

strain I:l<..!asurcd over 25 mm) a!::i r"la.tive strength O/f
t

. The concrete u:jed 

t::f 

~t: 
.7' 
.t 

. ~'" 
0 

0 

--.... -- -- -::::- ....... --
100 

f 
2.00 

If' .... 
Fig. 6. Average envelope curce in tension 

vas a gravel concrete vith max. aggregate s~ze of 16 mm. cube compressive 

strength f c '" 45 Ii/mm2 • 

A second conclusion from the experiment iz that the strength decrease per 

cycle seems greater for a ~o~pressive lover stress th~~ for a tensile one. 

More data should be evaluated to support this finding. 

A second seri.:@ c..! experiments is started to establish the sha.pe of the 

crack during cycling. Stress-strain curve ~~d crack shape together viII 

provide the information necessary to evaluate the model for concrete. 
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Van 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 I extended summary 

1. Introduction 

COMPLETE STRESS-STRAIN BEHAVIOUR OF CONCRETE 
UNDER MULTIAXIAL CONDITIONS 

• Jan G.M. van Mier 

In the last decade, computer models based on finite-element-methods 
are used very frequently for studying the highly non-linear 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 •. 
;ncluding softening behaviour and unloading/reloading characteristics. 
/1/ 

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 multiax1al 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 t.esting machine for cubical 
specimens was caDuleted at Eindhovpn University of Technology. The 
major difference to other existing triaxial testing machines, is 
the ability of defonlltion controlled testinQ, using servo-hydraulic 
loading equipment. 

2. Experimental details 
The experimental machine is composed of three very stiff identical 
10ading-fraDes. The three frames are hung in a fourth overall frame 
by melns 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 witn a 
2000 kN compression/1400 kN tension servo hydraulic actuator. All 
jlcks 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 melns of brush ~aring 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 lVOT's. measuring the relative displacement between 
two opposite loading pl~ten. 
In each direction two LVOT'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 necessar~' 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 ;s used 
for post-peak strains. 
The relationship derived was in close rese.blance with results 
obtained with an a ltlllhlln 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 pris. _ 135 x 700 mm. 
after sawing the cubes were ground flat and plan-parallel with a 
diamond grinding-disk) 

The conc~te used was a medium strength gravel mix (cyl. strength 
- 45 N/mm ) with a maximum aggregate size da • 16 mm. 
The grading curve of the aggregate was according to curve 816 of 
the dutch-codes VB74. The wlter-cement ratio was chosen 0.5, the 
cement used being an ordinary portland cement (type A, 320 Icg/m3). 

3. Multiaxial test-results 
Until now several bi- and triaxial tests have been carried out. 
Variables in the triaxial series were: the 10adi~g path (constant 
strain-ratio EI/E2, or constant stress-ratio SI/S2) on four levels 
in the tension-compression-compression region and in the triaxial 
compression region; the lateral stress-level (S3 • 0.05 SI or 
S3 • 0.10 SI); the direction of casting with regard to the major 
and minor compressive direction. and monotonic loading or cyclic 
loading to the envelope. 
loading speed (strain-rate) was held constant in all tests: 
El - ?10-5/sec. in the major compressive direction. The experimen
tal design was constructed using statistical methods. 

Strength results are plotted 1n fig. 2. Also plotted are the results 
of the biaxial series. which show excellent agreement with Kupfer's 
results 13/. Each paint in the stress-plane SI-S2 of figure 2 
represents one test-result. 

Examples of monotonic and cyclic stress-strain curves are shown in 
fig. 3 (specimen 882-4. SI/S2/S3 • -1.01-0.33/-0.05, cyclic. parallel 
to the direction of casting and specimen 8Al-3. $1/S2/S3 • -1.0/-0.33/-0.05 • 
.,anotonous, perpendtcular to the direction of casting}. 
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By using the servo-hydraulic loading equipnent, 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 conftne ourselves to the triax,ia l-compres~ion regio", in general two 
types of stress- or strain induced anisotropy can be distinguished. 
The first type is called CTI, cylindrical transverse ~sotropy, when 
all load-induced cracks run parallel to the major compressive 
direction. This type of fa;lure~ode is characterised by: 

El < 0 < EZ ~ E3 

The second type is PTI. planar transverse isotropy. All cracks run 
parallel to a plane. The deformational response is: 

El ~ E2 < 0 < E3 

Ei (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 .aterial 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 thts factor is shown in figure 3. In the cyclic-case 
the major compressive load is applied parallel to the direction of 
casting. (specimen 88Z-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 loading was parallel 
rather than perpendicular. In the case shown (fig. 3) also sane of the 
extra enera,v-reouirement is due to load-cyclinq. 
The cyclic loading path did not influence the peak stress-level. However, 
we did observe'some inf'luence of load-eycl ing on the peak-strain-
level. 

The effect of initial-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 S was 
measured. 

4. Conclusions 
At this stage only very preliminary conclusions can be drawn: 
- In the triaxial compression-region, two major types of failure

modes cln be distinguished. 80th types (PTI and eTI) have a 
typical post-peak behaviour. 
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- The alignment of the initial damage field with regard to the 
current 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. 

S. References 
-1- Chen. W.F. - Saleeb. A.T. 

·Constitutive equations for engineering materials". 
vol. : .• Elasticity and modelling. John Wiley & Sons. 1982. 

-2- Gerstle. K.H. - Aschl. H. - et.al. 
"Behaviour of concrete under multiaxial stress-states·. 
Journal of the Engineering Mechanics Division. proc. ASCE. 
vol. 106. no. EM 6 •• dec. 1980. pp. 1383-1403. 

-3- Kupfer. H.B. - Gerstle. K.H. 
-Behaviour of concrete under biaxial stresses". 
Journal of the Engineering Mechanics Division. proc. ASCE. 
vol. 99. no. EM 4. August 1973. pp. 853-866. 



-

-.. 
-... 
-.n 

+ 

.--t-. 
I 

I 
I 
I 
I 
I 
I 
I 

LJ.~ """""1 • 
I-·~ 

I 
I 
I 
I 

fig.1. strain measuring 
Sjstem 

....... WI ....... 11 

INCl." ,n"fI. 
U"'UIIe·. .. .... ' •• ltI·' •• • ". ..... 111.' .. .. ".l1li,.. tlCl.JC -.... 

'.11 " d. ,,.. •• CI 

... c ..... 
fI,ll1"lt ' ... e..... UlS'.·.· • ..,· •.• 

..)/1' ... '-111 ... ·• ,,,.1(11.. neue -.... 

-1111·' -. _ .. , ... 

34 

1 
. '" 

"t ,...-) ·IM 

.,. 
'1" ... 
. ,. 

• 
" 
• 

- .. 
; . 

·1 .. 

• If I .• , _n. 
lIt::, 

. ., ...... , 
-. -.. .. . '" 

fig.2. strength results 

...... tI ••• ,.11 

::~~-: .-
L •• t_.. u,. ..... JII •• o' ........... , .. 
............ c'Icue 

_II. 

•••• 'I ... I_f. 11.11 

::~= Ai-
L. •• ~ .... ,. ...... 111 .... . .MI.·.· .. ' ... _, ............ ' ("'"., 

,."", .. 1" 

°t' -•• 11 ......... . . .... 
'''f.',CI·' .. -- .. ... ... - -.. .... 

fig. 3. examples of stress-strain curves 



- 35 -

NUMElUCAL MODELLING OF CONClIETE: SOME NEW DEVELOPMENTS IN DIANA 

Summary of lecture pre.ented at Delft University of Technology 

I. de Bor.1: 
Inttitut. THO for BuildiDI Haterial. and Buildina Structur •• 
Software Enlin.eriol Department I Section DIANA 

lijswijk. AUCuat 1983. 
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HUMEKICAL MODELLING OF CONCIE!!: SOH! NEW DEVELOPKENTS IN 
DIANA. 

K. de Bor.t 
In.titute THO for Buildina Haterials and Building Structure. 
Software Enlineerinl Department I Section DIANA. 

lij.wijk, AUIU.t 1983. 

Sua.ary of lecture pre.ented at Delft University of 
TechnololY, Delft, 
June 1983. 

1 IHnODUCTION 

The main thea. of the lecture i. the numerical modellina of 
concrete under aultiax1al compre •• ive loadina, both with respect 
to the con.titutive modelllni aDd with re.pect to the numerical 
treataaat of the derived coastitutive law. The lecture conclude. 
with a brief survey of DeW .. thad. for .olvina nonlinear 
equations, which have receatly been 1mpl .. ented in the DIANA 
fiaite ele.eat packa,e. 

2 PLAIN CONCllETE UNDO KULTlAXIAL COMPRESSIVE LOADING 

The mechanical behaviour of concrete la compre •• ion i. &mona other 
pheaODana characterized by frict1oa, by laela.tic volume chanae., 
aad by an iacreasina ductility at h1lher .tre.s level •• Presently, 
three differeat type. of .odel. axi.t for de.cribina the nonlinear 
re.ponse of solid. under .hort-time loadinl. The.e are noalinear 
elastic models, pla.ticity model. and fracturinl model •• Nonlinear 
ela.tic models cannot adequately repre.ent the phenomena ju.t 
mentioaed. Further, a number of theoretical objection. exi.t 
alainlt .uch model., especially when they are .. ployed In a three
dimen.ional .ituation. 

Fracturlna models have oaly recently beea developed (Doulhill, 
1976) aDd pro.i.e to be versatile for d •• cribina concrete 
behaviour, e'pecially when they are combined with. pla.cicity 
model to account for the aore ductile behaviour of concrete at 
h1aher .tre •• level •• Therefore, impl .. entation in DIANA of .uch a 
model 1. currently In prolre •• (de Bor.t, 1983). 

Cla •• lcal plasticity theory as orilinally developed tor .. tall 
can also not repre.ent the phenomena •• de.cribed above. Fro • 
• eomechaaic. it 1. knowa however. that pl •• ticity theories can be 
developed .uch that the frictional character aDd the inela.tic 
volu.. chanle. can be de.cribed quIte well (Vermeer, 1978). To 
thi. end, f.ilure criteria which al.o involve the fir.t .tre •• 
invariant are .. played and Drucker'. po.tulace is abandoned .0 
that a non-a.sociated pla.ticity aodel 1. obtained. In contra.t to 
failure criteria which al.a involve the fir.c .tre •• ia~.ri.nt, 
DOD-a •• ociated flow rule. are not yet frequently .. plo1ed 1n 
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coacr.te .. cbaD1cs. Rev.rth.l •••• th.ir influ.nc. upon the 
load-d.for.atlOD b.havlour of a structure can be .1&Diflcantly. 
For cart.1n .tructur.l. even the collap.e load can be affected ... 
1 •• hOWD by the .xaapl. of & dome (.ee f11ure 1). The result. of 
the calculation. £re Ihown 1n flaure 2. ODe beiDI performed with a 
Ko~r-Coulo.b ,teld criterion with a clallieal associated flow 
rule. &ad on. with. staple DOG-a •• oclated flow rule ( •• e fl,ure 
3). The r.sult. re7e&l • clear lnfluence of the adopted flow rule 
Oft the collapse behavlour. 

Anoth.r prop.rt, of concr.te which cannot be de.crlbed Withln 
elas.ical plasticity th.ory i. the incr.a.ed ductillty at 
hi,h.r .tre •• le.ell. In the hardecin, reaime. this phenom.non can 
however be accommodated for by & bardenina law in which the 
friction anale rath.r than the cohe.ion depend. upoa the .train 
hiltory ( ... flaure 4). The dlfference in re,poD .. of a concrete 
'peciaen at incre •• lna confinin, pre •• ure i. illultrated in !laure 
S for both type. of hardenial. It 11 clear that thl' improv.d 
d.,crlption in DIANA for the hardeciD, reaim. hal to be auam-nted 
by a .uitable model for the .ofteDina reai... ~.11 has aot y.t 
been dODe. 

OwiDi to their co.putatloDal .impliclty. rat. laWi are 8O.tly 
lDt.,rat.d by aD exp11cit .cb ... 1a ord.r to arrive at a relation 
between flut. incr_DU. 10 the palt •• OM re.earcbers have 
poiD-ted out that such ach.... have rath.r poor coDver.eace 
properti .. aDd that tapliclt atrate.ie •• hould be pr.ferred (for 
iD.tance ViII ... 1978). Even .ore .0 than for .. tal. this 
.tat ... nt hold. for .ateriala aa cODcrete. roc&.. aud .oil. due to 
tbeir frictioaa! character (Veraeer. 1979). 

Detailed treae.eDt of the iapllcit .ch... which Is curreDtly 
"ployed witbin DIANA la beyond the Icope of thia eEceuded 
.u.aary. The iDtere.ted reader 11 raferred to Var.eer (1979). and 
to de Borlt (1982). To de8O~.trate the differenee. which .. y 
re.ult fro. uaiDi differeat IDtearation Icheme.. the dome of 
Uaura 1 bas beeD analyzed usin, tbe U})l1c:it ach_e .. previously 
.. ployed in DIANA aad h, the 1aplie1t .eheme. i.peelally at bilher 
load le~.ll •• i,Diflcant differeDc •• occur. From flaure 6 it CAD 
be observed that at impe~d1D1 fallure, the explieit sche.e 
predieta a .uch too .tiff .tructural relpon.e. 

4 SOLUTION or NONLINEAR FINITE ELEMENT EQUATIONS 

The laIC part of the lecture 11 devoted co lolution procedure. 
of noolinear flnite el .. eat equationl. CurreDtly. much attention 
1a pald to 1apl .. entina aDd tal tin, DlW IOlution al,orlthml 11ke 
arc-Ienlch cODtrol procedures (Rika, 1979) for overcoalnl limit 
and bifurcatlon polnt •• ~d1fled initlal .tre •• procedure., and 
quali-Hawtoa or Secant .ethod. (Cri.fleld. 1979) for 1aprovlna the 
cOD.er,ence v1th1n a lo~dlft' .t.p. AD exa.ple of a larae 
dl.plaC ... Dt aDAly.i. of a lhallow clrcular arch. coaputed by 
d1lplac ... Dt control a. v.ll a. by aD arc-I,nath con.traininl 
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•• thod i. includ.d (tiCUr. 7). 

5 CONCLUDlr.; UHAUS 

A brief .urv.y hal been liven of new development which currently 
take place in DIANA. Although not all these developments are 
ori.inal, briftlinl thea together in one programme seem. to be 
rather un1qu.. The options which are now available, and the on •• 
which will beco •• available .hortly, make DIANA to be one of the 
more powerful packa ••• 1n the field of eoncrete mechanic,. 

Borst, I.. de (1982), Nuaerica.t prediction of the ultimate be.rins 
capacity of .oil ....... l.p. No. 220. Geotechnical Laboratory, 
Delft University of Technology. 

Bor.t, I.. d. (1983), Pla.tic-fractur1nS theory for eoncreCe: an 
........ nt and ~pl ... ntat1on alp.etl. To be pub11.h.d a. 
TNO-IBBC report. 

Cr1.fi.ld, M.A. (1979), A fascer modified Nevton-Raphson 
it.ration. Comp. M.th. Appl. Mech. Eng., 20, 267-278. 

Dou.hill J.W. (1976), On .table prolr ••• iv.ly fracturinl .olid •• 
ZAHP, 27. 423-437. 

I1ka, I. (1979), AD Incr ... ntal approach to the .olution of 
.napplns and buckllna probl .... Int. J. Solids Structur •• , 15, 
529-551. 

Verme.r, P.A. (1978), A double bard.n1ni mod.l for I&nd. 
Gaotechn1que, 28, 413-433. 

Verme.r, P.A. (1979), A modified tnit1al .train method for 
pla.ticity probl .... In Proc. Third Int. Conl. Hum. M.th. 
Gagaechanic. (.d. W. Wittke), 377-387. 

Will .. K.J. (1978), Numerical .olutioo of inela.tic rate 
proc ••••• , Comput.r. and Structur •• , 8, 511-531. 
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Figure I. Finite element mesh of dome structure. 
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Filure 2. Load-deflection curve for a.sociated and non-associated 
plasticity model. 
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Figure 3. Graphical representation of non-associated plasticity model. 
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Figure 4. Representation of cohesion and friction hardening in the 
stress space. 
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Filur. S. Respons. of Concrete specimen at incr ... inl confining pressure; 
(a) hardenina on the coh.sion (b) hardenina on the friction angle. 
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lilure 6. Load-deneeden response of dome strueture using different 
integration schemes. 
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lilure 7. Load-deformati01l curve for a shallow eillrular areb. calculated 
by di.plaeement control .. well .. by arch lellith control. 
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BOND BETWEE~r CONCRETE AND REINFORCE~ENT 

BUILDt::C ~ .. <lTER.IALS Arm BUILDING STRUCTURES 

Rijswijk, The Netherlands 

In 1981 a physical model and a ma thematical model for bond were outlined 

based on a rational approa~h 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 zone, 0.5. thick ilad 3 • long ( • - bar 

diall1eter). The concrete outside the bond zone is substituted by a 

lIletal 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 is spend on improving the test specimens. the 

loading procedure and the accuracy of the measurements. 

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

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

Figure 1 shows an example of the measured steel strains along the bar in a 

tensile specimen. before cracking and after one. two and three cracks 

occured. Figure 2 gives the corresponding axial bond stresses. 

Fiaure 3 is an example of the measured aXial bond stresses versus measured 

slip in a detail-specimen. due to monotonic and repeated loading~ Figure 4 

showl the corresponding radial bond stre.ses. 
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The Deetins at the Delft University of Technology in June 1983, was, as 

well .s former meetinss, a good opportunity to exchange research data on 

bond with fore1an institutes (Cornell a.o. from U.S., Germany and Italy). 

Various complicat~ons related to bond are discussed (e.g. compression and 

tension perpendicular to a reinforcing bar). the Dutch program 1s found 

promisslng and necessary. 
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Figure 1: tensile specimen; steel strains along the bar 
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Fiaure 2: Tensile specimeni axial bond stresses along the bar 
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SMEARED CRACK ANALYSIS OF SOME BENCHMARK PROBLEMS WITH DIANA 

J.G. locs, I.J. van Foeken, G.H.A. [usters 

lnac1tute THO for Building Materials and Building Structure. 
Rijswijk, The Netherlands. 

Rijswijk, August 1983 
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SMEAllED CllACK ANALYSIS OF SOME BENCHMARK PR.OBLEMS WITH DIANA 

J.C. aot., a.J. van Foeken, C.M.A. lu.ters 

Inatitute THO for Bu11din&\H&terial. &Dd Build1ng Structures 
aij.v1jk. Th. N.th.rlands. 

L"mlODUC'IION 

The finite element pack&ge Diaoa, developed at THo-UBC. offers 
the faci1iti •• of a non-linear analysis of concrete (or other ma
terial) .tructure.. Several constitutive relations are available 
for mode11io. the diversity of the material behaviour of conerete 
under ault1ax1al seress state. e.l. cracking. creep and crushing. 
The DIANA results of three type. of benchmark problems with refe
r.nce to crack modellins of concrete structure. are di.cu •• ed. 
For full d.tails apout tba computations and background a of the 
constitutive modei the read.r ts re:erred to [4.',6,7]. The 
benchllaru are: 

K1xed-code craek propesation te.t 
At Cornell University experiments are performed on notched, 
unre1uorced concrete b.... [ I J • We analys.d beam CI. The 
notch aM the load were placed in 'lJch a way that the beam va. 
load.d non-.,...trically whicb leads to tbe ari.lng of a 
mixed-code crack 1ft front of the notCh. Between the two crack 
face. not only a crack opeD1nl displacem.nt (mode I). but also 
a crack .lidina di.placement (mode II) occur •• 

leinforced be ..... ubjected to four-point loading 
Three beama ( AI. A2 aod 13 ) out of a aerie. of be... are 
.tudied which were tested at the Stevin Laboratory of the 
Da1ft University of Technolo8Y in the Xetherlanda in a re
.earcbprolram to inve.tigate the 1nfluence of beam depth and 
crack rouahne.s on the shear failure load [8]. The concrete 
b.... have no shear reinforceD.nt. only underSide reinforce
men~. Be .. Al collaps.s by yieldiDl of the reinforcement, 
wher.a. the be... A2 aDd A3 fail in .hear by the arising of a 
dialonal ten.ion crack prior to yield1na of the reinforcement. 
In this summary the computations on the beam. Al and A2 are 
reported. 

PWlch test 
A reinforced cireular plate hal been tested at the St.vin 
Laboratory of the Delft Univer.ity of Technology. The failure 
mechanism i. punch of the column prior to y1eld1na of the 
reinforeeDent. The .. in prabl.. of this benchmark 1, the 
occurrence of cracks in the radial and ta~&.ntl.1 directlons. 
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CONSTITUtIVE HODEL 

For the behaviour of UDcracked concr.te under tensile and compres
sion loadina an .la.to-pla.tic model, based on an a.sociated flow rul.. bas be.n adopted. Incid.ntally, the IIIOci.l bas be.n extenci.ci 
by isotropic hard.ning. 
To inltiate a crack t.n.ion cut-off criteria are avail.ble, a • 
• hown ~n figure 1. Onc. the principal .tr ...... xceed the ten.ion 
eut-off criterion a crack 1. introduceci, perpendicular to the 
direction of the principal t.n.ile .tr •••• 
Within Diana tb ..... r.d crack conc.pt i. u.ed. This conc.pt 
.pread. tbe effect of cr.cking ov.r the entire volcme that b.longs 
to an int.Bration point of the finite el ... nt. 
Cr.ck propagation is controlled by a fracture mechanics crit.rion 
that takes into account the 't.n.ion-softenlng' eff.ct. This 
.ffect r.fl.ctl the gradual d.cr.... of the tenSile load carrying 
capacity, which il the result of the formation of aicro-crack. in 
front of • macro-er.ek. W. .. ploy an adapted .nd extended v.rlion 
of the line.r t.nsion-softening .odel propo •• d by Bazant and Oh 
[3]. This .odal i8 orlanized aroUDcl an .quivalent concr.c. 
t.nsile stre.s-strain ciiaar .. , as shown in figure 2. Thr.e 
r.lioas caD be distincu1.bed (1) .lastic, (2) partially cracked or 
m.ero-craeked and (3) fully eraeked. The l.nlth of the de.eending 
branch c is linked with the fr.eture .nergy Gf ' s .. (5). 
To .t.utite allr.l.te interlock we reduce the initial Ib •• r 
stiffne.. once er.eks occur by uslng 8G • wh.re 8 ls the .h.ar 
r.t.ntion factor (0< 8 (I) and G i. the elastic sbear modulus of 
uaerack.d concr.t.. For concrete good r.sults ar. attained with 
0.01( 8 (0.2 • 

CENEI.AL ItEHAllKS ON TB! COMPUTATIONS 

licbt-noded isopar ... tric plaDe str.ss elements have been u.ed to 
repre •• nt tb. concr.te. Th. el .. ent. ar. numerically intelrated 
.. ploying the four-point Gau •• intscration .eb.... For informa
tion oa tbe al .. ent formulation ... Ltb. [2]. 
The reinforc ... nt i. .. •• red out into a thin she.t having the .ame 
era.. seetion a. the actual r.inforcem.nt. Between the concrete 
and the r.inforcemeat perfect bond is a •• uaeci. 
The Modified Newton-kapbson schem. wal aciopted. .u yielcicrit.rion 
the Drucker-Prager and the Von Hi •• 1 criterion were Uled for 
concr.t. and r.inforc.ment r.spectively. The ten.ion cut-off 
erlt.rlon 2 il applled, bee filure I, which is in .sreement witb 
experimental findin, •• 
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MIXED-HODE CRACK PIOPAGATION tEST. [61 

The experi.ental .et-up of the notched unreinforced beam 1. .hoVD 
in filure 3. Tbe concentrated load va. applied to the steel beam 
which distributes the load to the concreta b.... Th. finit. 
element •• sb can be recognized froa figure 4, which showl a plot 
of ~h. deformation.. The .teel be .. was included into the .esh. 
In order to compute the beam behaviour not only before but alao 
after tbe point at which the maXimum load 1. reached, the 
computation. w.re performed by controllinl tb. displacement at the 
loadina point. 
Th. nonlin.ar res pons. of the be.. 1. pre.ented in terms of 10Ad
CMSD curve., 1n which CMSD 1s the crack .outh .1idinS displace
aent a. indicated in filure 4. The exp.ri •• ntal a. vall as the 
computed load-deflection curve. are .hown in filure S. 
The coaputat10n appear. to &1ve £ good approximation of reality. 
Aft.r the top there i. a differenee, viz. the experimental curve 
shows a f .. ter decline than ~ c~outed cUrYe. This 1. probably 
due to the fact~ that in the a'~'ly.i. many 1ntelration points 
suddenly cracked just after th. ~~p of the diasr.. va. reached, 
which may have resulted 1n numerically inaccuracie.. It should be 
said that the value. of tbe fracture enerlY Cf , the .hear reten
tion factor B aad 1D particular tbe a.auaption for the crack band 
width h affect the ealculated curve, ••• [61. 
The crack pattern. corre.poDdina to two CKSD level., indLcated in 
fLaure S, are pre.ented In fisure 6. Prom the ... h only tbe part 
around the notch i. shown. A di.tinction is made betw.en the s1ze 
of the actual .traln at the laua.point. to Investllate the occur
rence of .train localizacion. Thick line. indlcate cracks with 
strains larler than 0.0005, wher.a. no~d&l line. lndlcste cracks 
with .tra1D1 ... ller chan 0.0005. Heny cracks appear to h&~e 
..all crack straina .nd .. y be interprQced a. 'pseudO""Cracks'. 
When we d1.relard these pseudo-crack., the .insle crack of the 
experi.ent i. clearly predicted by DIANA. The only difference 1. 
tbat the predicted path of the crack 1 •• oaewhat too .teep. 
By studying this benchmark probl.. two maln probl .. s ari.e. 
First, the aixed-aode crack does not propasate parallel to the 
line. of the flnite alea.nt ... h. Thi. inevitably leads to a 
'zil-za.' crack band path of which the vtdth h i. not constant but 
vari.s alons the crack band pach. Secondly, our tension-softenins 
model ••• uae. all supplied enersy to be con.umed 1n crack openinl. 
wher.a. 1n reality al.o a part of the .upplied enersy will be 
consumed 1n crack .liding_ A coup11na between tension-softenins 
aDd shear stiffae.s reductlon 1s required. Both •• pectl need 
further .tudy. 
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REINFORCED OONClETE BEAMS, [4,7] 

The fiait. elem.nt ... h aDd the s.c.etrical properti.. of the beam 
Al are .baWD in fisure 7. On account of .,.aetry of the .tructu
re. the boundary coDditions aDd the loadins, it wa •• ufficient to 
confine the analy.i. to one half of the .tructure. The 
comput.tions were carried out di.pl.c .. ent controlled at che 
loadinl point. 
The experi_ntal .. _II a. the cOlllputed load-defl.ction curv •• of 
be.. Al ar. pre.ented in Usure 8. Th. COliputed behaviour 
r .... bl •• the r.corded behaviour clo.ely. In both ca.e. failure 
occurs by yield1q of the reinforcem.nt. The predicted fallu·re 
load diff.r. only Ie •• than 10 % of th. ezp.r1aental one. The 
crack patterna of this baa are pr •• ented in filure 9. When the 
.tr.in normal to the cr.ck exceed. 0.001 the crack i. mark.d by a 
thick line. Ju.t like the previous benchmark, a con.iderable 
nuaber of lot.,ration point. appear to contaln p'eu4o--cracks With 
very lUll crack" .train.. By d1na.ardiaa the.e p.eudo-crack., 
tbe predicted crack pattern. clearly Yl.ualize the do.1ucnt cracks 
occurriaa 10 the expert-ent. 

The ... b and the ,eOlletrical properties of beaa A2 ar. .bOWD in 
Usure 10. Froa filure 11 ona _y ob.erve that the coaputed 
load-defl.ction curve. are extremely .en.itive to the choice of 
the .hear r.tention factor. Vhen udlll 8 -value. hi.her than 0.1 
Quaerical failure i. lov.rned by yteldina of the r.inforc .. ent 
vberea. S -value. lower than 0.1 predict the be_ to fail in .hur 
prior to y1eldiaa of the reinforc ... nt. The failure load corre.
pond1aa to II • 0.01 .Dd IS • O.OS reach •• re.pectiveIy SO% aDel 70% 
of the load that corr •• pond. with yi.ldina of tbe reinforcement. 
(For be.. A3 .iailar re.u1t. were obtained.) The low II -value. 
(e.,. s • O.OS) appear to be the best approxta.tion of reality 
a1nce experiaental failure was also brittle, due to the ari.inl of 
aD inclined dia,oaal t.n.ion crack prior to yi.ldina of the rein
forcement. 
Filure 12 .hoWi the crack pattern. at two load level. (S -0.2). 
Thick line. indicat. crack. with normal .trains larser than 
0.000S4. For thi. deeper be .. A2 tbe doa1nant crack. are even 
more pronounced •• th.y .re for be .. A1. Initially vertical 
fl.xur.l cracka arise near aid.pan. With iocr.a.inl load however, 
,.. ob •• rv. a tran.1Qon froa flexural crackiaa to di.,ocal crackinl 
controlled by .hear. In the final .taS •• ev.re dame,e due tD dia
,onal crackins i. predicted, vhich 1. 1D clo ••• ar •••• nt with the 
experim.nt. 
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PUNCH TEST, [4] 

The cireular plat. is an axi.lsymmetric structure, so we use .n 
axials,..etric element. For the reinforcement. ,rid-element was 
used by which the r.inforcem.nt is .... r.d out in two dir.ction. 
(radial and tanl.ntial) into a thiD .heet. letwe.n the concr.te 
.nd the Ite.l perfect bond i •• s.umed. 
The network of el ... nts, the restraints aDd .upport •• nd the ex
t.mal loadina of this .tructur. ... shown 1n fiaure 13. The 10.d
defl.ction curge for the .Dalysis .nd expert-ent are 
ficure 14. The crack pat:erns at different load l.v.ls 
aDd in tanl.ntial direction are shown in filur. IS. The 

.hown in 
in radial 
calcula-

tion i, discontinued after numeric.l inst.bility occur.. Th. com
puted behaviour of the plate r .... bl.. the r.corded behaviour 
clolely. 
The .ize of the crack strain in tanaential direction i, plotted in 
perc.nta,e. at lev.ral Gaus.point.. The dominant cracks 1n radial 
direction are .. rked by thick line.. The doainant crack straies 
~ary from 0.002 to 0.006. The difference in the thickne •• of the 
line. Ci~. an indication of the lize of the calculated crack 
strain. 
At DOne of the above calculation. the yiel4ina stres. of tbe .teel 
bas been exceeded. Therefor. the plat. faill by punch. 

CONCLUSIONS 

Y1tb the current con.titutive .odel used in the finite element 
peckace Diana 100d r.sult. are obtained to st-ulate tbe crackinl 
of concrata. For a variety of benc~rk probl... .atisfactory 
alr .... nt with tha exp.riaent. i. attained with re.pect to 
load-deflection curv •• , failure .ecbani .. s and dominant erack. 
which lead. to ultimate failure of tbe structur •• 
The predict.d cr.ck patt.rn. clearly reveal .train localization by 
con.iderina only the larle crack .trainl. Da.pite the fact that 
w. use the .aaared crack conc.pt dominant crack. can be pr.dict.d 
satisfactory as .hown in the above celculation •• 
N.ver~h.l •••• t.provements are r.~u1r.d. In particular the propa
cation of .ixed-mod. cracks, which occur in the notched unr.1n
forc.d beam, the r.inforced beam. as well •• 1n the punch te.t, 
.hould be pald attentlon to. SUliestioDl about .n exten.i~ of 
the Ihear stilfn... reduction conc.pt and • coupl1nl between t.n
.ion .oft.ninl and .h.ar .tiffne.s reduction .re liven in [6,7]. 
To analyse •• ,. punch1nl .he.r, the numerical treatm.nt of two or 
three cracks in oae int'aration point ne.ds improv.m.nt., .e. [4]. 
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fi,. 3 Experimental set-up of the m1xed-mode crack 
proPAgation test. 
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Program Micro/l 

Structures of reinforced and unreinforcerl concrete in the cracked stage 
are analyzed numerically in two ways, either with discrete sin9le cracks, 
or using the concept of smeared cral:ks. This paper regards applications 
of the program MICROll for plane st,'ess problems ~ith 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 reinfor~ement. A reinforcement bar never crosses a triangu
lar element, but instead is always PQsiti~ned '\0 between t\',o 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 a parab911c distribution of the normal force 
in the bars. . 
Oiscrete 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, ind 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 tension cut-off criterion. 
The bond mechanism is a nonlinear spring. which beha~es elastically up to 
a maximum shear stress. and shows softening for increasing slip behind that 
state. The behaviour of cracks can be discribed witb the rough crack model 
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of Walraven and the fictious crack model of Hillerborg, Peterson c.s. 
The latter unsion-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 1s especially active if no reinforcement is 
applieci. -

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 Oelft University of Technology. 
From this serfes we selected two beams which correspond to each other such 
that the slenderne~ratio a/h 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 beams should show the same ultimate nominal shear stress ~u' 
which is the average shear stress at failure. The experiment however shows 
a value 'tu = .~ 1.2 Mpa for the shallow beam. and Tu = o.? lIPa for the deep 
beam. So the shallow beam behaves far better. In fact this beam can be 
loaded until the main reinforcement st~rts to yield because the full plas
tic moment has been reached, producing a ductile 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 th~ir expected simularity and still 
so different behaviour. 

The wanted material properties of the concrete to be fed in the program 
MICROl1 are the cylindrical compression strength. the tensile strength. 
the modulus of elasticity and Poissons ratio. These quantities have been 
taken fr~ 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 
regu1a~'ly used values for normal concrete and ribbed reinforcement bars. 
In this short note we just show ~ comparison between the load-deflection 
diagrams found in the test and resulting from the analysiS (fig. I). 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 experiment. For the fracture mechanics release energy ~f two 
values 35 Nlm and lOa Nlm have been adopted. The results (11g. 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 CMSO. 

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 model of Hillerborg also promising 
results wer! reached for failing unreinforced notched beams. 
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SUMMARY REPORT: HEETING AT DELFT UNIVERSITY OF TECHNOLOGY. NETHERLANDS. JUNE 

Z' and 21t, 1983. 
by David Darwi n* 

BENCH HARK 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 

representa t Ions. 

For most of the studies. concrete was modeled as linear elastic in com

pression and as I inear elastic in tension, until the cracking stress was 

attained. Upon reaching the tensile strength, a smeared crack representation 

was used. In some cases, the tensile stress was reduced abruptly to zero and 

In others a 1 inear strain softening branch (referred to as tension stiffening) 

was used. In the reinforced concrete beams. a nonlinear representation for 

co~rete In compression (2,3) was also investigated. When used. steel was 

modeled as a uniaxial meterial with a bill~ar 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 fonnation of a crack the modulus of elasticity was set 

equal to zero and a shear retention factor, 8 - 0.4, was used. 

Unrelnforced Beam: Notched four point bend specimens were used to study 

mixed mode crack propagation in mortar a,~ concrete at Cornell University. 

The tests are described in Reference I. In our study, we considered the beams 

In Series B, shown in Fig. I,along with the finite element model. 

The meterial properties used In the analysis are given in Table i. The 

oo~rete 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 tension 

stiffening, and tensile strength • It.5 Ifi wi th II near tens Ion stl Hening. No 
c 

unloading was penftitted 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 v.lues for concrete only for this case. 
The results clearly indicate thet tensile strength alone is not satisfac

tory to correctly represent this structure. Both fracture energy and tens 11 e 

strength must be considered. Allowing the material to unla.d once it is on the 
descending branch Is also Important. Without unloading, a broad band of cracks 

Is fo ...... d inst .. d of allowing the crllcks to locllnze. The crack path Will al so 

steeper then obtilinad In the tests (Fig. 3). This WIIS also observed for other 
results presented lit the meeting and My be due to I) the lliek of II rough 

crack model to represent crack dilatancy and 2) the fact that the test was 

cyclic and the finite el_ent models att_pted to obtain the envelope curve 
with monotonic loading. An accumulation of residual strain in cycl Ie tension 

may result In the difference in the calculated and the actual crack traJ.ct

orles. 
Reinforced Beams: A series of normal weight and lightweight reinforced 

concrete beams were tested by Walraven U Delft University of Technology (4) 

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 nor-filii weight concrete. AI and A3 were studied. The 

-.terlal properties used for the beams are given In Table 2. The finite ele

ment repr.sentatlons are In Fig. 4. 

The Ia.d-deflectlon curves for beam AI, the shallowest of the group, are 

Illustrated In Fig. S. Concrete Is represented as linear in compression. 
Separate representations. both with and without tension stiffening, are Illus

trated. Th. failure of this beam Is apparently governed by yielding of the 

reinforCing, and both representations are r .. sonably close to the test results. 
The s .. ll amount of linear tension stiffening does Improve the match with the 

exp.rl .... ntal raul ts. 

Thr.e variations of the concrete model were used to study beam A3. the 
d.epest of the three beams. A3 failed In shear during the test. Both Iln .. r 

and nonlinear COInpresslon were used without tension strffening and Iln .. r com

pression was used with tension stiffening (Fig. 6). Both of the representa
tions without tension stiffening give results which are r .. sonably close to 

the experimental curve, but which tend to slightly underestimate the flexural 

cracking Ia.d. The use of tension stiffening greatly overestJ.1IIItes the 
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stiffness and strength of the structure. The reason for this can largely be 

assigned to the large amount of tenslo~ 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 element representation. 

The critical shear crack In the test specimen Indicated the possibility of a 

bond failure. In the finite element models. the state of stress In the concrete 

alone does not Indicate Incipient material failure In the compression ~ne. 
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 IS a "bllnd" bench mark problem. Material 
properties for the model are given In Tabie 3. The finite element model and 

Ia.d-deflectlon 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 Ia.d 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 
ca.rse 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 nl!lW 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 nunGer of Important questions that need to be 

answered. What is the behavior of concrete In cycl ic 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 I cracks. and what are the effects 

on tens tie streng th of eye 1 I ng I nto compress Ion? 
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The program al lowed me to advance the level of my work a greU deal I n a 

short amount of time. I feel that I 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;) 

Value 

Concrete 

* 
** 
*-

Compressive Strength 
Young's Modulus 
Cracki ng Stress 

Poisson's Ratio 

Experimenta 1 

fi • 4.5~ 
fi • 7.5~ 

6.600 ksi 
3600 ksi 

0.365 ksi 
0.609 ksi 
0.18* 

(45.5 MPa)* 
(24.8 GPa)* 
(2.52 HPa)** 
(4.20 ""a)*-

TABLE 2 Material Properties for Beams Al and A3 

Steel 

Young's Modul us 29000 ksi 
Yield Stress 64 ksi 

Concrete--Beam A1 

Compressive Strength 4.464 ksi 
YOU~f s Modul us 3808 ksi 
Crac ing Stress 0.361 ksi 
Poisson's Ratio 0.2 

Concrete--Beam A3 

* 
** 

COIIpressive Strength 4.543 ksi 
Young's Modulus 3842 ksi 
Cracking Stress 0.386 ksf 
Poisson's Ratio 0.2 
f~ • .9 x Ave. Cube Strength 

E • 57~ 
f t • Ave. Splitting Strength 

a ue 

(200 GPa) 
(440 MPa) 

(30.8 f4Pa)* 
~26.3 GPat* 
2.49 HPa *** 

~31.3 MPat 
26.5 GPa ** 

( 2.66 HPa)-* 
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TABlE 3 Material Properties for Tension Panel 

Steel 
Young's t-bdu1us 
Yield Stress 

Concrete 

* 
** 

Compressive Strength 
Young's Modul us 
Cracking Stress 
Poisson's Ratio 

E • 57~ 
fi • 4.5~ 

Va ue 

29000 ks1 (200 GPa) 
60 ks1 (414 MPa) 

3.800 ks1 (26.2 MPa) 
3500 ks1 (24.1 GPa)* 

0.280 ks1 (1.93 MPa)** 
0.2 
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Steel Stress per Bar • 10.5 ksi (72.4 mPa) 
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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-Bou1der for presentation at the symposium. The resu1 ts 

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 f~. There was no extensi~e 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 tensi le load histories. 

The geometr~ and material properties of the reinforced concrete panel are 

s~rized in Fig. 1.1, whereby only f~ • 3.8 ksi and fy • 60 ksi were specified 

in the original description. 

Since our computational strategy 15 geared toWards a IIsmeared ll 

cracking approach, a macroscopic viewpoint was adopted. in which the entire 

48" x 48" panel was idealized by a single biquadratic plane stress element 

QUAMC9. The X- and V-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 
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specified in tenns of the steel stress in the Y- reinforcement with a 

monotonic increase to 3 • 0.6 f • subsequent unloading and reloading y y 

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 tenns of prescribed V-displacements to. 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 4 in the V-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 illustrates the response prediction of the perfectly brittle 

concrete model while the steel behavior was again described by an elastic

perfectly plastic formulat10n. We observe that the brittle post-peak behavior 

of the concrete leads to an abrupt discontinuity in the load-deformation be

hayior 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 initial elastic stiffness 

of both steel as well as concrete components leads again to large irreversible 

deformations •. In contrast.a refinement 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 defo~tions and no permanent set. This would certainly 

lead to larger disagreements with the experimental observations by Or. 

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 arb1tray choice was made for the rupture point &r • 0.0016 which 

corresponds to a fracture energy value of Uf • 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 £1 > £ • 
- r 

In this context it was intriguing that the experimental data presented 

by Dr. Gergely during the symposium showed a cur1~uscontractive V-deformation 

in the initial tensile loading regime. because the actual measurements were 

~enbetween the Points 8-8 of Fig. 1.1 on the top surface of the concrete. 

rather than in the midsurface. Clearly, the two-dimensional plane stress 

idealization 1s unable to account for the out-of-plane distortions caused 

by the particular load transfer mechanism from the reinforcement into the 

concrete. 

Acknowledgement 

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 fulfillment 

of his Master thesis. The numerical investigation was based on the finite 

element program SMART (1) which was originally developed at ISO. 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 thp 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-s1iding-displacement -CMSD, i.e. 

the shearing deformation across the crack flanks. The material properties of 

the high strength mortar were spe~1fied for an age of t • 150 days although 

actual testing was carried out 400 days after casting. 

f~ • 8.8 ksi 

E • 3800 ksi and ". 0.21 

Note the unusually high value of the uniaxial compressive strength of the 

mortar and the relatively low stiffness. Aside from the minimal material 

information we observe that the govering control parameter. the CMSD deforma

tion across the notch, is an extr!mely 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 

OOF 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 CMSO 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 cracki"9 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 Mobr- Coulomb model with tension cut-off shown in Fig. 

2.3 degrade independently of each other. They are described by softening 

fonmulations of the tensile strength ft versus major principal strain £1 and 

the cohesion c versus the shear strain Yn in the prevalent slip-plane of the 

Moh~ 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 those of a perfectly brittle assllltPtion for the post-peak behavior of the 

tensile as well as cohesive strength properties. 



- 87 -

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 w1th 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 d1fficulties in getting a fully 

convef-ved solution the (iteration limit was 20 with a con~ergence 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 f9rmulation 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 s'ince the smeared approach replaces the discontinuous 

crack phenomenon by a continuous degradation of strength. 

The folla.nng figures show typical results of the computational study 

using the brittle softening model. Fig. 2.6 shows the nodal displacement 

vectors and thus, the prevalent DIOtion of the center of beu , A2 at load 

step ~. 3 which corresponds to an actuator force of Pfe C 21.3· kips when 

the peak value is reached. The ~c~tor 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 defonmltion. 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 linear 

softening model are so~at on the stiff side because of the particular 

choice of the platen geometry. 

Fig. 2.B 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 pt~fabricated notch hardly affects the overall 

stress distribution and that the main failure mechanism develops due to 

excessive tensile cracking paral'e; to the direction of the principal 

minor stress rather than frictional slip. This is hardly surprising if 

we consider the extrelllely high value of initial cohesion. Co • 2.05 ksi, 

which results immediately from the high compressive strength. f~ • 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. 8 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 sh~ 

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 Gr. Ingraffea during testing. 

Acknowledgement: 

I would like 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 slip 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 MrS-servo control provides full 

insight into the peak and post-peak behavior of mortar and concrete speci

mens subjected to different ratios of normal to tangetia1 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 tensfon-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. K-Y Ka. 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 COOPERATIVE 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 fnfo~l meetings in De1ft 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 probl~IJls ~"d to share sometimes negative 

experiences wi th the ongoing experil1'C:ntal and com,utational research. The 

main advantage of the infoMml1 meetings was, in my view, the mutual exchange 

of ongoing research act1vitiela ~"d the stimulating c:1iscussion of "hot" topics, 

such IS fracture energy concepts and previlent softening formulations. 

3.2 Comparative Example Problems 

The closed workshop atmosphere was instrumental for the formulation 

of example problems which served to verify the di fferent 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 loose dtscription of the example 

problems. We all recognize that a nonlinear finite element analysis still 

imposes considerable .. nds on manpower and cOIIIputer resources even if we 

can restrict ourselves to the execution of existing software programs. There

fore it 1s unrealistic, at least for academic institutions 1n 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 ",ide variety of results were obtained by the different contributors. ead! 

of which resorted to additional sensitivity studies in order to explore the 

effect of ill-defined material parameters on the computational results. 

3.3 Recommendations for Future Cooperation 

As indicated before. the exchange of information 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 reconmend to follow up 

the outgoing cooperative research with a similar activity along that line. 

I 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 closed workshop fOnmlt. On the other hand, it 

~uld be worthwhile to focus on one particular topic in each research meeting 

and to prepare the ground with comparative example problems, the results of 

~ich could be published in a joint report for public distribution. 
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The Fracture Mech.nics of Concrete 

Anthony R. Ingraffe. 
Cornell University 

The proper fracture .. chanics to be applied to crack propagation in 

concrete is deterained by .c.le effect.: 

How larae i. the proce •• zone coap.red to the ... llest critical 

dt.en.ion of the structure under consideration? 

First, sa.. definitions: 

• Process Bone = that .re. accoapanying crack propagation in Which 

inelaatic .. terial reaponae is occurring. 

• Critical di.enaion = the lenlth of the crack itself, including its 

proce •• zone, or, if it i • ..aller, the dist.nce fra. the crack tip 

to the nearest free surface or reinforcing b.r. 

• Cr.ck ia not uaed here in its claasical aense, .. a coaplete 

discontinuity in both tr.ction and displac~nt fielda. Rather, it 

is used to describe an effective cr.ck which consists of a length of 

true crack (in the cla •• ical sense) preceded by its proc.ss zone. 

lext, sa.. .asuaption8: 

• It is .. su.ed that the only constitutive .odelinl required for 

proce.s sone de.cription in pure Mode I is the stres.-versu.-cr.ck-

openina-displ.c..ent (COD) relation Which c.n be obtained froa a 

displac ... nt-controlled direct tension test (Ref. 1). This rel.tion 

is, in f.ct. the po.t-pe.k stres.-COD curve .... ured in such. 

test. A r.n .. of such proce •• zone softenine .odels used in the 

present an.lyaes ia shown in rilure 1. 

• The previoua asauaption i.plies th.t noraal atreas continues to be 

tranaferred across • displac..ent discontinuity which .. y or .. y 

not be visible to the n.ked eye. It is assuaed th.t this streas 
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transfer i. due to .. Irelate bridlinl and the undulatinl. thr@@

di .. naional nature of tbe oppo.ina crack .urface. (l@f. 2). 

• It i .... ~d that the proce •• zone localize •• due to the rapid 

.ofenina behavior .hown in the .adell of Fi8ure 2. ioto a very 

narrow band ahead of th@ true crack tip. In fact. for the purpole. 

of finite el ... nt analysi •• all .oftenina i. confined to one

dL.eneional interface eleaentl lying in the crack plane ahead ~f 

the true crack tip (lef. 3). 

Given theae Ob.e~ation. and ... uaptions, it i. natural to .. k: 

• Bow large .uat tbe critical di .. nsion be for the application 

of linear ela.tic fracture .. chanic. (LlFH) to be validT Or. 

rephrased, how long i. the proce.. aoneT 

• 

• 

Bow .ensitive is the proces. zone lenath, rp' to structural 

lea.etry aDd the con.titutive .adel which drive. itT 

Por a probl .. of effectively infinite doaaio, what is the .teady

.tate proce •• zone leaath for a liven con.titutive .adelT 

Thi. la.t que.tion i. addre •• ed in the analyai. of the .tructure .hown 

in Pilure 2. The .tructure ia, except for ita finite di .. naion, the ...... 

that u.ed by Griffith (Jlef. 4) in deve10pina the fl~nd ... ntal relati('11.hiptl of 

LlPK. To·facilitate analysis over a wide ranae of crack leaaths, two ... he •• 

• hOWl in rilur •• 3 aDCl 5 vere used. Both .. ployed quadratic order, iao-

par ... tric quadranale., trianale., and interface el ... nt.. Detail A of the 

fir.t ... b, riaure 4, .how. a typical interface el ... nt plac ... nt alona the 

cracll patit. 

riprea 6 and 7 .how diaplaced ahap.. at twa poat-pealt 10M hveh. 

The ahaded area. are actually the elonsated interface el ... nt. ca.prisins 

the proce.a lone. 
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Tb. coaplete load-diap1ac ... nt prediction ia .hovn in Filure 8. The pre-

peak nonlinearity due to proce.. zone developaeat ahead of the initial true 

crack i. clearly .hovn. 

The develo,.ent of the proce •• zone and the trailinl, true crack i •• hown 

by way of crack op.nina profile. in Filure 9. Recall froa Filure I that. 

for the eon.titutive 80del .. played here, a COD of 0.005 inch ia required to 

coapletely relieve DO~l .tre.a tran •• i •• ion throush the proce •• zone. 

Fiaure 9 can be u.ed to trace the developaent of a .teady-.tate proee •• 

aone lenath. Aa .hovn in Filure lO. for this atructure and thi. procea. 

aone eon.titutive 8Odel, the .teady-atate length is abo~t 37 inchea and this 

require. the developaent of a true crack lensth of about 60 inche •• 

The i.plieationa of this result are .. follow.: 

• Por tEFK to be applicable for thia structure, a true crack leosth of 

URUICES: 

at lea.t 370 inche., 10 tiae. the ateady-.tate proce •• zone lensth, 

would be required (Ref. 5>. 
The .teady-atate proee.s zone size e.ti .. te. 

often used for concrete and rock is a ,roa. undereatiaate. Rote 

that Model D correaponell to a Kxc of about 900 pei /Iii. and that 

a Youns's aodulus of 3 x 106 p.i v .. used in this analy.is. 

1. .eter •• on, .er-Irik, "Crack Growth and Develo,..nt of Fracture Zone. 
in .lain Concrete and Siailar Kateria1.," .. port TVIM-1OO6. Diviaion of 
Buildiac Material., Lund Inatitute of TeehnololY, Lund, Sweden, 1981. 
174 pp. 

2. Catalano. David M. and Insraffea, Anthony R' I "Concrete Fracture: A Linear 
II.at ic Fracture Kech.nie. Approach." a •••• rch aeport 82-1, D.partaent of 
Structural Insin •• rina, Cornell Univer.ity, Ithaca, BY. 109. 1982. 161 pp. 
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Bood-Slip lelationships for Reinforced Concrete 

Peter Gergely 
Cornell University 

The refined an.lysi. of reinforced concrete, notably by the finite el~ent 

aethod, requirea detailed knowledge of the constitutive relationships of this 

ca.po.ite materi.l (1). Perhapa the moat difficult parameter i. the bond-Ilip 

lav, especially for high-level reverled cyclic loading. Sever.l experiaental 

and an.lytical inveatigations h.ve addrelsed this problem but agre~ent can be 

found only oa saa. qualitiative conclu.ions. 

The difficultiel are .. nifold. It i. well known (2, 3, 4, 5) th.t the 

properties of the b.r (di .. eter, lug gea.etry) .re iaport.nt, p.rticularly for 

cyclic loading. The properties of in-place concrete, especi.lly the calting 

position of the bar, allo affect the Ilip and bond strength. The greatest 

probl~ in arriving .t gener.l bond-slip relationships is tbe l.rge v.riety 

of cODfineaent conditions .nd radi.l atresses th.t aay be c.used by the cover. 

stirrups, and external loading. The failure aode. force level, extent of 

cracking, .nd slip .11 depend Oft the confineaent. 

Another coaplic.tion ia the effect of differences in lo.ding conditions. 

In a be.. large bond stresses exist at each crack and the concrete is in 

tension near the bar between cracks. On the otber hand. anchor.ae bond is 

noraall, characterized by ca.pression in the concrete. 

The requir ... nts of aicro-aodeling of reinforced concrete are aucb .are 

exactiaa than tbose of de. ian. It is necess.ry to know the variatioa of 

bond-.lip rel.tion.hip. along a bar but it i. iapo.sible to .... ure the Ilip 

.ccuratel, riaht .t the bar because of the caaplex stre~s .nd displ.ceaent 

condition.. The pioneering work and .... ur .. ent. by Hilson (6) are .till used 

by .ast an.lysts. to avoid ca.plic.tioas. ODe aay ianon the local cracki .. 
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aDd crushing at bar lugs and define .lip .. relative di.plac~nt. between the 

bar .urface aDd a point (cylinder) chosen a~ay fro. the bond zoae around the 

bar (7). That idealization is siaple for overall meaber analy.is but it does 

not consider the details of local behavior. 

Several re.earcher. have propo.ed bond-slip relationship.; for ex .. ple 

at the Univer.ity of Washington, in Japan, at Cornell University, Greece, 

Stuttlart. and THO. When the bond .tre •• gradient i. large, it i. in.uffieient 

to u.e average bond .tre... Atteapt. bave beeD aade to lenerate bond-.lip 

relationahip. by .... ining .hort bonded length. with I. 2. and .ore lug. (4). 

IEtemal prea.ure could be applied to .iaulate confineaent. 

Typical repeated and .anotonic force-.lip curve. are ahown in Pi,. 1 

for a .pecu-en with 200 pai eEternal prea.ure on a co.aon concrete cylinder. 

By.tere.ia curve. in rig. 2 illu.trate the hiahly DOnlinear behavior at low 

.tr ••• levela. The effect of confineaent ia evident in PiS' 3 aDd the nuaber 

of rib. in ria. 4. Rot 8Uch chanae in behavior i. expected for .are than 

3 rib •• 

Id.ali.ed bond-.lip hysteretic curve. are .hown in Pil' 5, ba.ed on 1, 

2, aDd 3-rib te.ta. Sueh curve. aay be u.ed in analy.i., thouah the actual 

10ediDi cooaition. au.t be .iailar to tho.e naed in the teat •• 

Por anchor ... probl ... in .ituationa where hilh confineaent i. preaent, 

for .... pl. in a vell-r.inforced joint. quite accurate analytieal aodel. 

have b.en dev.loped (8, 9) th.e can predict the cyclic bond behavior even at 

hilb load.. lbe confin .. ent and joint geoaetry preclude cover cracking and 

... ociated ODc.rtaintie •• 

It i. DOt likely that leneral bond-alip relationahipa can be developed 

th.t are equally applicable to tenaion .ituationa, anchorale, varying confine

.. nt, eat.rnal pre.aure, and loadinl hiatory. However, rea.arch duriaa the 
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past three years has resulted in several models that are applicable in specific 

dtuation •• 
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Hodell for AnalI.il of Concrete 

Hybrid Model for Dilcrete Cracka 

Oral Buyukozturk 
mT 

A .. thad il prOPOled for the analYlil of .ade I and .ixed .ade crack 

prop .. ation in concrete. It i. baaed on a hybrid technique which uae. finite 

el ... nt. to repre.ent the uncraeked lpeciaen, and di.tributed di.locationa 

to repr •• ent the crack. eonlequently. no re.e.hing of the finite ele.entl 

i. required after crack prop .. ation. Thil .. thod il i.proved aad further 

developed to .. ke it applicable to concrete by incorporating the nonlinear 

tractioa tran.fer characteriitici in a crack in concrete. Iy incorporating 

expre •• ion. obtained fro. previoua .tudie. to reprelent the .. grelate interlock 

&ad iaperfect debondiac (i.e •• tenaile lofteninl) in the crack. the propagation 

in a .inlle edle DOtched be ... lubjected to four point bending. ia wadeled 

correctly, while the predicted reduction in load correapond •• atiafactorily 

vith the experiaentally obtained reaultl. 

A hybrid .ethod. which co.binea the advant .. e. of the finite eleaent and 

boundary intelral .. thoda, va. recently propo.ed for the eoalyai. of crack. in 

finite bodiea. Thi. new approach utili ... finite eleaent. to repre •• nt the 

feature. (particularly the finite leo.etry) of the body in which the crack 

occur •• wbile a continuoUl di.tributiaa of di.locatioaa are uaed to aodel
o 

the 

creek. !be effecta of the di.location. .re evaluated vith a aurface intelral 

.. thod. The crack ceo be treated .. a p.eudo .ub.tructure in the body by 

"'08ina that .uperpolitioa hold. for the .peciaen. A lenerali.ed .tiffne •• 

.. triK i. a.aeabled. aDd the diaplaceaenta and di.locatiaa den.itie. ceo be 

obtained explicitly. A brief diaeuI.ion of the derivation of the leneralized 

Itiffne .... triK ia outlined here. 
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Aalu.e ~ha~ a linear elaltic bodY. in which a cTack exiltl. ia lubjected 

to boundary tractioftl R. Tractioftl of magnitude T act on the craek. The 

actual Itre.a and di.placement fields in the bod~ can tben be treated .. the 

.uperpo.ition of two problema. by uaing the general method of .ubltructuring. 

Firat. consider a crack with the ._e configuration ... the actual probl_. but 

in an infinite daaain. Repreaent thia crack by the luperpolition of .ade I and 

.ode II di.location., diatributed along the crack. Aaau.e that tractioaa Tai 

act alonl thia crack. which create certain atrea. and diaplace.8nt fielda in 

the infinite body. When the boundaries of the actual body are .apped onto the 

infinite body. the DOraal and Ihear traetioftl alonl this path can be calculated 

fro. the atreaa influence functiona for dillocationl. The corre.ponding 

equivalent nodal forcea. R·i. (which act on the finite body) can be calculated 

fraa theae traction ... 

(1) 

where G ia the traction influence .atrix. and 

r are the dialocation den.ity .. plitude. (derivativea of the dilloca

tiona with reapect to the diatance along the crack). The lurface tractioftl 

alonl the crack can alao be written in teras of the dialocation denaity 

_plitude. aa 

where C i. the aatrix repre.entinl the .tre •• influence function. alona 

the crack. 

The di.pLac ... nt. <at the finite eleaent node.) due to the di.location. 

are liven by the di.plac ... nt influence function.. Special care h .. to be 

taken to repre.ent the line of di.continuity of the crack correctly. The.e 

influence functioDi are u.ad to caapi Ie the aatrix L, which expre •• e. the 
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dieplac ... nte at the nod.a in te~ of the di.loeation den.ity .. plitudee. 

(3) 

Coaaider al.o a finite body without a crack which i. repre •• nted by finite 

el_au aDd aubjected to applieel boundary tractioaa I
fe • The diaplac.enta 

CaD be found fra. the vell-kDowo exprea.ion 

where I i. the .tiffae.e aatrix of the epeciaea. The •• di.plae ... ate will ia 

turn create .tr..... aloal the liae of the crack that can be writtea .. 

where S i. tractioa influence aatrix. The total dieplac ... at. (U) a&. the .u. 
of the di.plac ... at. due to the di.locatioaa aad the load vector I

fe • Thu •• 

Th. total applied load vector. I. i. 

(6) 

I • leU - u) + or - m + (c - n)r. (7) 

S~ilarlJI the tractioaa aloaa the crack viii be 

• sufe + cr 

• su + (C - SL)r. (a) 
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The ,lobal leneraliaed .tiffne •• .atrix can be written AI 

[: ::::] [:] . [:] (9) 

or 

[: ::] [:] . [:] (9a> 

The .tre.. inten.ity factor. at the crack tip. can be calculated fra. the 

di.location den.ity .. plitude.. If the critical atrea. intenaity factor of the 

.. terial (EIC ) is known. and it ia .. auaed that crack extenaion will take place 

in a direction noraal to the direction of .ax~u. tensile atre ••• the load 

level required to propagate the crack CAD be calculated. Tha general approach 

to this problea i. to extend the crack by a certain increaent, and tben cal

culate tbe loada eorre.pondina to this extenaion. Since this i. an incr~ntal 

.. thod. two different approaches can be followed to calculate the direction 

of crack extension. In the firat aethod it i. aaauaed that the atre.. field 

around the current crack tip can be .adeled with the dOraal expression for 

.tre •••• at a crack tip. The new directian of a .hort crack increaent vill be 

in the direction where III ia aero. Erdosen and Sih pointed out that the rela

tion between Ex and III ia ,iven by 

Ex .in e + Ext (3 co. 8 - 1) • 0 

where 8 i. the direction with re.pect to the previous crack direction in which 

Ell viII be .ero. The value of 8 can be calculated fro. this expre.sion when 

~1 aDd ~1I are known. 
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A1thouah the con.titutive relationl of the two phena.ena of ... re.ate 

interlock aDd ten.ion .oftenina are va.tly different, it will be a •• ~ that 

the influence function. for traction. alon. the crack will be independent of 

the .ource of the.e traction.. The particular conltitutive relation •• which 

e.pre.. the .tr..... along the crack in te~ of the relative crack di.place-

.. nt •• are di.cu •• ed in another .ection. In thi. tection a prueedure i. 

propo.ad for the .olution of the leneral .et of nonlinear equation.. Gener-

ally. the .. crack face tractioDl are load path dependent. Due to the lack of 

.ufficient ezperiaental data to fo~late the overly coap1e • .adel that will 

be needed to incorporate all the .i.nifieant feature., it will be a •• u.ed that 

the .tr ••••• are path iudependent. In that ca.e. the .tre •• e. aero •• the crack 

(Tcr) are functioDl of the relative di.plac ... nt of the crack face. (Ucr) or 

The relative crack di.place.ent. (U ) are in turD linear function. of the cr 

di.locatioa den.iti .. aloDa the crack. or 

U • Dr cr 

where D repre.ent. the ditplaceaent influence function. alooa the crack. 

Couatituti.e Model for Concrete 

A ratioaa1 .aaly.i. and. bence. de.i,n of eoaple. CODcrete .tructure. 

throulh ca.puter ba.ad .. thad. i. often li.ited by the lack of adequate 

.. terial aodel. for concrete. Thi. i. particularly true for .tructural 

.ituatioaa where concrete i •• ubjected to aulti-dt.en.ional loadins condi-

(10) 

(11) 

tion.. In the patt. auaerou. atteapt. have been .. de. with li.ited .ucce ••• 

to e.tabli.h coaltitutive equation. of coacrete for a variety of load con-

ditioa. iDcludiaa cyclic load effect.. Several clearly outlined approache. 



- 136 -

uaed for defininl the .tre •• -.train behaviour of concrete .. y be categorized 

into the followina .. in group.: 

(1) lin.ar- aad nonlinear-ela.ticity theories 

(2) ela.tic perfectly ~la.tic .adel. 

(3) ela.tic .train-hardening pla.ticity aodel. 

(4) pla.tic-d .. ase (fracturing) type model. 

(5) endochronic theory of inela.ticity 

A recent .u.aary of finite eleaent Inaly.e. of a variety 01 reinforced 

concrete .tructure •• hov. that, in .pite of the general recognition of the 

nonlinear material behcviour of concrete, .o.t of the.e analy.e. u.e a linear

ela.ticity approach for .adeling material re.pon.e in pre- aad post-peak atre •• 

raage. Thia a., be attributed to the difficultiea encountered in a.ae.aiag 

various par ... tera involved with ca.plex material .odel. and in their co.puter 

iaple.entation. Significant reali,~ in predictions can be achieved by a •• uaing 

a DOnlinear elastic atre.a-.train relationahip. In general. two different 

approaches are .. ployed in the for.ulation of nonlinear elasticity-ba.ed 

stre •• -straio laws. There are: (1) finite (or total) aaterial behcviour 

characteriaatiOD in variable .ecant-aodulua for.. known II hyperela.tic type 

of for.ulation; (2) increaental or differential aaterial deacriptions of the 

hypoela.tic type uaioa variable tanleot-aodulua. Hyperela.tic fo~l.tion. 

approxiaate a load-path independent reveraible proce.a with DO ..-ory. That 

ia, the aaterial reaponae at any in.tant i •• functiOD only of the current 

.tate of .treaa and DOt of the load hiatory. Theae .odel. aiaulate the 

reaponse of concrete .uatainins proportional load ins with rea.onable accuracy, 

but they f.il to predict inela.tic deforaation. when the .. terial experience. 

unloadiag. The hypoelaatic for.ulation approxi .. te. a path-dependent. 

irrever.ible proce.a with liaited ..-ory. That i., the .. terial re.pon.e 
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at any iDatant i. a function of the current state of .train. and of the atre •• 

path followed to reach that atrain. 

In the finite ele.ent 'rogr .. ARC, four nonlinear conatitutive modela. 

three ba.ed on the tbeory of ela.ticity and one ba.ed on the incre.ental theory 

of work-hardenina platicity have been iapl .. ented. The.e foraulationa are 

deacr1bed hereiD and critically evaluated. A .aterial .odel developed for 

refractory concretea i. al.o de.cribed. Theraal ex pan. ion-contract ion and 

creep 804elina capabilities in the progr .. are di.cua.ed ~ith regard to normal 

aDd refractory concrete. 

AD overview ia preaented of the approachea generally uaed in definins 

con.titutive relationa for concrete. Capabilities of the finite el .. ent 

caaputer proar .. ARC, developed for the three di.en.ional analy.i. of coaplex 

reinforced, pre.treaaed and refractory concrete .yat ... i. de.cribed. In that 

proar .. the .aterial aodel. baaed on i.otropic elaatic. orthotropic elaatic, 

aDd pla.ticity for.ulation. have been iapl..ented. Thi. analyai. capability 

ia uaed to analyse aa.e aelected atructural concrete probl ... ; through tbe.e 

analyae •• the verification of the u.pl .. ented con.titutive model. i. ahown, 

and the applicability of the developed coaputer analyaia capability to concrete 

atructure. i. deaonatrated. In the proce.a of this verification an autaaatic 

check Oft the .tability and effectivene.a of the nuaerical procedure. va al.o 

achieved. 

Moat ela.ticity-baaed 804el. are coaputationally .u.ple and particularly 

veil .uited for application in finite eleaent codea. They provide a rea.onably 

100d repre.entation of the deforaational behaviour of concrete for practical 

applicationa. However. ao.e of the.e foraulation. do not .adel tbe behaviour 

of concrete at hilh .trea. level. accurately. Moreover, the.e faraulatione 

are lL.ited to proportional loadina ca.e. which .. y re.ult in prediction error. 
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in certain .tructural .ituation.. The developaent of pla.ticity-ba.ed 

.odel. reaches sreater generality. The.e Bodel. accurately predict inela.tic 

dilatancy and hydro.tatic pressure sen.itivity ob.erved in concrete. 

The developed coaputer analy.i. capability incorporates .pecial .tructural 

effect. inherent to coaplex concrete .y.tea.. The.e include teaperature 

dependent nonlinear .aterial properties. cracking in concrete •• hear tran.f.r 

in cracked reinforced concrete .ection., and tiae dependent effect •• uch a. 

tran.ient teaperature di.tribution. and creep and .hrinkase. 

Froa the vide range of .tructural problema analyzed using the developed 

coaputer progr .. , it is concluded that crackins, load-di.placement re.pon.e 

and ulti.ate .trenlth prediction. are achieved with adequate accuracy. The 

developed coaputer analysi, capability .ay be u.ed .. • powerful tool for three 

di .. n.ional .tructural analy.i. of coaplex concrete .yt.... It can be used as 

a tool for sainias better in.ight into the behaviour of concrete .tructure., 

and .. a valuable aid for Uaproving exi.tinl desiln code.. The usefulne.s of 

the progr .. can be enhanced by incorporating finite eleaent. to analyze planar 

type of .tructures such as be .... panels and .hell •. 

D ... ,e Model for Concrete 

• rate-independent d .. age-type con.titutive model i. propo.ed tor the 

.ultiaaial cyclic beh.viour of concrete. The .aterial coapo.ite i. a •• uaed 

to experience a continuous d"'le proce •• under load hi.torie.. The aodel 

adopt. a d ... ,e-dependent bounding .urface in .tre.. .pace, which predict. 

the strenlth and deforaation characteri.tic. of the aro •• material under 

,eneral loadiQl path. Reduction in .ize of the bounding .urface as d .. age 

accu.ulate. and the adopted functional dependence of .. terial aoduli on .tre •• 

aad d ..... perait a reali.tic aodeling of the coaplex behaviour of concrete 
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UDder .ultiaxial load cycle.. Sati.factory prediction i. obtained of tbe 

lener.lly nonlinear .tre •• -.tr.in re.ponle, degr.dation in .tiffne •• duriog 

load cycle., .bear coapaction-dilatancy phenoaena, aggregate interlocking and 

polt-failure .train .oftening behaviour. Finite el~ent i.pl~entatiOD of the 

propo.ed .adal i. fea.ible and coaputationally efficient. 

BRIDClS 

Wiua. Daaiel J.W., luyuko.turk. Oral. ad Li. Victor C., "Hybrid Model for 
Diacrete Cracu in Concrete. II Depart_nt of Civil Inlineedna. MIT, Ca.bridge, 
Haa.achu •• tt •• s.pteaber 1983. 35 pp. 

luyukosturk. Oral aDd Sbareef, Syed Sarvar, "Coneeitutive Modeli. of Concrete 
in rinite Il ... nt Analy.i.," Depart.ent of Civil lnaineering. MIT, Ca.bridl8, 
Haa •• chu.ett •• Deceaber 1983. 100 pp. 

Chen. Ia-Shenl &ad luyukosturk, Oral. I~ ... ge Model for Concrete in MUltiaxial 
Cyclic Stre •• ," Dep.rt_nt of Civil Ingineering. MIT. Ca.bridle. M •••• chu.ett •• 
35 pp. 
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Delft .... Uns on Mechanic. of Concrete. JUD. 22-24. 1983 

Pi.tro G.G&mbaroval 

Profe •• or of Structur.l !nSine.ring 

Pol1tecnico di Milano. Milan. Italy 

Introduction 

Coacr.te ..-ber. are .abject to cracklns. which reducee the mech.nic.l pro
pertie. of the uterial comp.red to .oUd concrete. Bow ... r. cr.cked concr.t. pr~ 
perti •• (.tr.nsth .nd .tiff .... ) .. y .Ull be iaaportant on condition th.t the cO!!, 
flne.nt .ction .cro.. the craclu 18 81snificant. 

loth .h •• r .tr.nath aDd .tiffDe.. of cr.cked concrete are .o.tly enaur.d by 
the ~oulbne •• of cr.ck .urf.ce. (Asgresate Interlock Mech.ni •• ). Con.equently, • 
firet .pproach to th. de.cription of the behaviour of cracked concrete aubject to 
.h.ar .hould be b •• ed on Asar.sat. Int.rlock properti ••• Reverthele •• , • more se
n.ral .pproach i. needed to de.cribe not only the .he.r tran •• i •• ion capabilitie. 
of exi.tinS crack., but .1'0 the proce •• of for.ation of the crack. the ... lve •• 

Within th ••• different approache •• two con.titutive DOd.l. ar. here pre.ented: 
the fir.t (Iough erack Model) refer. to a .y.t .. of .xi.tins par.llel crack •• and 
i. ba.ed on finite .tre •• -.train relation. between the .tre •• ee .t the cr.ck inte£ 
f.ce .nd the equiv.lent .tr.in. produced by cr.ckins it.elf. 

the .ecoad CHadel of Ve.k Pl.ne. or Micropl.ne MOdel) •• ~. th.t the non 
linear behaviour in ten.ion (up to cr.ckins, which i. introduced by .. ane of equi
v.lent .traine) i. the reault of concrete beh.viour .long r.ndomly dletributed 
.... k plan •• or llicroplan ••• A one-to-one functional dep.ndence 11 ... u_d between 
the oor.al .tre •• aDd the norul .train 1n e.ch .icroplane; cr.cking 1. repre.en
ted in each plane by th. tail of the ~n('n) fUnction. charact.rized by large .train 
value •• Dd by z.ro .tr ••• valu ••• 

leulh Crack !Od.l 

th. laugh Cr.ck Mod.l d •• crib •• tb. Asgresate Int.rlock Kechan1 ••• rig.l Ill • 
• tarUns frail .a.e .lapl. IlicrOMChaical aodeh (r1g.2) ad hota the avaUable 
te.t d.t. (Paul.y and Loeber. Deechner and lupfer). Tot.l .tre •• -total di.pl.ce .. nt 
rel.tiona are worked out .t the crack interface 11.3/. The.e r.lationl can be re.a£ 
ded .1 conatitutlve taw. of the .. terial (cr.cked concrete) if the followin ••• .wa
pttoa. are lntrodaced: the cr.ct. are line.r. parallel aDd den.ely .paced; eolid 
concrete d.f~tiODe bet .... n two contilUou. cr.ck. are n •• ligtblei cr.ck diepl.c~ 
-.nt. can be replaced with equival.nt .train. obtained by .... rins the di.plac ... nt. 
over a lenatb equal :0 crack .pacins I. the etre"-Itrain r.lationl u. for.alated 
a. followl: 

1 Th.ory and reeult •• hown in thi. ca.pact have been coauthored by Prof.Z.P.Bazant 
of Iort .... t.rn UDiverlity (Bvan.ton, I11in01l) aDd by C.Earakoe of btanbul Tech. 
UDi.er.ity (I.tanbul, turkey). 
Thi. coapect i. a fir.t .er.ion of the .hort paper publi.hed in the Tran.action. 
of V.Praser SJIIPOaiua. held in Ivanlton at Rorthve.tern Unlveraity, Septeaber 11-
-15. 1983. 
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wbeze 11 ,12 ,1
3

,14 I~e ConltaDtl, ~o- 0.25-0.30 f~, r-Vn~/ln' with Vat- &~/'. la
c & II. At ConltaDt e~.ck dil.tancy (& li08.rly proportional to ~ ~)-'ia.3-, the 

o e 0 a 
ab •• r .odulul 1

33
- ~ot/~o~ h.1 l.ra. vilueac(comparabia to .laltic concr.t.). 

aDd .0 .lao the .tiffaa •• coefficient 1
31

- ~at/~la' which r.pr ••• at. the ah.ar

openiDa coupliq (crack opanina of coon.). 

lI1sroplw I!odtl 
leeau.e of the nature of concreta, which ba. h.rd lacludoa •• ad a ... k .. trix, 

('11.4), the .tre .... '1'. f.r froll UIlifcma at the local level, hanOI .barp .xtr_a 
10 the thin c.-.at-p •• t. 1.,.1" betweea two eoatiauou, 'larel.te partlcle. ( .. at 
pl... or mcroplw.). Aa_ oow thlt 10 e.ch .1cropla08 the at.tic babaviour 18 
ch.r.ct.riaed by aD uniaxial law ~ - C (I ).. ,wh.re 0 18 the DO~l to tb • .nero 
plaaa (111 •• 5.6); tb •• hear .~lffDI •• !. Bellilible; the aor.al .traia I i. equal
to the a.olved ucro.copic tauor I for the .... plan. (I - a,..a c", •• 11tb k ... 
1.2 io two du.uioa.); the law ~ (c~ ha. a .oftenilll bra=t (rtl~61T the .nero
plaDe. h ... I raDdo. di.tributloa

o
.t°the .. cro.coplc level ('la.S) •• or the 10ldloa 

10 ten.don of th. acroplane., the followiq iotriuic law h •• been adopted: 

a - I Ie-la/co. SUperillpo.l .... the r •• poa.e. of .11 meropl ••• , the .tr ••••• fJ 

. des tie !oefflciaatl IIJa of the IUffae .... trlz of the _t.rl.l CIID be obtalo;AJ 
•• follow.: n 

0lj- (l/n) J: CO ~a..a.loJ 'ka .., , 11jka- (1/,,) 10 (Ca.+ dCn/dla.) a.iaJ~o. dqI (3,4) 

With • IUlt.bl. forml.tioa for C , the el •• tic behaviour CIID aho be de.cribed. 
wlth v-O.33 (pi ... tr ••••• ). whlib can .aally be corrected to 0.18-0.20 12/. The 
f~l.t1oa of the 1 ... a (I ) for loadiq 10 teo. loa .ad iD ca.pze .. loa. .Dd for 
ualoadiDl, cm be b •• ed oR tI. r.llUlt. of Allrelate Ioterlock r •• te ,.ee .ia. 7, 
wIlere a.:~ h ... bean .... red over a "crack baad width" w equ.l to • aultiple 
of the o.ansate d.e d (w - d h •• been. '0 f.r a4op@acl). Althoup the 
coutltuU". 1 .. of the mcrop11U.c h ,.th-lDdepeadaa.t, the IlUperpodt1on of the 
ze.poo ••• 11 p.th-dapaadaat. 

Cowari'C!l with t .. t UIlU1C'. 24 CODClvcligl QMry 

loth aodel. Ii". ab.ar-.1ip CUrY.. (UDder lapo •• d .traio hi.torie.) vhleb ar' 
iD aoocl &Ift_ot with the azpart..td relUlu. 'la •• 8-10 (hfte referaace 1. ucle 
ODly to Aalzesate Interlock re.t •• aa..1y tho •• t •• t. parforaad OD CODcr.t •• pacl
.... la8riq ODe dql. pnfor'" crack"" atera.l coafm-at clevic •• ). 

!be fltt1q obt.1Detl with the Ioqb Cnck lIodel i. even bett.r. bat the IlicI'2. 
pl_ lladel h -.ch .ora .... 1'.1 aad efflciaa.t (for ta..teac •• the or1l1lt.t1on of 
crack1q wlthiD the crack baad 11 latr1uicaUy l1akad to the lapo.ad .trala hi
.tory, aDd It h DOt aappoaed to be COD.tant •• ia. the J.ouab Crack lIodet>.The IUcr2, 
pl_ lladel ca clelCribe al.o the overan behanour of coacret. iD t .... ion and .h.ar. 

Botb .... la cm u •• fully be iIltrocluced lato .. proar-. for updatiDl the .Uft 
UII aatrix of cracked coacret •• 

.. tar_ .. 
1. ....t.Z.P •• c..baroya.P.C •• "1Qush Cracta iD .. ia.forcacl CoDerete". Journal of 

the Itnctural D1Yllioa. ASCI. Vol.106. 1Io.ST4. Proc.P'per 1.5330. April 1980. 
pp.I19-842. 

2. .....t.Z.P., c.bU'Wa.P.C •• "Crack ".ar ill CoDeret.: Crack land IU.cropl .... 
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Model". "port, Center for Concrete aDd Geoaateriala, Korth"..tern Univerdty, 
baa.toa, I111noll. Hay 1983. 

3. GatIb.rov.,P.G., ltarakoc,C, "A aft .pproach to the aD.ly.h of the confinement 
role 11l repllrly cracked coacrete ele.ntl", 7th IDt .Conf. on Structure! Me
cb.nlc. in .... ctor Technology (SMilT 7), Paper 85/7. <2l1c'80. AuIU.t 1983. 

r • ~J. ~._. ron •• 

'i,.2a - Wed,_ effect: crack. re.ponle 
depeade on tlla r.tio r· 6t /cSu. 

Pil.2b - At small cr.ck openinaa, • limited Fi,.2c - The loc.l contact i. loet 
collfia.ment action i, required. When 6n> (1/2)(d+d'). 

Eu a 
(N-.z)_ 

-2 

o ot:~----~~==~ 
GO Cl8 to ,. 2D r. ~"~It 0.0 QI 19 t5 z.o 

Fi,.3 - Curve, of the etiffneee coefficienta E33 aod E3l (from Eqa.l and 2). for 
different v.luel of the crack. dil.t.ncy. f'- 31 _1 .. 2 , d • 19 mm. I • 190 ma. c a 

TtlI LINK IUMS 
IN TENSION 

ri,.4 - Simplifi.d model 
for cODer.t., with weak 
,laD" in t.n.ion and in 
cOIIpr •• aion. 

-If""II!-.... __ -
... ,. Cc" 
, •• , (c l ) 

.:. • 'J (c" 

-. 
ril.S - W •• k plane. c=-''-__ c-__ 

(aicroplan .. ) i.1l the ria.6 - Loadinl in t'UiOD (OPI.) , 
bidimenlional c.... unloadinl in cenaion (PQ). 

10ad1nl in ca.pr ••• ioD (QQ'). 

• 
I 
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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 

Wednesday 22 June 1983 

9.00 a.m. departure from Delft 

10.30 a.m. -
r. 12.30 p.m. 

visit to lab at Eindhoven University 

triaxially loaded concrete ( Van M ier )1 

LUNCH 

1.30 p.m. 

3.00 p.m.-

5.00 p.m. 

i 

departure from Eindhoven 

visit to lab at TNO-IBBC in Delft 
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Heetine of THD/THE/TNO/RWS/TH Darmstadt/Milano University! 
US Universities 

at Delft University of Technology 
Department of Civil Engineering 
Stevinlaboratory 
NETHERLANDS 

Thursday 23 June 1983 

9.00 a.m. - 1.00 p.m. 

- introduction (Reinhardt) 

Friday 24 June 1983 

9.00 a.m. - 11.00 a.m. 

- shear transfer under sustained and 
cyclic lQadingCFrenay, Pruijssers, 
Walraven) 

- bench mark problems 11.30 a.m. - 1.00 p.m. 
(US Universities, : 
Blaauwendraad : MICRO - bond onder sustained and repeated . 

~ ___ K __ us_t_e __ rs _________ :_D_I_AN __ A_.) ______ -+ ____ l_O_a4 __ i_n_g __ (_Dr __ a_go __ Sa_v __ 1'C __ t_G_r_o_e_n_e_v_e_l_d __ ' __ ~I! ~ ~S Universities> 

~W __ N_C_H __________________________ +-__ ,_t_U_N_CH ________________________ --11 
2.00 p.m. - 5.00 p.m. 2.00 p.m. - ~.oo p.m. I 

- bench mark problems, 
continued 

- current developments of 
numerical analysis 
(US Universities, 
De Borst : DIANA). 

7.00 p.m. 

- informal meeting at The Hague 

- "!:ensile failure of concrete 
(Cornelissen: creep and fatigue, 
Reinhardt : defo~. controlled 
slo~ cracking). 

Q.30 p.m. - 5.00 p.m. 

- creep under compressive loading 
(Hijnsbergen) 

5.00 p.m. 

- closure. 

! , 
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23. Gambnrova. J. (p.Hla!1o University) 

24 • Cervenka. V. (TH Darmstadt) 

25. Dinges, D. 

26. Buyukozturk. 0. (US Univ.) 

27. Darwin. D. 

28. Gergeley. P. 

29. Incrat'tia, A. 

30. Schnobrich, W.C. 
31. William, K. 
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Delft, The Netherlands 

~ 

Richard N. White and Peter Gergely 

Sept..oer 1981 
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l. Stephen Mah1 n 4. Peter Gerge 1y 
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DepartMent of Civil Engineering Hollister Hall 
Universi~ of California, Berkeley Cornell Un1versity 
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2. J_s Jirsa 5. Richard N. White 
Depart.ent of Civil Engineering Department of Structural Engineering 
Un1versi~ of Texas Holl ister Hall 
Austin, Texas 78712 Cornell University 

Ithaca, New York 14853 
3. Neil M. Hawkins 

Departlent of Civil Engineering 6. Antho"y R. Ingraffea 
201 More Ha 11 Dep.rtlent of Structural Engineering 
Universi~ of washington Hollister Hall 
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1. Introduction 

The National SCience Foundation awarded Cornell Universitr a grant for 
·Cooperative Research Between Cornell Universtty, Other U.S. Research 
Laboratories. and Research Laboratories in the Netherlands· on April 23, 1981. The 
pri_ry intent of this project is to facn tute research and develo_nt tn the 
general area of refnforced concrete structures. The personnel involved are engaged 
in experi-.ntal and analytical studies of bond. cracking. spltces. and shear 
transfer. plus develop.ent of several levels of cOIputer analysis progr .. s for 
reinforced concrete structures. Ftve U.S. universities and three groups in The 
Netherllnds are represented. 

Planned actiyities of the cooperattve progr .. include the following: Ca) 
organized exchange of reports Ind papers. Cb) annUll .eating of researchers. Cc) 
cooperative actiytties in both analytical and experi .. ntal research projects. Cd) 
exchange of reselrch personnel, and Ce) issuing of jOint proposals for new 
research. 

ThiS brief report su.llrizes the ftrst .. eting held at the SteYin Llboratory 
of the Delft Universt~ of Technology in Delft, The Netherlands. on June 9 and 10. 
1981. 

2. Participants 

Seventeen 1ndivfduals participated in the .eating -- 6 fro. the U.S. and 11 
fro. The Netherlands. A listing of parttcipants and their addresses is giyen at 
the front of this report. 

3. Agenda 

The agenda for the .-ting. Wlich was under the general cha1rMnsh1p of Dr. 
Reinhardt. is gtven in Appendix A. Half day sesstons were devoted to each of three 
topics -- analysis, shear transfer, Ind bond. and the final half ~ was devoted to 
general discussion and setting of plans for future activities. 

•• Presentations 

I. Introductory c~nts by Reinhardt. In addition to the Phase II of 
8eto...chanica Coutl1ned belOW), there is strong interest in the shelr 
clpac1ty of fr ... s. hollow core slabs. punching shear strength of circular 
slabs and C111 nelers. general ISpects of shear transfer, Ind size effects 1 n 
shear. 

b. Blaa~raad on 8etonllChanica. The first phase focused on five .. in 
a .... s: pla'n concrete, stHl rebars, crack zone. bond zone, and 
anchorage. all under .onotonic loading. Fine scale advanced behavioral 
... ,. were incorporated tnto cOIIpUter progr_ STMIL and MICRO/1. The 
second pha.e is directed .ore toward offshore structures. with attention 
focusld on cycltc loading. sustatned loading, and enviro,..ntal effects 
such as effect of saltwater. t.perature changes. etc. ExperiMntal 
investigattons led to better bastc phJstca' .odels. Micra.oclels are 
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for.ulated fro. these. using the discrete cract approach. The nricromodels 
are then blended into I .. CroMO de 1 globll Inllysis Ipprolch using a lleared 
crack representati on. 

Delft University of Technology (OUT) has responsibility for the sustained 
load experi.ents: TNO for the cyclic load experiments and for derivation of 
the fine scale phfstcal MOdel for bond zonei OUT for the MOdeling of crack 
zone and plain concrete: Ind the constitutive laws are being based on 
.. terial available tn the literature. 

Research on platn concrete 1s directed to tensile strength under sustained 
loads, tnteractton between shrinkage and tensile strength, and 
envirOnMental effects. 

Two analysts program are being developed: DIANA and MICRO 1. DIANA is 
for destgn engineers. Progr. developllent for 20 and 3D is done at THOi 
progr .. verification is shared b,y TNO and Rfjkswaterstaat (RWS); and 
illpl .. ntatton and docu.entation is done by THO. MICROIl is for very 
special operations to be done tn-house by TNO and RWS and possibly by a few 
other research groups in the Netherlands. 

c. Kusters described the DIANA progr.. This Dlsplacetll!nt lllethod ANAlyzer 
general purpose finite e1e1ent progra. has 1H!en under deyelople~since 
1972. It now has about 200,000 progr .. lines with SOllie 401 devoted to 
ca..nts. It is flexible. portable. and efficient. More than 40 1;ypes of 
elelllnts are incorporated. Steel .. terial MOdels include plasticity by von 
Mises or Tresea, three types of hardening, creep with creep data supplied 
b,y user. and cOibinattons of plaeticity and creep. Concrete .. terial 
modeling includes several cracking criteria, tenston stiffening, special 
yield criteria, and bond-slip relationships. Analysis capabilfties include 
large displace.ents. ~n .. ic response. eigenvalue deterwrination and heat 
transfer. 

SOMe ex..,les were presented. and considerable discussion ensued as to how 
bond and shear transfer effects will be put into practical use, which in 
turn raised the bro.der question of practicality of the progral for design 
use. It was agreed that the end proG.tct of this ~pe of developMnt .. st 
be usable ~ the profession. and considerable effort has gone into Mlking 
the progr .. user-friendly and alen.ble to the design engineer who is not • 
ea.puter specialist. 

d. Infraffea su..arized Cornell research related to fintte ellient .nalys1s of 
re nforced concrete structures. Major efforts have been in the area of 
defining bond-slip relations, local effects at the ribs under cyclic loads, 
and cracking. The new fracture .chantcs-based progr .. FEFAP WlS described 
and ex..,les given. 

I. Mahin s.-rfzed .,... research progra. It Berkeley. Current analysf $ 

1iViTopMnts are concentrated in the areas of ettn_cs, sustained loads, 
ther.al shock. and. w1de v.rie~ of inelastic nonlinear approaches to 
structural analysts. Mlcroscopfc .,de1s .re bef.~g developed for large 
structures. such as for RIC bea. with a .edified Takeda hysteretic ..,del. 
1Nt_ with inelastic shearing action, and inelastic 3-D col.- actton under 
bi.xi.l bending. Other topics currently being studied include .,del1ng 
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with layered el .. nts at critical locations in be_s, si..,lifted FEM for 
sustained and the~l loads, connection area .adels with si~lffied M-8 
relations, and special el .. nts for large panel structures and 
nonstructural ca.ponents. Local idealization is receiving considerable 
attention: concrete under IUltiaxtal stresses, cracktng analYSis, creep 
and enyiron.ental effects, post-yield behavior of steel, and .adels for 
bond and shear at the local level. 

f. "alrayen presented his theory of shear transfer tn cracked concrete (now 
avaf1ab1e tn the literature). The .odel, which is based on a ca.binatton 
of basic princtples and data taken fro. experi.nts, predicts the shear 
transfer phen .. na quite well. Experi.nts that have been done to provide 
input data .nd to check the theory were described. The role of concrete 
strength in the shear friction .nalogy .nd in she.r transfer WlS 
discussed. Differences betNeen results of pull-off and push-off speci .. ns 
were discussed tn te ... of the difference tn conftn .. nt stress afforded to 
the reinforc .. nt. Conflicting evidence on the effect of high strength 
concrete on sh .... transfer was presented. Probl_ tn tde.Hutton caused 
by cyc1ic loadtng wre described, .nd the new experi .. ntal protr. for 
three concrete strengths, three inttial crack widths, and different levels 
of restr.tntng sttffness was outltned. 

g. "htte sa...artzed research on shear transfer conducted at Cornell 
Univ.rstty, the Portland C .. nt Associ.tton, and MIT. Experi.nul 
studies on interface shear transfer, dowel action, and on cOibined biaxial 
tenston and cycltc in-plant she.r have been supplelented b.r develo,..nt of 
sev, .. al analytic.l .adels of v.rying sophistication. Models for 1ST and DA 
at a s1ngle craCk subjected to cyc11c shear have been fOMlUl.ted. 
Expert.nts on 1eIb ... ne she.r and bi.x1al tension have been done on 6 in. 
thick and 24 in. thick flat elelents. Punching shear tests on fl.t 
el_nts subjected to si .. ltaneaus bfaxfal tension h.ve revealed that the 
tension has rel.t1vely little influence on punchtng strength. 

h. H_fns presented rese.rch results on shear transfer at the University of 
Wishtngton. Variables coyered included shear plant characteristics, rebar 
size and percentlge, Qpe and strength of concrete, direct stress parallel 
and perpendicull .. to the pllne of shear, ... nt across the plane of she.r, 
angle of rebar to the plane, and type of loading (cyc1tc and repeated). 
Resul ts i ndt cated that .aN 1 nforlllti on is needed on the f.ll tng branch 
part of the shear-slip cunes. In the Mattock equation for shear strength 
it was shown that the first. (400 pst) should be a function of the 
COncNte strength, with 6.Ufe a ... ason..,le value. 

Discussion of these various topics led to several questions: 

1. what do w went to put 1 nto cOllpUter codes? 
2. how do w best contrast the appl fcations r.nges that 90 f.,. pure 

...atonic response to severe sei SlIt c response? 
3. how do box girders behave uncleI' torsional loading? 
4. .tilt needs to be done in the laboratory? Cln w concentrate on eycl1c 

shear and be content with current knowledge on .anotonic response? 
5. a cCllbfned faflure env.lope and d .. ge rule fOMIUlatton is needed 

urgently. 
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i. de Groot discussed .odels for bond, with extensions to beMS under constant 
.a.ent. A nonlinear shear-slip relation is used, with springs at an angle 
for producing radill pressure forces in addition to the regular spring 
ele.ent for bond forces parallel to the bar axis. The rebar and slip 
el_nt are cOlllbined into a single eleMent. Concrete is .,deled with a 
MDhr-CoulOib criterion with a tensile cutoff. Round concentric spectlens 
have been analyzed. New experi.nts on rectangul ar prt SIIS and on be. ends 
were reported. Discussion focused on the need for IK)re stuctY of the 
interface layer and on the fact that the elasto-plastic forwulation is 
difficult to extend to cyclic loading. 

j DraODslvic discussed the behavior of the bond zone under MOnotonic loading, 
anathe influence of cylcic and sustained loads. Etlphasis was on the 
influence of pri.ry cracks and the local dalllge at ribs near the cracks. 
The sequenci ng of pri_ry craclc 5 doII1 nates the level and di sconti nuous 
reverses of the bond stresses. The local da .. ge at ribs, with stresses and 
defor.ations fir beyond the uniaxill collapse of concrete, allows llrge 
slip. The result is a highly nonlinear and discontinuous stress-slip 
curve. Cyclic or sustained loads cause additional ct.age, with 
redistribution of the bond stresses and I 11rger slip. Experiwents by 
Mehlhorn, Ret.. and others wre cOlllpared. It is rec .. nded that 
experi_nts be done by long speci .. n to introduce I IIOre adequate 
cracking. It was concluded thlt for bond stress Ind slip, the radial 
stresses and defo~tions lUst be included in a", .odel for the bond zone, 
including the concrete out at least one half the di ... ter of the 
reinforcing bar. 

Points .de in discussion: We .. st look at iIIlposed defol"llltions and not 
only tensile loads. A IItcro.odel of bond lUst be very basic if it is to 
include such i..,ortant flctors IS direction of casting, top layer y~. 
batt. layer effects, and FUlber of bars in I layer. 

k. Gergely ~rized Cornell research on local behavior at a rib. 
Experi .. nts on 1, 2, and 3 rib bars. with Ind without external confining 
pressure on the concrete c:ylfnder, hive been conducted. Monotonic and 
repeated loads have been used. The presence of secondary internal cracks, 
both radial and longitudinal, has been verified at low steel stresses by 
injection techniques. 

1. InlKaff .. discussed the analysis of the bond speci .. ns, with Ittention to 
hi -intinsitr, low level c:yclic loads. Fracture .. chanics concepts 
applied to thick-walled cy11nders wre presented. There is an urgent need 
to have lIIpirical data·to properly define the properties of concrete 
i"'diately in front of the rib. where effective stresses of several ti .. s 
the uniaxial strength of concrete exist • 

•• Hawkins described research on bond on IUlti-ribbed bars. DevelGpMnt of 
craCkS .re explained fn detan as • function of load hiStory, where 
disp' ac_nts of up to 0.6 in. Wire .asured. Push-pull tlsts on 1, 2, and 
3 rib specf_ns were done to si.llte the effect of reversed .,..nt on 
be __ col.-. jofnts. StHl .,de11ng is done with a Rulberg-Osgood 
fo .... ,ation. Excellent cOIIparisons of IIOdel with eacper1_ntal results for 
_notonic lMding were given. Steel defo,..tions and bond-sl fp 
dfsplac ... nts were superi..,osed to perldt I definitfon of finite bond 
length. 
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n. Mahin reported on writ on Inchorlge regions in RIC be. colu.n jOints. 
fnclucHng interior joints with cOllbined Y. p. Ind M on the col.,..s. Bond 
tests were conGlcted on bars run through I speci .. n reinforced like a 
typical col .... with three blr sizes. no,..' Ind light-weight concrete, Ind 
both original Ind epo~ repaired speciMns. 

o. Jirsa potnted out SOle of the prlcttcal dtfficulties of dealing with bond 
fn Inalysis, including the rather sobering fact thlt bond is IIOre 
sensitive to construction prlcttce thin is I", other par.-eter fn RIC 
design. 

5. ~ry of Future Acthities 

I. Define overlll goals and intended ranges of applfcat10n in research Ind 
design practtce. 

b. Conduct In organized exchange of reports and papers. Dtrect _ning is 
sattsfactory. but copies of all correspondence Ind reports should be sent 
to Drs. Reinhardt and Gergely. 

c. Hold conference Metings annually, Ind have .ore inforlal discussions 
whenewer I ·crttical .ss· of parttcipants is together at an international 
conference. 

d. Cooperate on researeh projects: 

1. General - exchange info,...' progress reports. correspondence. 

2. Analytical - analyze the Sal bencharlt cases. 
- dfvide par ... tric studtes and sensitivity studies. 
- divfde writ on future develo..-nts on 3~ Inalysts, 

long-te.,. loading, Ind frlcture .chanics. 

3. E..,eri_nul - Ohfde test progr_. plrticularly on bond studies. 
- duplicate selected critfca' experf.-nts in dffferent 

labs. 

4. Exchange personnel for perfods fn. several weeks up to one year. 

S. ....fte joint proposals for new research fn structural concrete. 

e. llext .ettng will be fn Atlanta. Geor91a 1n the general tt.- perfod of 
19-23 January, which fs the scheduled ti. for the ACI Spring Conventfon. 

6. eo_lntary on Future WOrk 

a. Progr_ MICRO: incorporate cyclic loadfng effects, illlProved interface 
layer. results of ongoing _teria1s research, and update 
creep '.s. Run benc ... rIt probl_ Ind propose new 
pa"_tnc studies, with an studies cOIIIP,.ted by Mlreh 
1982. Extend progr_ with fracture _chantcs options in 
1983-84. This prag". now has 40,000 lines with 200 
subrouttnes. 
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The possible role of the U. of Illinois in cooperative 
.ark on anllysis needs c'arification. 

b. Experi .. ntll: Final decisions on test progrllS should be reached by 
correspondence. More IIIOrt is needed to build up a better 
understanding of basic bond behaYfor, particularly under 
cycltc loads. careful planning of experi .. nts to get 
critfcal par ... ters for analyticil for.ulatfon of 
bond-sl1p laws is needed. By January 1982, the Netherlands 
group wants to have plans for a new three year 
experf_ntal progr_ that includes eycl fc loads, sustafned 
load effects, conffning pressure, and varfable coyer. A 
vi si tor to Cornell for about one .,nth is proposed. 

Walraven detatled the planned progr .. on shear transfer on 
both plain and reinforced concrete. Initfal crack widths 
of 0.05, 0.10, and 0.15 .. are planned. Other varfables 
include degree of external restraint stiffness. 

c. Future research at Comell Unhersity: 

1. S~r 1981 research at Cornell will include deyelo~nt of new design 
rec~ndations for ... rane shear in cOllbination with unfaxial and 
btaxfal tensfon, and addftional punchfng shear experi_nts with larger 
she.r spans and larger loaded areas to better .,bil1ze the .. rane 
forces in the refnforcing steel. 

2. Rese.rch proposed to the Electric Power Research Institute by a joint 
te .. fro. PeA, Cornell. Ind MIT include the follOWing topics: 

•• Mlllbr.ne shelr experi_nts at two scales IS required to verify 
design criteril for contain.ent Wills: (1) stu~ of construction 
joint effects. (2) steel ratios Ind stress condftions silUlating 
prestressed concrete containlents, (3) influence of I steel liner 
plate on one side of the specf .. n. (4) Mavfly reinforced speci_ns 
to detel"ll1ne the 1 i8fts of IIIIIbr.ne shear strength. Concurrent 
developlent of sf~le anllytical IOdels. 

b. Punching she.r experi.nts at _ scales IS needed to fOl'lUl.te 
rellistic new design crfteri., with Ylrtables to include ratio of 
loaded lrea to sllb thickness, level of biaxi., tenSion, sllb 
depth/shear span rltto, p, f~, and pfpe penetration loading. 

c. Radill sheir studies on full cylindrical .adels at base .. t-wall 
juntion regions and on two sclles of specf.ns silUlatfng a unft 
wfdth strip of the base .. t-Wlll Junction. 

d. Anllytical dlMlo ..... ts in four .... as: 

1) E, ... t IIOdelfng to rep ... sent initfally craCked reinforced 
concrete li.1ts subjected to IIOftOtontc and cycl1c inplane shelr 
forees. 

2) Equtvalent linear IIOdels for contai,..,.t d.Yn..tc response, using 
I1S- identification techniques. 
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3) Nonlinear Inalys1s lOdels for discontinuity areas in conta1n.ent 
structures. 

4) Models to better predict strength, duct1lfty, and faflure .ades 
in nuclear Slfe~-related structures. 

7. Laboratory Tours 

Tou" ",re conducted through the DUT and THO 1 aboratorf es to observe on901 ng 
exper1_nts. 
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APPENDIX A - MEETING AGENDA 

Meetfng CUR/TNO/THO - Cornell at Delft Universf~ of Technology 

Tuesday. 9 June 1981 Wednesday. 10 June 1981 

10:00 •••• - 1:00 2'.' 9:00 •••• - 1:00 2 .•. 

- Welca.e (Refnhardt) MBondM 

- I!neral introduction to - Research t n the 
BetonleChanfca 2e faseM Netherlands (De Groot. 

(Blaauwendraad) Dr.gosavfc) 

- DIANA (Kusters) - Research in the US 

- US research fn FEN 

Lunch Lunch 

2:00 2'.' - 5:00 2'.' 2:00 2·.' - 4:00 2'.' 
MShe.r Tr.nsfer- - Further topics 

- Rese.rch in the - Visft to the laboratorfes 
Netherlands (Walraven) of TNO-IBBC and THO 

- Research t n the US 

7: 00 p... Party 

Each session will contain a presentation of toptcs of Delft and 
US research and an extensive discussion. As far IS the experf .. ntal 
progr. is not yet fixed. an attellpt should be .. de to adjust the 
the par_tars of Cornell and TtI)/TNO. At the end of each sessfon 
the ~ of cooperatfon should be clearly for.ulated. 
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Cooperatfve Research Between Cornell University, 

other U.S. Research Laboratorfes, and 

Research Laboratories fn The Netherlands 

Su..ary of Second Meeting 

January 18 and 19, 1982 

Atlanta, 6a., USA 

by 

Peter Gergely 

and 

Richard N. White 

April 1982 
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Cornell University 
Ithaca. New York 14853 

2. Anthony R. Ingraffea 
Dept. of Structural Engrg. 
Hollister Hall 
Cornell University 
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3. Z.P. Bazant 
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1- H. Reinhardt 
Dept. of Civil Engineering 
Delft University of Technology 
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Delft 
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3. J.C. Walraven 
Dept. of Civil Engineering 
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Delft 8 
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4. N.M. Hawkins 
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University of Washington 
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G.M.A. Kusters 
TNO Delft 
The Netherl ands 

B. van Zwol 
Rijkswaterstaat 
Delft 
The Netherl ands 
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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 

. attended. 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. 

II. Agenda 

Monday. January 18 

9 a.m. - 12:30 p.m. 

-Welcome (Gergely) 
-Discussion of agenda 
-Current status of analytical program 

2 p.m. - 5 p.m. 

-Bond. 
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. - 5 p.m. 

-Future work 
-Selection of benchmark problems 
-Future meetings 
-S..-ry 
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III. Presentations 

1. 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 zoneM 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. 

2. 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. 

3. 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. 

4. Willam summarized the three basic approaches under d1scussioA: 

discrete, continuum, and classical. 

5. 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. 

6. The planning of an extensive investigation of local bond was described 

by Dragosavie. Several reports have already been issued on analytical 
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modelling and the state of the art. The model involves a bond 

layer next to the bar and the slip of the bar is considered relative 

to the concrete outside this bond layer. The experimental work 

will fnclude monotonic, cyc1fc, and sustained loading. Other 

variables are: the type of deformed bar, fts diameter, concrete 

strength, cover, specimen s1ze, and load h1story. 

7. A dis·cussion followed on the ways of incorporating bond in fini te 

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. 

8. The analytical representation of interface shear transfer along 

crack and its effect on certain types of problems was discussed 

by Ingraffea. The transfer of no~l forces across cracks and the 

Hi1lerborg model were found to improve analytical results. 

9. Walraven commented on the role of 1ST in beams without shear 

reinforcement, especially relative to the bending of concrete 

teeth betwee.l diagonal tension cracks. The effect Of cyc11ng is 

that the crack width does not keep increasing but the slip does. 

The effects of cycling and load duration on 1ST need further 

work. Hawkins observed that slM11 aggregates are Il10" flllPOrtar.~ 

than large ones in 1ST. 

10. Buyukozturk described a model of 1ST that involves no~l and 

slfd1ng 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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11. Hawkins summarized work done for the U.S. Navy on dYnamic shear 

resistance involving 1ST. 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 (slid1ng) 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-slip curve. Hawkins handed out cop1es of a paper 

in which local bond was studied for various bar lug geometries. 

12. Kusters described in detail the DIANA program. especially its

idealization of bond, 1ST, cracking, cycling, and plasticity. The 

3-D plastic fracture and the 2-0 Oarw1n-Pecknold models are incorporated 

and a comparison was presented with test resu1ts.on pressurized 

concrete ~actor vessels. The nonlinearities can be handled either 

with the regular or, more often. wfth the modfffed Newton-Raphson 

procedure. 

13. Bazlnt 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 snouid be about three 

times the maximum aggregate size. 

14. Buyukozturk outlined current and planned Inalysis work at MIT. which 

includes 3-D curved shell elements. cyclic. loading. smeared or 

d1screte reinforcing. and thermal problems. The Inalysis of 

refractory concrete was sUmmlr1zed. 

15. vln Zwo1 presented I 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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16. A detailed presentation of current and planned work at TNO was 

given by Blaawendraad. The 1ST idealization includes the effect 

of crack opening and will also include the relationship between 

no~l 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. 

17. 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 slab 

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

The conment was made that at least two sizes of specimens should be 

analyzed wherever tests are available. 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. 

18. 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 

least a week each at Delft. 


