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ABSTRACT

The thesis deals with the following four investigations:

'

Heat-Induced Explosion in
High Strength Concrete.

- Uniaxial Stress-Strain Curves of
High Strength Concrete.

~ Design Proposal for High Strength
Concrete Sections Subjected to
Flexural and Axial Loads.

- The Strength of Overlapped Deformed
Tensile Reinforcement Splices in
High Strength Concrete.

The thesis consist of four seperate reports. A short summary of
these is given below.

Heat-Induced Explosions in High Strength Concrete.

This report contains the result and description of a series of
tests which have been carried out in order to evaluate the explo-
sion risk of heat induced high strength concrete as compared to
normal strength concrete.

The tests were carried out with concrete test specimens shaped as
2100 x 200 mm cylinders with a compressive strength in the range
from 30 MPa to 90 MPa. The cylinders were cured in two different
ways:

a: 7 days in water followed by 21 days in labora-

tory atmosphere { 20° ¢ and 60 % RH ).
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b: 7 days in water followed by 21 days sealed'with
plastic aluminum foil.

A total of 36 concrete cylinders were heated in an electrical oven
at a heating rate of 2.5% ¢ per min. until reaching a temperature
of 600° c. After 2 hours at this temperature the cylinders were

cooled at a rate of up to 1° ¢ per min.

The tests show that the explosion risk depends on the curing con-
ditions and that the explosion risk in the case of high strength
concrete is not higher than for normal strength concrete especial-
ly for concrete cured under condition a.

Uniaxial Stress-Strain Curves of High Strength Concrete.

This report describes a special test~rig developed in order to ob-
tain the ascending as well as the descending part of uniaxial
stress-strain curves. Test results is reported from test series
where the complete stress-strain curve is determined for concrete
with compressive strength in the range from 40 MPa to 92 MPa.

The test results show that the ascending part of the uniaxial
stress-strain curves are more linear and steeper for high strength
concrete when compared to normal strength concrete and that the
descending branch becomes steeper the higher the strength level.

The inclination of the ascending part of the obtained uniaxial
stress-strain curves for high strength concrete is steeper and the
strain at peak stress is less when compared to results from USA
and Norway. The declination of the descending part seems less
when compared to the results from Norway and only slightly steeper
when compared to results from USA.

[N
[
e -



i al for Hi S Concrete Sections Subj
to Flexural and Axial Ioads.

In this report an investigation is carried out of the consequences
when predicting the ultimate capacity of reinforced high strength
concrete sections subjected to pure bending or combined bending
and axial load by extrapolating DS 411 to the compressive strength
level of 90 MPa. The investigation is based on calculated results
using obtained knowledge of the complete uniaxial stress-strain
curves for concrete and applying nonlinear computerized methods.

The 1nvestlgatlon show that extrapolatlon of DS 411 overestlmates
the ultimate capac1ty of reinforced high strength concrete sec-
tions when subjected to pure bending with as much as 33 %, while
DS 411 in the case of sections subjected to combined bending and
axial load overestimates the ultimate capasity with as much as 39
%.

A design proposal is suggeéted for calculating the ultimate capa-
city of high strength concrete sections subjected to pure bending
or combined bending and axial load. The design proposal is based
on the same principles as DS 411 and the results from the nonline-
‘ ar calculations using the knowledge of the complete uniaxial
stress-strain curves as mentioned above.

The curvature ductility of single reinforced high strength concre-
te sections compared to normal strength concrete sections is also
. investigated on the basis of results from the nonlinear calculati-
ons. The investigation show that the ductility of high strength
concrete sections is less than the ductility of normal strength
concrete sections regardless of the reinforcement degree and that
it can be reduced to as much as 78 %. ‘
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The Strength of Overlapped Deformed Tensile Reinfbrcement Splices
in High Strength Concrete.

This report decribes a test series carried out in order to evalua-
te the strength of overlapped tensile splices in high strength
concrete and the anchorage strength of deformed bars in pull-out
test specimens similar to that of DS 2082.

The influence of concrete compressive strength, splitting strength
and fracture energy,GF, on the strength of overlapped tensile
splices is evaluated on the basis of 22 tests. The test indicate
that the fracture energy of concrete appears to be a more gover-
ning property to the strength of splices than the compressive
strength and splitting strength.

The results from the tests with overlapped splices is compared to
the Danish Code of Practice for the use of Concrete, DS 411. The
comparison show that extrapolating DS 411 for the design of over-
lapped splices in high strength concrete will yield more conserva-
tive results than in the case of normal strength concrete.

The results from the tests with overlapped splices have also been
compared to estimated values from a theoretical model developed at
the Department of Structural Engineering by B. S. Andreasen. The
model is based on the theory of plasticity and tests with concrete
in the normal strength range. The comparison show that the model
developed by Andreasen overestimates the strength of overlapped
splices for high strength concrete. A modification to the v-ex-
pression used in the model is suggested, yielding more acceptable
deviations from the test results.

Estimated values from an empirical formula developed by Orangun et
al. is compared to the results from the tests with overlapped
splices. The comparison show that the empirical formula overesti-
mates the strength of overlapped splices in high strength concre-
te.



The influence of concrete compressive strength, splitting strength
and fracture energy, GF’ on the anchorage strength of deformed
bars in pull-out test specimens is evaluated on the basis of 84
tests. No clear conclusion could be made from the tests regarding

which proporty were the most governing on the anchorage strength.

A model is suggested for calculating the anchorage strength of de-
formed bars in pull-out test specimens similar to that of DS 2082.
The model is based on the theory of plasticity as well as the ex-
perimental results and the principleé used by Andreasen in his mo-
del for estimating the strength of overlapped splices. '

The results from the tests Qith BVérlapbed‘épliceé and pull-out
tests are compared. The comparison indicates that the anchorage
strength from the pull-out tests are considerabiy larger than the
strength from overlapped splices regardless of the concrete com-
pressive strength level. The reason for this is partly the sur-
rounding spiral reinforcement in the pull-out test specimen which
confine the concrete around the anchored bar and that the failure
mechanism is completely different from that of overlapped splices.



RESUME

Afhandlingen omhandler felgende undersegelser af hejstyrkebeton:

Heat-Induced Explosion in
High Strength Concrete.

- Uniaxial Stress-Strain Curves of
High Strength Concrete.

- Design Proposal for High Strength
Concrete Sections Subjected to
Flexural and Axial Loads.

- The Strength of Overlapped Deformed
Tensile Reinforcement Splices in
High Strength Concrete.

Afhandlingen foreligger som fire seperate rapporter over underseg-
gelserne og er kort resumeret nedenfor.

Heat-Induced losi i i Stren oncrete.

Denne rapport indeholder resultater og beskrivelse af en forsggs-
rekke udfert med det formdl, at undersege explosionsrisikoen af

:

varmepavirket hgjstyrkebeton i forhold til normalstyrkebeton.

Undersegelsen omfatter betonprgvelegemer formet som ¢100 x 200 mm
cylindre med en trykstyrke i intervallet 30 - 90 MPa, som er hard-
net pa to forskellige mader :

a: 7 dage i vand efterfulgt af 21 dage i labora-

toriet ved 20° ¢ og 60 % RH.



b: 7 dage i vand efterfulgt af 21 dage forseglet
med plastik og aluminiums folie.

Ialt 36 betoncylindre blev opvarmet i en elektrisk ovn med en op-
varmningshastighed pa 2.5% ¢ pr. min. op til 600° c. Efter 2 ti-
mer ved 600° C blev cylindrene nedkelet med en hastighed pa maksi-

malt 1° ¢ pr. min.

Forsggene viste, at explosionsrisikoen afhznger af hazrdningsfor-
holdene, samt at risikoen for hegjstyrkebeton ikke er vasentligt
hgjere end for normalstyrkebeton, specielt ndr. disse hardes som
under a.

Uniaxial Stress-Strain Curves of High Strength Concrete.

Rapporten beskriver en specielt udviklet forsegsopstilling, som
muligger bestemmelse af den stigende og faldende del af enaksede
betonarbejdskurver.

Rapporten indeholder derudover resultater fra forsggsrazkker, hvor
hele den enaksede arbejdskurve er bestemt for beton med trykstyr-
ker i intervallet 40 - 92 MPa. De bestemte enaksede arbejdskurver

af hejstyrkebeton udviser i forhold til normalstyrkebeton et mere
lineart og stejlere forlgb af den nedadgdende del.

De opnaede arbejdskurver for hejstyrkebeton udviser sammenlignet
med tilsvarende arbejdskurver fra USA og Norge et stejlere forlgb
af den stigende del af arbejdskurven, og en mindre tejning ved
maksimal spending, mens den nedadgaende del er mindre stejl sam-
menlingnet med de norske resultater og stejlere sammenlignet med
de amerikanske resultater.



Design Proposal for High Strength Concrete Sections Subjected

Fl 1_and ia

I denne rapport vurderes om beregningsmetoden i DS 411 til bestem-
melse af betontvarsnits bareevne, pdavirket til ren bejning eller
kombineret bejning og normalkraft, kan ekstrapoleres til beton-
styrker i intervallet 50 -90 MPa. Vurderingen er baseret pa re-
sultaterne fra en ulinezr beregningsmodel, hvor der indgir bade
den stigende og den faldende del af eksperimentelt bestemte enak-
sede betonarbejdskurver fra en tidligere undersggelse.

Bestemmes hejstyrkebetontvarsnits bzreevne ved ekstrapolering af
DS 411 kan bazreevnen af tvarsnit med balanceret armeringsgrad pa-
virket til ren bejning overvuderes med op til 33 % i forhold til
resultaterne fra den ulinezre beregning, mens bareevnen af tvaer-
snit pavirket til kombineret bejning og normalkraft kan overvude-
res med op til 39 %.

Et beregningsforslag er derfor udarbejdet til bestemmelse af hgj-
styrkebetontvarsnits bazreevne pavirket til ren bejning eller kom-
bineret bejning med normalkraft. Forslaget er baseret pa de samme
principper som DS 411 og resultater fra den ulinezre beregningsmo-
del.

Endvidere er duktiliteten af hejstyrkebetontvarsnit vurderet i
forhold til normalstyrkebetontvarsnit pa baggrund af resultaterne
fra den ulineare beregningsmodel.

Resultaterne indikerer, at duktiliteten af hejstyrkebetontvarsnit
er mindre uanset armeringsgraden af tvarsnittet og kan forminskes
ned til 78 % af tilsvarende normalbetontvarsnit.



I denne rapport beskrives for bade heojstyrkebeton og normalstyrke-
beton en eksperimentel behandling af overlapningssteds bareevne
samt bzreevnen af forkammet armering forankret i-prevelegemer me-
get lig prevelegemet efter Dansk Standard DS 2082.

Inflydelsen af betons trykstyrke, spaltetrzkstyrke og brudenergi,
Gpr pa bazreevnen of overlapningsstg¢d er undersggt pad basis af 22
forsgg. Undersegelsen viser, at betons brudenergi GF har sterre
inflydelse pa bareevnen af overlapningsstgd end betons trykstyrke
og spaltetrazkstyrke.

Der er foretaget en undersggelse af muligheden for, at ekstrapole-
re beregningsmodellen i DS 411 til beregning af nedvendig overlap-
ningslzngde af sted til betonstyrker i intervallet 50 - 90 MPa.
Denne undersegelse viser, at DS 411 ved ekstrapolering giver mere
konservative resultater af nedvendig overlapningslangde for hgj-
styrkebeton end for normalstyrkebeton.

Resultaterne af forsegene med overlapningssted er sammenlignet med
resultater fra en beregningsmodel udviklet pd Afdelingen for Ba-
rende Konstruktioner af B. S. Andreasen. Modellen der baseres pa
plasticitetsteorien og forseg prim=rt med betontrykstyrker i in-
tervallet 6 - 50 MPa, overvurderer bazreevnen af overlapningssted i
hejstyrkebeton. Et forslag til et andet r-udtryk til beregnings-
- modellen er derfor udarbejdet.

Derudover er forssegsresultaterne med overlapningssted sammenlig-
net med resultater fra en empirisk formel udviklet af Orangun et
al, der viser at den empiriske formel overvurderer bareevnen af
overlapningssted i hejstyrkebeton.



Inflydelsen af betons trykstyrke, spaltetrazkstyrke og brudenergi
GF pa bzreevnen af forankret armering i prevelegemer meget 1lig
prevelegemer efter DS 2082 er undersegt pa basis af 84 forseg. Det
har ikke pad baggrund af disse forseg varet muligt at fastsld hvil-
ken af ovennzvnte parametre, der har sterst inflydelse pa bzreev-
nen.

Et forslag til en beregningsmodel er udviklet til beregning af
forkammet armerings bareevne i prevelegemer meget lig prevelegemet
i DS 2082. Beregningsmodellen er baseret pa plasticitsteorien og
de gennemforte forseg samt principperne anvendt af Andreasen i be-

regningsmodellen for bareevnen af overlapningssted.

En sammenligning mellem de eksperimentelt fundne bareevner af
overlapningssted og forankring af forkammet armering viser, at
sidstnavnte generelt har hgjere bareevne. Dette kan skyldes, at
spiralarmeringen omslutter betonen hvori armeringsjernet er for-
ankret samt, at brudmekanismen er forskellig fra brudmekanismen i
overlapningssted.
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NOTATIONS

The most commenly used symbols are listed below. Exceptions from
the list can appear, but this will be mentioned in the text in
connection to actual symbol.

Q

ef

E =~

Aa,Ba,Ca,Da

c.,D

Ag¢Bg:Cq: Dy

sC

st

[e]e]

o

sc
st

pl

o

zZ =

Width of beam section.

Vertical distance from the top of the beam to
center of the compressive reinforcement.

Total depth of beam section.

Depth of compression zone.

Depth to the center of the tensile reinforcement.
Constant used in a mathematical expression for the
descending part of the uniaxial stress-strain
curves.

Dimensionless stress.

Dimensionless strain.

Constants used in a mathematical expression for the
ascending part of uniaxial stress-strain curves.
Constants used in a mathematical expression for the
descending part of uniaxial stress-strain curves.
Cross~sectional area of the compressive
reinforcement

Cross-sectional area of the tensile reinforcement

Secant modulus of elasticity determined from the
origo of the uniaxial stress-strain curves to 45 %
of the peak stress.

Secant modulus of elasticity determined from the
origo of uniaxial stress-strain curves to

the peak stress.

Total compressive load in the concrete.

Total load in the compressive reinforcement
Total load in the tensile reinforcement

The plasticity length of the plastic hinge.
Bending moment.

Normal force.
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a Constant used in a methematical expression for
uniaxial stress-strain curves.

B The ratio of the stress in the equivalent rec-
tangular stress distribution to the compressive
strength.

6c Curvature ductility index.

6& Displacement ductility index.

€. Concrete compressive strain.

€oo Concrete compressive strain at peak stress.

€cu Ultimate compressive strain of concrete.

€sc Compressive steel strain.

€t Tensile steel strain.

ny Sectional curvature at first yield
of the tensile steel

Ky Sectional curvature at ultimate load.

n The ratio of the depth of the equivalent compres-
sive stress block to the depth of the actual one.

9p1 Ultimate plastic rotation.

72 Dimensionless moment.

v Dimensionless normal force.

O Concrete stress.

0 Concrete peak stress.

Tt Tensile steel stress.

Osc Compressive steel stress.

w Mechanical ratio of tensile reinforcement.

Wy Mechanical ratio of compressive reinforcement.

Wa1 Balanced mechanical reinforcement ratio of sections

subjected to pure bending and without compressive
reinforcement.
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1. INTRODUCTION

The ultimate strength of reinforced concrete members subjected to
flexure and axial loads can be predicted using an equivalent rec-
tangular stress distribution on the concrete compressive zone.
This is the case in the Danish code DS 411 [l1]. The design requi-
res the knowledge of three parameters:

B : The ratio of the stress in the equivalent rectangular
stress distribution to the compressive strength. 1In DS
411 B is set to 1.0.

7 ¢ The ratio of the depth of the equivalent compressive
block to the depth of the actual one. In DS 411 7 is
set to 0.8.

€on’t Ultimate compressive strain of concrete. 1In DS 411 €cu

is set to 0.0035.

In addition the code presuppose, that the structure has adequate
yield capacity, when the theory of plasticity is used for the de-
termination of stress results, i.e. yielding in the reinforcement
will develop to a sufficient extent before other forms of failure,
such as instability, terminate a auctile failure in progress. In
other words the code requires, that the ratio of the tensile rein-
forcement must be less than the ratio which produces simultaneous
crushing of concrete in compression and yielding of steel in ten-
sion.

The values of these parameters and the validity of the code are

based on extensive tests on reinforced concrete columns and beams -
using concretes with compressive strengths of less than 50 MPa.

High strength concretes are, however, currently being used and a

modification of the preceding parameters is necessary for such

high strength concretes.

One approach to develope parameters defining the high strength
concrete compression zone at the ultimate strength of reinforced



members is to test members made of high strength concretes. How-
ever, since the properties of the concrete compression zone in the
ultimate stage not only depend on the concrete compressive
strength, but also on the stress-strain curve and theramount of
reinforcement, and the relative amounts of flexure and axial loads
applied to the members, the experimental program would have to be
very extensive. ‘

Another approach is to calculate the ultimate strength of structu-
ral members using a knowledge of the stress-strain curves for con-
crete and steel and applying nonlinear computerized methods. The
values related to the concrete compression zone could then be pre-
dicted by analytic procedures for a wide variety of design situa-
tions.

Knowledge of stress-strain curves for high strength concrete and
normal strength concrete, produced with Danish materials were e-
stablished at the Department of Structural Engineering in a previ-
ous investigation, Olsen [2]. A special test-rig were developed
capable of recording the ascending as well as the descending
branch of uniaxial stress-strain curves both for high strength and
normal strength concrete.

Stress-strain curves for four types of concrete having compressive
strengths as follows were established:

1) High strength concrete on a 90 MPa level
2) High strength concrete on a 70 MPa level
3) PNormal strength concrete on a 50 MPa level
4) Normal strength concrete on a 40 MPa level.

Using an approach of nonlinear computerized analysis techniques,
it is then possible to rationally predict the ultimate capacity
and sectional ductility of structural members when given their
cross-sectional properties, material properties and load condi-
tions.



1.1 Purpose of the Investigation.

The main purpose of this investigation is to suggest a simple de-
sign proposal capable of predicting the ultimate capacity of high
and normal strength concrete cross-sections subjected to pure ben-
ding or combined bending and axial loads. Furthermore it is the
purpcse to describe the concequences, when using the Danish Code
DS 411 to predict the ultimate capacity of high strength concrete
sections.

1.2 Format

The next chapter gives a review of how the uniaxial stress-strain
curves were established and gives the mathematical representation
of the curves used in the nonlinear model. 1In chapter 3 the non-
linear model and its assumptions are described followed by a des-
cription of the suggested design proposal in chapter 4. The Da-
nish Code DS 411 and the suggested design proposal is compared to
the nonlinear model in chapter 5. The ductility of structural
members produced with high strength concrete is described in chap-
ter 6.



2. UNIAXTAT, STRESS-STRAIN CURVES

2.1 Introduction.

When using the uniaxial stress—strain curves for concrete and ap-
plying computerized nonlinear techniques to predict the ultimate
capacity of concrete structural members it is necessary to obtain
accurate knowledge of not only the ascending portion of the
stress-strain curve but also the descending portion. This know-
ledge is necessary since part of the strains in the concrete com-
pressive zone at the ultimate limit state usually is in the des-
cending portion of the stress-strain curve.

Data regarding the complete stress-strain curve of high strength
concrete produced with Danish materials is not previously obtai-
ned. It was therefore necessary to develop a special test-rig -
capable of recording both the ascending and the descending branch
of uniaxial stress-strain curves from concretes and to conduct
several test series involving high and normal strength concretes.

The following sections give a brief review of the test-rig used to
establish data concerning the stress-strain curves of two high and

two normal strength concretes. Furthermore the mathematical re-
presentations of the stress-strain curves which is used in the
computerized nonlinear analysis is given. A more detailed des-~

cription of the test-rig and the experimental results can be found
in Olsen [2].

2.2 Establishing the Stress-Strain Curves.

One of the reasons, why there is insufficient experimental infor-
mation on the shape of the stress-strain curve beyond the peak
stress, is the difficulty in experimentally establishing the des-
cending portion of the curve. Many testing machines used for
standard compression test apply increasing loads rather than in-
creasing deformation. This results in an uncontrolled sudden fai-
lure immediately after the peak load.



Several investigators have developed techniques to obtain the com-
plete stress-strain curves of concretes [3]-[6]. Some of these
techniques are very costly and require testing machines which may
not be available in a normal laboratory or require extensive modi-
fications to a standard testing machine.

In the investigation conducted at the Department of Structural
Engineering a simple technique was developed to obtain the comple-
te stress-strain curve of high strength concrete produced with
Danish materials. The test rig consists of 3 parallel steel co-
lumns and a cylindrical steel block placed centrally between them
upon which the cylindrical concrete specimen is placed. The loa~
ding of the concrete specimen takes place in parallel with the 3
steel columns. Fig. 2.1 and 2.2 show the test rig and its dimen-
sion. Fig. 2.3 is a photo of the test rig.

Capping both ends of the concrete cylinder with Technovit 2060
prior to testing ensured that the machine head would apply load
simultaneously to the steel columns and the concrete cylinder.

The load from the testing machine was applied continously so that
the strain rate on the concrete cylinder was approximately 2 mi-
crostrain/second at the ascending part of the stress-strain cur-
ves. As a consequence of the expansion of the cylindrical steel
block upon which the concrete specimen is placed, the strain rate
varies at the descending part of the stress strain curves depen-
ding on the brittleness of the concrete. 1In the test conducted at
the Department, this strain rate was recorded to a maximum of 35
microstrain/second.

During loading the strains in the 3 steel columns and steel cylin-
drical block were measured with 6 mm long strain gauges in full
bridge configuration. These gauges gave not only the strain in
the cylindrical concrete specimen but also the stress in the spe-
cimen, since the cylindrical steel block were calibrated prior to
the tests. Furthermore, 4 strain gauges 85 mm long were placed
directly on the generatixes of the concrete specimen. The strain
measured here were, however, only reliable on the ascending part
of the stress-strain curve.



Two test series were conducted at the Department establishing
stress-strain curves of 4 different concretes. Two high strength
concretes with a compressive strength on the 90 MPa level and 70
MPa level, and two normal strength concretes on the 50 MPa level
and 40 MPa level.

All succesfully established stress-strain curves can be seen in
Olsen [2], but some examples of stress-strain curves are shown in
Fig. 2.4.

2.3 Mathematical Representation of the Stress-Strain Curves.

The obtained:stress-strain curves for ‘each of the above mentiocned
four types of concrete, were represented mathematically by the
following analytic expression:

2
Aa - X+ Ba - X

0 £ x £ 1 (Ascending part)

2 I
1+ Ca X + Da - X
Y =
Ad - X + Bd . x2
5 x> 1 (Descending part)
1+ Cd X + Dd + X
where

Yy = ab/abc X = 6c/eco

o, and € are stress and strain in general.

c c
%0 and €., are peak stress and corresponding strain.
Aa, Ba’ Ca and Da constants for the ascending part of the

stress-strain curve.

qr Ca g constants for the descending part of the
stress~strain curve.



The constants in the mathematical expression can be generated from
the knowledge of 3 key points on the experimental curves, namely:

1) Stress and strain at peak stress.

2) Secant modulus of elasticity on the ascending part
at 0.45 x 70"

3) Stress and strain at the inflection point of the
descending part.

A more detailed description of how constants are generated can be
found in Olsen [2]. Table 2.1 give the average values of the
three key points and the constants in the mathematical expression
for each of the four concretes tested. In Fig. 2.5 is shown an
example of a mathematical represéntation of a stress-strain curve
compared to the experimental results from the testing of normal
strength concrete on a 40 MPa level.

The above described mathematical expression has the following
shortcomings, when the practical work in determine a stress-strain
curve is considered:

1) Generating the constants for the mathematical expression is
rather complexe since four equations need to be solved for the
ascending as well as for the descending'part of the stress-
strain curve.

2) FKnowledge of the complete experimentally obtained stress-
strain curve is needed in order to establish the mathematical
expression. This knowledge is, however, difficult to esta-
blish experimentally.

In the following a new and more practical mathematical expression
is therefore suggested. This expression is very similar to the
CEB proposal [7] and is based on information obtained through the
previous expression. The suggested expression needs only knowied-
ge of the ascending part of a stress-strain curve in order to gen



erate the complete stress-strain curve.

2
a - X - X% :
1+ (a-2) - x 0<x<1 k(Ascendlng part)

y = ~ (2.2)
2

kK +-a - -x -%

x2>1 (Descending part)

1+ (k - a -2) - x + x° -
where
Yy = ”é/ %co
X = ec/ €co
a = EC/Eco
_ 2 .
k = 485 a/a'co 0o in MPa.

o and €g ¢ Stress and strain in general.

%o and €c0° Peak stress and corresponding strain.

Ec . ¢ Secant modulus from the origin to a stress level of
; 0.45 x 0. . SR .
E : : Secant modulus from the origin to the peak compres-

co
sive stress o .

co
From the experimentally obtained stress-strain curves formulas
were established predicting the value of k , €co and Ec by using
least squares fitting procedures. The formula to predict e
and E_ is as follows

co

-3 -5 -7 2
co = 3-805-10 7.261-10°° - g + 5.975-107" - of

L)
L]

2
E 6627 + 919-0’co 4.857-0’c

c

o]

It is now possible to generate the complete stress-strain curve of
concrete produced with Danish materials, with the knowledge of
only the compressive strength in the range of 40 MPa to 90 MPa.
It must be emphazied however that since the suggested expression
is based on experimentally obtained stress-strain curves, the gen-
erated curves will be.influenced by the special measuring technic -



and specimen characteristica used in the experiments. Some of
these influences are described in Olsen [2].

From table 2.1 it can be seen, that the average compressive
strength for the high strength concrete on the 90 MPa level was
91.9 MPa, while the average strength for the normal strength con-
crete on the 40 MPa level was 40.2 MPa. Using these average
strength values a complete stress-strain curve is generated by the
suggested more practical expression and compared to the first men-
tioned proposal.

From Fig. 2.6 and 2.7 it can be seen that the two expressions give
very similar stress-strain curves and when comparing the two cur~-
ves to the obtained curves, it can be seen that both give an equ-
ally good representation, and that differences in the two expres-
sions can be considered negligible.

The more practical mathematical expression, which represent the
uniaxial stress-strain curves of concrete, are used in the nonli-
near model, see chapter 3.



3. NONLINEAR MODEL FOR CROSS-SECTIONAL ANALYSIS

3.1 Introduction

Using nonlinear computerized analysis techniques makes it possible
to predict the ultimate behavior of structural members when having
knowledge of the concrete and steel stress-strain curves, Cross-
sectional properties and load conditions.

This investigation only looks into the ultimate strength of rein-
forced concrete rectangular members subjected to flexure and axial
loads, and predicts the sectional ductility and rotational capaci-
ty of structural members subjected to pure bending.

The following sections describe the assumptions made in the nonli-

near model and the technique used to calculate the ultimate
strength of the structural members.

3.2V»Absﬁmgtion§jfh the Nonlinear Model.

The following assumptions are made in the nonlinear model:

a) The single basic assumption, that is always adopted (and cer-
tainly always in practical design), is, that sections that are
plane before bending remain so after bending. In other words,
the strain is linearly distributed accross the depth of the
section.

b) It is assumed, that no slip occurs between the reinforcement
and the surrounding concrete. The strain in the reinforcement
can therefore be calculated, once the linear strain distribu-
tion accross the section is known.

10



c) It is assumed, that the tensile strength of concrete is zero
when preforming calculations - to determine the strength of a
given section.

‘In order to analyse a section, it is necessary to make some as-
sumptions regarding the relationship between stress and strain in

the materials.

Stress-strain relationship of steel.

This investigation analyses not only sections with reinforcement
in the tension zone but also double reinforced sections i.e secti-
ons reinforced both at the tension and the compression zones).

Since the aim of this investigation is to analyse the influence on
ultimate strength made by increasing concrete compressive
strength, a simple bilinear stress-strain relationship for the
reinforcement is assumed.

The bilinear stress-strain relationship of reinforcement is shown
in Fig. 3.1. In this nonlinear model the strength of steel in
compression is assumed equal to that of steel in tension. The
modulus of elasticity for steel is considered to be 2.0.105 MPa.

Stregs-strain response of concrete.

It is assumed, that the mathematical expression (2.2), given in
section 2.3, can be used to describe the compressive stress dis-
tribution accross the concrete section, once knowledge of the
strains in the compression zone and the concrete compressive
strength is established.

Use of stress-strain curves obtained in uniaxial compression to

model the flexural response of concrete i.e. flexural curve has
been investigated and periodically challenged and is still a con-

11



.troversical topic, mainly because the exact nature of the strain
gradient effect is yet to be fully understood.

Comparative studies of axial and flexural curves have been repor-
ted by various authors [8], [9], [10], [11] and [12]. . Sturman, et
al. [12], for example, concluded that the peak. of the flexural
curve was located at a strain 50 % higher and a stress about 20 %
larger than the peak of the axial curve. Clark, et al. [8], on
the other hand, found practically no difference between the curves
up to maximum stress; beyond this point they concluded that the
presence of a strain gradient increases the toughness of the
stress-strain response in the case of flexural curves when compa-
fed to axial curves.

In spite of the above diverging viewpoints it is now generally
accepted, primarily based on the subsequent work by Gosh and Handa
[9], and Karsan and Jirsa [11], that:

< 1) Both the flexural - and the axial curves are essentiaily{
’ same up to maximum stress. '

2) Differences in the descending branch consists mainly of an
upward shift of the curve when under a strain gradient.

Results of the studies outlined above were derived from tests on
concrete mostly in the 20 MPa to 40 MPa compressive strength ran-
ge. Recently Pastor et al. [13] has conducted experimental compa-
rative studies of axial and flexural curves, not only in the range
of normal strength concrete but also in the range of high strength
concrete.

Pastor et al. [13], concluded, that it appears that differences do
exist between flexural and axial curves as far as their descending
branch is concerned. For a given .concrete compressive strength,
(at least up to a concrete compressive strength of 85 MPa), the
post-peék slope of the flexural curve has a slightly tougher
stress-strain response than corresponding axial curves regardless
of the nature of the strain gradient. Furthermore Pastoxr [13]

12



concluded that as the strength of concrete increases, differences
between the flexural and axial stress-strain response decreases.

From a practical standpoint the above mentioned considerations
suggest, that the improvement in the properties of the compressive
stress block due to the presence of a strain gradient will be lo-
wer for high strength concrete than for normal strength concrete.
Consequently, the use of axial curves to predict the ultimate
strength of flexural members will yield results, that become less
conservative as the strength of the concrete increases. 1In turn,
the use of axial curves to predict the true ultimate strength of
flexural members should according to the above considerations yi-
eld increasingly.accurate results as the compressive strength of
the concrete increases.

The considerations outlined above must, however, be taken with
some caution due to a hypothesis stated by Hillerborg [14]. In
this Hillerborg has stated that the descending branch of the fle-
xural curves in the concrete compressive zone of structural mem-
bers subjected to flexure is strongly dependent of the depth of
the compression zone. This suggests that using uniaxial stress-
strain curves to predict the ultimate strength of flexural members
may lead to false conclusions. ‘

It is, however, apparent from Hillerborg [14] that further experi-
mental work is needed to substantiate or modify this hypothesis.

3.3 Technigue of the Analysis.

The technique of calculating the ultimate strength of rectangular’
beams subjected to pure bending is outlined in the following pro-
cedure.

Considering Fig. 3.2 an initial small value of concrete compressi-
ve strain, € 1 in the extreme fiber is considered. For this va-
lue of strain, the correct depth, hc' of the neutral axis, is ob-

tained by iteration, so as to satisfy equilibrium of the sec-
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tion. To conduct the iteration establishing the correct depth of
hc ; for a given value of €q v the following formulas are needed.

(hc = cl)
sc c hc
(hog=

st (o} hc

€ C)

]
[

Stresses in the compression steel and the tension steel is deter-
mined by the knowledge of the stress-strain relationship (see sec-
tion 2.2).

Force equilibrium must be obtained, giving the formula

x
€ c
= . . .h_ .50,
Ast'Tst = Bge'Oge ¥ Do ot hy €q jo y(x)dx

sc
where:

Teor ¢ Stress in tension reinforcement.

Tsc : Stress in compression reinforcement.

%0 and €oo ¢ Peak stress and corresponding strain of the

concrete stress-strain curve.

X, s ec/eco

v(x) ¢ Mathematical expression (2.2), representing
the concrete stress-strain relationship.

Foe ¢ Force in the tension reinforcement.

Fsc : PForce in the compression reinforcement.

Fq : Force in the concrete.

When the equilibrium is obtained the correct location of the neu-
tral axis is established and the bending moment M can be calcu-
lated from the formula

14



€ X-y(x)dx
M=F :-lh,.,-h +h .-S2.2¢ - °~

c ef C c €

+ F__+(h, - ¢
c sc t

) X 1)
Jo y(x)ax

Once the correct location of the neutral axis, hc , is found for a
given value of €, ¢ One point in the non-dimensional moment-cur-
vature curve (u-k curve) is obtained, where:

M
=
A

‘e
h

c
By repeating the procedure outlined above for increasing values of
compressive strain in the extreme fiber, the entire non-dimensio-
nal moment-curvature curve for the section is established. The
maximum wmoment is the ultimate strength.

Fig. 3.3 shows an example of a moment-curvature curve, using the
procedure described above. In this case the concrete of the rec-
tangular cross-section has a compressive strength of 90 MPa. The
section is single reinforced with 80 % of balanced steel ratio.
Balanced reinforcement is defined as the amount of steel which
produces simultaneous crushing of concrete in compression and yi-
elding of steel in tension. :

The technique of calculating the ultimate strength of rectangular
beams subjected to combined bending and axial loads follow nearly
the same procedure as outlined above.

Considering Fig. 3.4, for a given value of eccentricity, e, of the
axial load, an initial small value of concrete compressive strain,
€. 1 in the extreme fiber is assumed. For this value of strain,
the correct depth, hc, of the neutral axis is obtained by itera-

tion. To conduct the iteration the following formula are needed:
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(hc - C
sc c h

1)

st T Cc ° h

From knowledge of the reinforcement stress-strain relationship the
axial load can be calculated from the formula,

(3.4)

st st

€ c
= . . .h_.=-SC. -
N = Asc Tec + b %o hc <. fo y(x)dx A

N

Fse * Fo = Fge

If, however, the value of hc > h

X
F =beo -h hf () ax
[o] co C € y
(o] Xn

(hc - h)-ec

n .
hC 6CO

]
i

The moment equilibrium must be obtained, giving the formula:

i
o . Jo X-y(x)dx _

- - - . - - ———— c - -
N-e =F_ - (h/2-c,)+F - |h/2-h_+h o Fgp® (hgg=h/2)

C
o ¥ (¥)dx
If b, >h
xc
€ Jx X-y(x)dx
N-e = F__- (h/2~c,)+F_- |h/2- hc+hc-z—9-——ﬂ———————- ~Fp* (hge~h/2)
J Y (x)dx
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If equilibrium is obtained the correct location of the neutral
axis is established for a given value of € ¢ In turn one point
of the moment-curvature curve (u-x curve) is established and by
repeating the procedure for increasing values of €a the entire
moment-curvature curve can be determined. The maximum moment and
corresponding axial load , N , is one point on the non-dimensional
p~v curve representing the ultimate strength of the section sub-
jected to combined bending and axial load, where

v =N
h - hee  0g

The entire non-dimensional pu-v curve can be determined by repea-
ting the outlined procedure for different values of the eccentri-
city e .
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4. DESIGN PROPOSAL

4.1 Introduction.

In this chapter a design proposal is described, capable of predic-
ting the ultimate strength of rectangular beams subjected to pure
bending or combined bending and axial load.

As described in chapter 2, the complete concrete stress-strain
curves of four compressive strength levels were experimentally
established and a suitable mathematical expression were found,
fitting the experimentally obtained curves.

The ultimate strength capacity of beams was calculated for a wide
variety of design situations by using the nonlinear model descri-
bed in chapter 3.

From these results the following design proposal based on the same
principals as the Danish Code DS 411 [1], is suggested.

4.2 Ultimate Moment Capacity.

Five major assumptions are made in the design proposal, when pre-
dicting the ultimate moment capacity:

1. Plane sections before bending remain plane after bending
(Bernoulli’s Hypothesis), therefore the strain distribution
along the section is linear.

2. The tensile strength of the concrete is assumed to be zero.

3. The stress-strain curve of the reinforcing steel is known,
often simplified to a bilinear curve.

4. The stress-strain curve for concrete, defining the magnitude
and position of the compressive resultant, is known. In DS
411 and the following design proposal a simplified rectangular
distribution of the compressive stress is assumed.
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5. The ultimate compressive strain in the concrete at the>most
highly stressed compression fiber is limitted. In DS 411 this
value is 0.0035, while in the following proposal this value
varies, depending on the concrete compressive strength.

The concrete compressive stress distribution in the concrete is in
the design proposal, suggested to be rectangular and its magnitude
is determined by two parameters, 8 and 7 , where £ is the ra-
tio of stress in the rectangular distribution to the compressive
strength and 7 is the ratio of the depth of the rectangular dis-
tribution to the actual one. Fig. 4.1 shows the shape of the

The value of 7 is suggested to 0.7 regardless of the compressive
strength in the range of 40 - 90 MPa, while @ varies from 1.0 to
0.85 depending on the concrete compressive strength. Table 4.1
shows the values of 7 and § . The ultimate compressive strain in
the concrete ¢ s is suggested in the design proposal to depend

cu
on the concrete compressive strength. The value of € decrea-

cu
ses with an increase in the concrete compressive strength in the
range of 40 - 90 MPa. Table 4.1 shows the values of €ou *

A comparison of the design proposal, DS 411 and the nonlinear mo-
del when predicting the ultimate moment capacity is shown in chap-

ter 5 for a variety of design situations.

4.3 Ultimate Capacity of Combined Bending and Axial Load.

This design proposal predicts the ultimate capacity of single sym-
metrical rectangular concrete sections, subjected to bending and
axial load applied to the sectional centroid. The proposal is
based on the same principles as the Danish Code DS 411, when de-
termining the criterion for values of moment and axial load cau-
sing failure, in other words the interaction diagrams. The propo-
sal covers only the situations where compressive concrete stress
exists at the top face of the section.
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Considering Fig. 4.2 and assuming that the section is under-rein-
forced, the interaction diagram is suggested to be determined by 4
points (B-E). The points correspond to the following situations:

B: Pure Bending.

C: Balanced state (strain equal to the ultimate compressive stra-
in in the concrete at the top face and strain equal to the
strain in the reinforcement at yield condition on the opposite
side).

D: Strain equal to the ultimate compressive strain in the concre-
te on one side and zero strain in the reinforcement on the
opposite side.

E: Uniformly distributed compressive strain across the section.

When establishing the interaction diagram in the case of a balan-
ced - or over-reinforced section, only points B, D and E need to
be determined. This is illustrated in Fig. 4.3.

When calculating point C and D it is assumed, that the ultimate
compressive strain in the concrete is depending on the compressive
concrete strength and equal to the value used when calculating
point B. Furthermore, it is assumed that the compressive stress
distribution in the concrete is rectangular and its shape is de-
termined by the same two parameters [ and 1 which were establis-
hed when calculating point B.

When calculating point E it is assumed, that the uniformly distri-
buted compressive strain has a value of 0.0018, regardless of the
compressive concrete stress, and that the uniformly distributed
concrete stress is the concrete compressive strength. The value
of the strain is based on knowledge of the uniaxial stress-strain
curves established at the department and described in Olsen [2].
These curves showed, that the strain at peak stress for the four
concrete strengths tested were 0.0018, taken as an average.
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5. DS 411 AND THE DESTIGN PROPOSAL COMPARED TO THE NONLINEAR MODEL

5.1 Introduction

The purpose of this chapter is to study how well the design propo-
sal fits the nonlinear calculated results, and to study the conce-
quences of using the Danish Code DS 411 when calculating ultimate
capacities of high strength concrete sections.

In section 5.2 DS 411 and the proposal is compared to the nonline-
ar model when used on a rectangular cross section subjected to
pure bending with only tensional reinforcement, while in section
5.3 the studied cross-section contains compressive reinforcement.

In section 5.4 the proposal and DS 411 is compared to the nonline-
ar model when used on a rectangular cross-section subjected to

combined bending and axial load.

5.2 Ultimate Moment Capacity without Compressive Reinforcement.

The calculations when comparing DS 411 and the proposal to the
nonlinear model are conducted on a single symmetrical rectangular
cross-section. The width of the section is 0.5 m, the depth to
the centroid of the tensional reinforcement is 0.9 m and the total
height is 1.0 m. The stress-strain curve of the reinforcement is
assumed to be bilinear and the ultimate moment is perpendicular to
the symmetrical axis as shown in Fig. 4.1..

The comparison of DS 411 and the proposal to the nonlinear model
is limited to cross-sections with a mechanical ratio of reinforce-
ment, @ , in the range of 0 to 1.0 and concrete compressive °
strength in the range of 40 ~ 90 MPa.

Figs. 5.1 to 5.6 shows, the p-w curves of DS 411, the proposal and

the nonlinear model for concrete of 6 different concrete compres-
sive strengths. The following can be seen from the figures:
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- When the cross-section is under-reinforced according to the
nonlinear model i.e. yielding of the tensile reinforcement
prior to ultimate capacity, the ultimate capacity can be esti-
mated by DS 411 as well as by the proposal with results sho-
wing negligible deviations from the nonlinear model.

- The Danish code overestimates the balanced steel ratio, re-

k 'gardless of the compressive strength of the concrete. This is
illustrated more clearly in Fig. 5.7, where the mechanical
balanced reinforcement ratio is shown as a function of the
concrete compressive strength. From this figure it can be
seen, that the mechanical balanced reinforcement ratio, deter-
mihed’by the proposal is close to and on the conservative side
of the results from the nonlinear calculations.

- When the cross-section is over-reinforced the Danish Code
overestimates the ultimate capacity, while the proposal “is
closer to the results from the nonlinear model. The maximum
deviations of the proposal and DS 411 compared to the nonline-
ar results are shown on table 5.1. From this table it can be
seen that the maximum deviations of DS 411 are in the range of
-11 % to -32 %, while the maximum deviation range of the pro-
posal is of ~1.8 % to +3.0 %. + indicates, that the deviation
is on the conservative side.

From the above observations it can now be concluded, that the Da-
nish Code DS 411 overestimates the balanced reinforcement ratio
and the ultimate moment capacity of over-reinforced sections con-
taining only tension reinforcement when using concrete with com-
pressive strength in the range 40 - 90 MPa.

It must, however be emphasized, that the experimental results [8]
- [13], indicates that using uniaxial stress-strain curves to pre-
dict the ultimate capacity of flexural members may lead to conser-
vative results, especially in case of normal strength concrete,
see section 3.2. As a result the overestimations by the Danish
code may therefore be less in cases of normal strength concrete
sections.
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5.3 Ultimate Moment Capacity with Compression Reinforcement.

The calculations when comparing DS 411 and the proposal to the
nonlinear model are conducted on the same cross-section as descri-
bed in section 5.2. The depth to the centroid of the compressive
reinforcement is 0.1 m and the stress-strain curve of the compres-
sive steel is shown in Fig. 3.1.

The comparison is limitted to cross-sections with a mechanical
tension steel ratio in the range of 0 to 1.0. Furthermore, the
ratio between compressive and tension reinforcement amount is li-
mitted to the values 0.2, 0.4 and 0.6.

Figs. 5.8 - 5.13 show the p~w curves for DS 411, the proposal and
the nonlinear model for 6 different concrete compressive strengths
and the 3 compressive steel amounts. « indicate the tensional
mechanical reinforcement ratio.

From these figures the following can be seen:

- As the ratio of compressive steel increases the balanced me-
chanical steel ratio of the tension reinforcement increases.
This is illustrated in more detail in the figures 5.14 - 5.19.
From these figures it can be seen, that the Danish code over-
estimates the balanced reinforcement ratio regardless of the
concrete compressive strength and the compressive steel ratio.
It can also be seen, that the balanced mechanical reinforce-
ment ratio estimated by using the proposal becomes increasing-
ly conservative as the compressive reinforcement increases.

- The p~w curves, when using DS 411 and the proposal deviates
from the p-w curve of the nonlinear calculations. Table 5.2
shown the maximum deviations of DS 411 and the proposal, when
the section is under-reinforced and over-reinforced compared
to the nonlinear py-w curve. From this table it can be seen,
that DS 411 over-estimates the ultimate moment capacity as
much as 8.3 % in the case of under-reinforced 70 MPa concrete
sections, where the compressive steel ratio is 0.4 of
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the tensile steel amount. While in cases of over-reinforced
sections DS 411 over-estimates the ultimate moment as much as
37.3 % in cases of 70 MPa concrete and sections with compres-
sive steel ratio of 0.2. Furthermore, it can be seen, that
the p-w curve of the proposal is considerably closer to the
nonlinear p-w curve regardless of the concrete compressive
strength and in cases of compressive steel ratio of 0.2. As
the compressive steel ratio increases the ultimate moment ca-
pacity estimated from the proposal becomes more conservative,
ﬁp to as much as 17.4 % in cases of over-reinforved 90 MPa
sections with a compressive steel ratio of 0.6.

From the above observations it can be concluded, that the Danish
Code also in cases of sections with compressive reinforcement
over-estimates both the balanced reinforcement ratio and ultimate
moment capacity when using concrete with compiessive strength in
the range 40 - 90 MPa. The proposal, however, seems to be better
but becomes conservative with increasing amount of compressive
steel.

As mentioned in section 5.2 and 3.2 the g-w curves calculated from
the nonlinear model may lead to somewhat conservative results
especially in cases of normal strength concrete. In turn the
over-estimation by the Danish code may be less than concluded
above.

5.4 Ultimate Capacity of Combined Bending and Axial ILoad.

The calculations when comparing DS 411 and the proposal with the
nonlinear model are conducted on single symmetrical rectangular
cross-sections. The geometry of the cross-sections is the same as
described in section 5.3.

This comparison covers only the situation where compressive conre-
te stress exists at the top face of the section. Furthermore the
comparison is limited to cover nine reinforcement degrees for each
of the six concrete compressive strengths investigated.
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The nine reinforcement degrees are divided into 3 compressive re-
inforcement amounts: :

- No reinforcement in the compression zone of the section, Wy =

0, where w is the mechanical compressive steel ratio.

c

- Compressive steel amount is 50 % of the tensional steel amo-
unt, Wy = 0.5 - w , where « 1is the mechanical tensional
steel ratio.

- Equal amount of tension and compressive reinforcement, Wy = W.
For each of these compressive reinforcement degrees 3 tensional
reinforcement amounts are used:

= 0.5 - Wyai

= Yhal
= 1,5 «

[
€ & &

“bal

where Ypal is the balanced mechanical reinforcement ratio, esti-
mated from the nonlinear model in the case of pure bending without
compressive reinforcement.

Fig. 5.20-5.37 show the p-v relationships for 6 different concre-
te strengths and 9 different reinforcement degrees. From these
figures the following can be seen: '

- The Danish Code, DS 411, over-estimates in general the ultimate
capacity of sections subjected to combined bending and axial
load, regardless of the concrete compressive strength and the
reinforcement degree. The non-conservatism of DS 411 is, how-
ever, more pronounced in cases of high strength concrete.

- The proposal is in general considerably closer to the results
from the nonlinear model, and is not solely conservative.
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Table 5.3-5.8 gives the maximum deviations of the u-v curves esti-
mated from the Danish and the proposal when compared to the nonli-
near p-v curve. Not only the maximum conservative deviations are
given but also the maximum non-conservative deviations.

From these tables it can be seen that the Danish code over-estima-
tes the ultimate capacity of high strength concrete sections with
~29 % taken as an average. While the average maximum deviations
of the proposal in the case of high strength concrete sections are
in the range of -3 % to +5 %, where - indicates the nonconservati-
ve cases.

In the case of normal strength concrete it can be seen from the
tables 5.3-5.8, that the Danish code over-estimates the ultimate
capacity with 14 % taken as an average, while the proposals avera-
ge maximum deviations are in the range of -5 % to +5 %.

From the observations made above it can now be concluded, that the
Danish Code, DS 411, seems to over-estimate the ultimate capacity
of high strength concrete sections subjected to combined bending
and axial load. The Danish Code is also in cases of normal
strength concrete sections on the non-conservative side. It must,
however, be emphasized, that using axial stress-strain curves to
predict the ultimate capacity especially of normal $trength con-
crete sections may lead to conservative results, and as a result
the Danish Code may be less non-conservative (see section 5.2).

The suggested proposal seems to give a better estimate of the ul-
timate capacity of normal - and high strength concrete sections
subjected to combined bending and axial load, but is not always on
the conservative side.
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6. DUCTILITY INDEX AND ULTIMATE PLASTIC ROTATION

6.1 Introduction

It is generally accepted that the stress-strain curve of high
strength concrete in uniaxial compression reflects a more brittle
behavior than for normal strength concrete. This was also obser-
ved on stress-strain curves from uniaxial compression tests of
high and norﬁal strength concretes produced with Danish materials

£23.

The purpose of this chapter is therefore to illustrate the effect
of increasing compressive concrete strength on the brittleness of
reinforced high strength concrete structural elements. The illu-
stration is based on calculated results originating from the pre-
viously described nonlinear model.

Brittleness of reinforced structural elements can be quantitative-
ly expressed by ductility indices or the ultimate plastic rota-
tion. Ductility and plastic rotation depend not snly on the com-
pressive stress-strain curve of concrete, but also on the amount
of tensional longitudinal reinforcement, the amount of compressio-
nal longitudinal reinforcement, shape of the beam cross-section
and pressence of axial loads, as well as many other factors.

In the following section the terms ductility index and the ultima-
te plastic rotation used in this report will be defined, followed
by an illustration of the effect of increasing concrete strength
on these properties.

6.2 Definitions

The amount of post-peak deformation that unreinforced concrete can
sustain before failure, is commonly referred to as the material
ductility. If the amount is small or nil, the responce is said to
be brittle, if the post-peak deformation is significant, the re-
sponce is said to be ductile.
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In under-reinforced concrete beams, the term ductility is associa-
ted with the amount of deformation, that can be sustained after
yielding of the tensile steel. It is quantitatively expressed as
the ratio of the ultimate deformation divided by the deformation
at first yield.

If the deformations are strural member deflections, the ratio is
obtained from load-deflection relationships and expressed as:

5d =A /A
u -y
6d = Displacement ductility index.
AY = Deflection at first yield of the tensile steel.
Au = Deflection at ultimate (failure) load.

Similarly, if deformations are sectional curvatures, the ratio is
obtained from moment - curvature relationships and expressed as:

[ mu/my

6c = Curvature ductility index.

KY = Curvature at first yield of the tensile steel.
£, = Curvature at ultimate (failure) load.

Both indices are related since deflection is a function of the
second integral of the curvature along the member. It should be
noted, however, that the curvature ductility index applies to a
specific cross-section only, while the displacement ductility in-
dex on the other hand, applies to the beam as a structural unit.
Consequently numerical values of 6d and 5c usually differ.

The curvature ductility index is in this report used to illustrate
the effect of increasing compressive strength on the brittleness
of structural members. The curvature at ultimate (failure) load
is here defined as the curvature at which the moment on the post-
peak moment-curvature relationship reaches a value of 95 % of the
maximum moment. See Fig. 6.1.

As mentioned in section 6.1 ultimate plastic rotation is another
term for quantitatively expressing the brittleness of reinforced
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structural elements. Sufficient plastic rotation especially in
continuous structural systems is of importance, since this makes
it possible for redistribution of stresses to take place, thus
leading to higher ultimate load for the total structure.

The ultimate plastic rotation in this report is expressed as

Gpl = (K, - my) x Lpl

091 = Ultimate plastic rotation in radians

my = Curvature at first yield of the tensile steel

f, = Curvature at ultimate (failure) load, defined above in
this section. ’ )

Lpl = The plasticity length of the plastic hinge;

In this report the plasticity length, L 1 is assumed to be equ-
al to the depth of the centroid of the tensional reinforcement,
hef .
6.3 Ductility

The effect of increasing concrete compressive strength on the cur-
vature ductility index, 6c ;, is illustrated below by calculated
results from the previously described nonlinear model.

Fig. 6.2 show 6c as a function of w/wbal r in the case of sin-
gle symmetrical rectangular cross-sections with only tensional
reinforcement and subjected to pure bending. The cross-sections
geometry is equal to the one described in section 5.2. Furthermo-
re Fig. 6.3 shows 6c/60,40 MPa
5c/6c,40 mpa indicate the ratio between ductility indices, origi-
nating from sections with concrete compressive strengths in the
range from 50 MPa to 90 MPa, and ductility index from sections
with concrete compressive strength on a 40 MPa level.

as a function of w/wbal' where

From Fig. 6.2 and 6.3 it can be seen, that the ductility index
decreases as the concrete compressive strength increases, regard-
less of the reinforcement ratio. It can also be seen that the
relative ductility 6c/5c,40 Mpa Ior high strength concrete, with
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compressive strength in the range of 70 MPa-90 MPa, seems to be a
lower bound of ductility.for high strength concrete, with a mini-
mum of only 0.78 in the case of w/wbal ~ 0.6.

Fig. 6.4 show 6c as a function of the tensional mechanical rein-
forcement ratio. Two curves represent calculations conducted. on
sections éubjected to pure bending and concrete with compressive
strength of 40 MPa and 90 MPa, and tension .reinforcement only.
Fig. 6.4 also show curves representing calculations of sections
with concrete on a 90 MPa level and with a compressive steel ratio
0.2, 0.4 and 0.6 of the tensional steel amount. The compressive
steel is placed in the rectangular cross-section with the centroid
at a depth of 0.1 x hef .
From Fig. 6.4 it can be seen that improvement of the ductility for
sections of concrete on a 90 MPa level is possible by adding com-
pressive reinforcement. The amount of compressive steel necessary
to improve the ductility to that of sections with 40 MPa is, how-
ever, in the range of 40 % to 60 % of the tensional reinforcement.
Furthermore it can be seen, that improving the ductility by adding
compressive reinforcement is only effective for rather high tensi-
onal and dompressional reinforcement ratios. )

Some of the above described theoretical trends are also observed
experimentally. Pastor et al [12] showed experimentally, that
deflection ductility, 6d , decreases with increasing concrete com-
pressive strength. The rectangular beams were single reinforced
so that w/wbal ~ 0.56 where Wpa1 Was estimated according to ACI
[15]. The deflection ductility decreased from 3.54 to 1.75 for
concrete withkcompressive strength of 26 MPa respectively 59 MPa.
Furthermore Pastor et al showed experimentally that compression
zone reinforcement increases the deflection ductility of rectangu-
lar beams with concrete on a 60 MPa level. The deflection ducti-
lity index was increased by a factor in the range of 1.4 - 3.1 by
adding a compressive steel ratio of 0.5. The rather wide range
is, according to Pastor et al, caused by different amount of
transverse reinforcement in the experimental tests.
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It can now be concluded, that single reinforced rectangular beams
subjected to pure bending and made of high strength concrete in
the range of 50 to 90 MPa will exhibit less ductility than beams
of normal strength concrete, for the same w/wbal ratio. It is
however possible to improve the lesser ductile high strength con-
crete beams by adding compressive reinforcement. On the other
hand ductility of a beam designed for a specific bending moment
can be improved by using high strength concrete because the w/wbal
ratio decreases and consequently the 6& ratio increases ( see Fig.
6.2).

The above observations suggests that caution must be shown, when
high strength concrete is utilized in continuous structural sys-
tems, since the structural elements may not have the sufficient
plastic rotation capability as could normally be expected.

6.4 Ultimate Rotation Capacity.

Considerable work has been laid down in the past three decades in
order to increase the rotational capacity of hinging regions in
reinforced concrete beams, [16] - [26]. Most of this work, parti-
cularly ([22], [23], [26], centered on research to increase the
degree of confinement of the critical sections to the limit, lea-
ding to large increase in the rotationel capacity of the plastic
hinges and hence to a considerable increase in ductility.

Several emperical expressions are available for estimating the
ultimate plastic rotation gpl‘ The various empirical expressions
of [17}, [24]}, [25] give plasticity length values which depend on
the effective depth section and distance between the critical sec-
tion and the point of contraflexure in a continuous structural
system. Furthermore, the expressions give maximum concrete strain
as a function of the confining transverse steel, width of beam
section and the contraflexure distance.
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The shortcomming of the above mentioned emperical expression is,
that no investigation is carried out regarding the effect of in-
creasing concrete compressive strength on the ultimate plastic
rotation in the high strength concrete range.

This section only illustrates theoretically the effect of increa-
sing concrete compressive strength on the ultimate plastic rotati-
on.

Fig. 6.5 show epl as a function of “Vwbal relationships for
six different concrete compressive strengths. The curves are ob-
tained from calculated results, using the nonlinear model as des-
cribed in chapter 3. The calculations are conducted on single
symmetrical, single reinforced rectangular cross-sections. The
width of the section is 0.5 m, the depth to the centroid of the
tensional reinforcement is 0.91 m and the total height is 1.0 m.

From Fig. 6.5 it can be seen, that for the same ratio of uv“bal’
the ultimate plastic rotation decreases as the concrete compressi-~
ve strength increases. It must however be emphasized that the
conclusion is based on the assumption, that Lpl is equal to the
effective depth section, regardless of the concrete compressive

strength.

It is apparent, that more experimental research is needed to study
which effect high strength concrete has on the ultimate rotation
capacity in order to substantiate the above theoretically obtained
conclusion.

A large test series [27] has, however, recently been conducted at
the Department of Structural Engineering in order to study which
effect high strength concrete has on the ultimate rotation capaci-
ty of beams, but the conclusions from this investigation are not
completed at present time. ‘
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7. CONCLUSION

The following conclusions can be made from the investigation pre-
sented in this report:

1) A practical mathematical expression is suggested being capable
of generating a complete compressive stress-strain relation-
ship for concrete produced with Danish materials and with com-
pressive strength in the range of 40 to 90 MPa.

2) The consequences of predicting the ultimate capacity of rein-
forced high strength concrete sections by extrapolatiﬂg the
Danish Code was investigated by comparing DS 411 to calculated
results using a knowledge of the complete uniaxial stress-
strain curve for concrete and applying nonlinear computerized
methods. The code over-estimates the ultimate moment capacity
with as much as 33 %, while the code in the case of sections
subjected to combined bending and axial load over-estimated
the ultimate capacity with as much as 39 %.

Also in the case of reinforced sections of normal strength
concrete the code over-estimated the ultimate capacity but
less pronounced. In the case of ultimate moment capacity the
over-estimation by the code was up to 21 %, and the same in
the case of combined bending and axial load.

It must be emphaziced, however, that using uniaxial stress-
strain curves to predict the ultimate capacity of ‘flexural
members may lead to conservative results, especially in cases
of normal strength concrete and thereby the over-estimation by
the Danish Code may be less.

3) - A simple design proposal is suggested, based on the same prin-
ciples as the Danish Code. The design proposal covers concre-
te compressive strength in the range of 40 to 90 MPa and has
more acceptable deviations from the results predicted when
using the complete uniaxial stress-strain curves than the Da-
nish Code.
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In the design proposal, the concrete compressive stress dis-
tribution is assumed rectangular when calculating the ultimate
moment capacity, and its magnitude is determined by the two
parameters f and 7, where only £ varies with the concrete
compressive strength. Also the ultimate compressive strain ,

€ou * at the most highly stressed compression fibre varies

with the concrete compressive strength.

In the following table the values 7, § and €oy Aare given as
a function of the concrete compressive strength which is not
to be mistaken as the characteristic concrete compressive
strength.

£, (MPa) 40 50 60 70 80 90
7 0.7 0.7 0.7 0.7 0.7 0.7
B 1.0 0.85 0.85 0.85 0.85 0.85

(o]
€on ( /o00) 3.0 3.0 2.4 2.4 2.4 2.4

In the design proposal an interaction diagram based on the
same principals as the Danish Code is established, when calcu-
. lating ultimate capacity of sections subjected to combined
. bending and axial load, i.e. certain strain distributions
across the section are assumed.

The concrete' compressive stress distribution and €’ when
establishing the interaction diagram is determined by the abo-
ve table except in the case of point' E of the interaction
diagram. In the design proposal the uniformly distributed
compressive strain across the section in the case of point E
is assumed having the value 0.0018 regardless of the concrete
compressive strength. The corresponding concrete stress is
suggested to be the concrete compressive strength.
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4)

5)

The curvature ductility of single reinforced rectangulai high
strength concrete sections was investigated by using a know-
ledge of the complete stress-strain curves of concrete.

It is concluded, that the ductility of high strength concrete
sections is less than that of normal strength concrete sec-
tions, regardless of the reinforcement degree w/wbal'. Fur-
thermore it seems, that high strength concrete in the range of
70 to 90 MPa show a lower bond of ductility, which seems to
have a value of only 78 % of 40 MPa normal strength concrete
sections when w/wbal ~ 0.6.

It is also shown, that the less ductility of 90 MPa high
strength concrete section can be improved by addihg compressi-
ve reinforcement, but the degree of reinforcement must be in
the range of 40-60 % of the tensional reinforcement.

Also the ultimate plastic rotation is investigated. It seems
that also the ultimate plastic rotation, epl , decreases for
increasing concrete compressive strength.

The above conclusions suggests, that caution must be taken
when high strength concrete is utilized in structural systems.
Not only can the ultimate capacity of structural elements be
over-estimated, if the present Danish Code is used but suffi-
cient plastic rotation capability may not exist in continuous
structural systems.
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Compressive strength level 90 70 50 40
75o (MP2) 91.9 64.8 51.9 40.2
€oo (°/00) 2.177 1.623 1.627 1.860
€cqs (°/00) 0.825 0.643 0.558  0.510
0. (MPa) 32.2 46.0 33.0 30.0
oy (°/00) 3.030 2.190 2.580 3.150
A, 1.05314 1.15113 1.30540 1.62818
B, -0.87542 -0.68222 -0.44744 -0.12031
c, -0.94686 -0.84887 ~0.69460 -0.37182
D, 0 12458 0.31778 0.55256 0.87969
Ay 0.05941 0.22131 0.37778 0.83619
By 0 0 0 0

Cq -1.94059 -1.77869 -1.62222 -1.16381
Dy 1 1 1 1

Table 2.1 Average values of the three key points and the con-
stants in the mathematical expression, e
at a stress level of 45 % of peak stress, while ¢

€ci

point.

40

c45

is strain
and
is concrete stress and strain at the inflection

ci




£, (MPa) 40 50 60 70 80 90

) 0.70  0.70  0.70 0.70 0.70  0.70
B 1.00  0.85  0.85 0.85 0.85  0.85
€oy (°700) 3.0 3.0 2.4 2.4 2.4 2.4

Table 4.1 Values of n, B and € cu for concrete compressive
strength, in the range from 40 MPa to 90 MPa.

Concrete Max Deviation Max Deviation
Compressive of the of the

Strength Proposal Danish Code

(MPa) (%) (%)

40 ~-1.4 -11.4

50 +2.3 -20.5

60 +0.9 ~29.0

70 -1.8 -32.5

80 -0.9 -32.3

90 +3.0 -20.5

Table 5.1 Maximum deviations of the proposal and DS 411 when
compared to the nonlinear model assuming pure bending
and only tensional reinforcing steel. + indicates the
conservative side. )
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Concrete Maximum deviatioh Maximum deviation
Compressive Asc of DS 411 in % of the proposal in %
strength Aoe
(MPa) Under- Over- Under- Over-
Reinfor. Reinfor. Reinfor. Reinfor.
0.2 -2.53 -8.43 +2.53 +2.63
40 0.4 ~-1.82 ~5.21 +4.46 +4.46
0.6 -1.78 - +6.55 -
0.2 ~-5.80 -19.7 +2.94 +3.16
50 0.4 -6.32 -14.8 +5.26 +5.43
0.6 -4.70 ~-6.87 +6.04 +6.25
0.2 -1.90 -30.4 +1.82 +3.49
60 0.4 -6.33 -22.5 +7.59 +11.7
0 ~-4.76 ~11.8 +14.3 +15.8
0.2 -7.69 -37.3 -1.92 ~2.43
70 0.4 -8.33 -26.5 +2.78 +8.62
0.6 -5.17 -13.3 +12.1 +14.7
0.2 -5.52 -31.8 0 +1.24
80 0.4 ~7.93 -22.0 +5.3 +10.2
0.6 ~5.04 ~14.0 +12.6 +14.7
0.2 -6.67 -26.8 +3.32 +6.67
90 0.4 -4.94 -18.3 +8.64 +13.8
0.6 -4.55 -10.3 +16.6 +17.4
Table 5.2 Maximum deviation of DS 411 and the proposal when com-

pared to the nonlinear p-w curve in cases of cross-
sections subjected to pure bending and containing com-
pressive reinforcement. + indicates the conservative
side.
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w e Maximum deviation Maximum deviation
“Wpal w DS 411 Proposal
(%) (%)
0 -12.5 +2.38 (-8.33)
0.5 0.5 -10.0 +2.08 (-6.82)
1.0 - 8.12 +3.70 (-8.00)
0 -11.1 -5.56
1.0 0.5 ~7.69 ‘ +3.95 (-7.37)
1.0 ~6.45 +4.85 (-5.00)
0 -10.3 -4.41
1.5 0.5 . - 8.51 +5.58 (~5.66)
1.0 - 5.33 +7.92 (-2.74)
Table 5.3 Maximum deviations of py-v relationships estimated

from the Danish Code, DS 411, and the proposal when
compared to the nonlinear results in cases of cross-
sections with concrete on a 40 MPa level. (+ indica-
tes the conservative side).
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Table 5.4

w W Maximum deviation Maximum deviation
Ypal w DS 411 Proposal
(%) (%)

0 ~-20.8 +6.89

0.5 0.5 -23.1 +2.44
1.0 -18.8 +1.67 (~5.00)
0 -20.8 } +6.25

1.0 0.5 -18.8 +3.03 (-2.56)
1.0 -14.3 +4.76 (-4.00)
0 =19.2 +6.25

1.5 0.5 ~-17.5 +4.88 (-4.44)
1.0 -13.0 +5.45 (-1.67)

Maximum deviations of p-r relationships estimated

from the Danish Code, DS 411, and the proposal when
compared to the nonlinear results in cases of cross-
sections with concrete on a 50 MPa level. (+ indica-
tes the conservative side).
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w Y Maximum deviation Maximum deviation
Wpa1 w DS 411 Proposal
(%) (%)
0 -26.2 +3.33
0.5 0.5 ~-31.3 +3.33
1.0 -33.3 -2.67
0 -30.2 +3.13
1.0 0.5 -30.4 +1.82 (-1.35)
1.0 -30.8 +8.33 (-4.59)
0 =-27.7 +3.85
1.5 0.5 -28.8 +5.71 (=3.70)
1.0 -22.8 +12.8 (-1.05)
Table 5.5 Maximum deviations of - relationships estimated

from the Danish Code, DS 411, and the proposal when
compared to the nonlinear results in cases of cross-
sections with concrete on a 60 MPa level. (+ indica-
tes the conservative side).
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w W Maximum deviation Maximum deviation
Ypai w DS 411 Proposal
(%) (%)
0 -35.0 +2.08
0.5 0.5 -38.6 -2.27
1.0 -35.8 -5.26
0 -33.3 +2.50 (-2.44)
1.0 0.5 -35.2 -2.63
1.0 -30.0 +5.71 (-5.88)
0 -30.4 +2.22 (-4.35)
1.5 0.5 -33.8 +1.47 (-5.71)
1.0 -26.6 +8.88 (-5.88)
‘Table 5.6  Maximum deviations of ju-v relationships estimated

from the Danish Code, DS 411, and the proposal when
‘compared to the nonlinear results in cases of cross-
sections with concrete on a 70 MPa level. (+ indica-
tes the conservative side).
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Table 5.7

W W Maximum deviation Maximum deviation
Ypal w DS 411 Proposal
(%) (%)
0 -28.6 +1.79
0.5 0.5 -33.3 +1.15 (-2.78)
1.0 -30.4 +1.67 (-3.13)
0 -29.5 +1.08 (-2.38)
1.0 0.5 -32.1 +1.79 (-2.67)
1.0 -27.0 +7.35 (-4.44)
0 -30.4 : +2.25 (-2.17)
1.5 0.5 -30.3 +4.17 (~3.66)
1.0 -23.7 +11.6 (-1.90)
Maximum deviations of py-v relationships estimated

from the Danish Code, DS 411, and the proposal when
compared to the nonlinear results in cases of cross-
sections with concrete on a 80 MPa level. (+ indica-
tes the conservative side).
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w W Maximum deviation Maximum deviation
Yhal w DS 411 Proposal
(%) (%)
0 ~26.2 +2.27
0.5 0.5 -22.6 . +2.27
1.0 -25.0 +5.17
0 -26.1 +2.17
1.0 0.5 ~26.7 +6.67
1.0 -20.7 +11.4
0 -27.1 +1.14
1.5 0.5 ~22.2 +10.3
1.0 -16.4 +18.6
Table 5.8 Maximum deviations of jpu-v relationships estimated

from the Danish Code, DS 411, and the proposal when
compared to the nonlinear results in cases of cross-
sections with concrete on a 90 MPa level. (+ indica-
tes the conservative side).
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Fig. 2.3 Photo of the test rig
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Fig. 2.5 An example of the mathematical fit to experimental re-
: sults from normal strength concrete. .
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Fig. 5.19 Balanced mechanical tensional reinforcement ratio as a
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‘pressive strength of the sections on a 90 MPa level.
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X Wpoq and mechanical compressive steel ratio W, = 0,
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