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Abstract
A computer program has been developed to prediet the behavior of high strength reinforced concrete frames subjected to cyclic

loading. The computer program used to simulate the numerical solution is coded in basic language using effective stiffltess

method with successive iterations. The nonlinear cyclic behavior of high strength concrete and steel-was considered using the

layered approach for section analysis. Dumping ratio of such frames was also evaluated showing the advantage sf HSC for

energy absorption.
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Introduction
High strength concrete has become widely accepted

prictically- in all continents, also there. are an

increase irnount of researches on this material . The

applications of HSC were in the areas of long-span

bi'idges and high rise buildings' Structures may b9

undir cyclic loading in different situations such

as; earthquake loa?ing, bridges under repeated
loading, cyclic *ina loading, cyclic
temperature variation as in nuoiear reactors or
industrial structures supporting cyclic loading
instruments.
The high compressive strength of the HSC is
due to Ihe lo* water/cement ratios that can be

used and also the effect of the microsilica added
on the microstructure of the Paste

[1],superplactisizers used to increase
*oltdUititv which was reduced by low W/C
ratio.HSC is defined as concretes with max.
compressive strengths greater than the
conventional concretes.
Many researches focused on the behavior of the
HSi as a material bytesting it experimentally
or proposing an analytical oi empirical models
such as; llgab et-al [2],Xie eta![3],lrvani
[4],Wiegrink 

- etal[5],Khan etal[6],Samman
Ltii]ll,Ziu etal[8] 

- 
arnd ACI committee363

[9].Mo and

Wang [10],Yeh etal [l l] performed tests on

,iinf5t..a concrete iolumns under seismic

iouAinn. Girard and Bastien [12] used finite
elemen-t bond slip model for concrete columns
unO.. cyclic loading. I,ee and. Pan -[13]
oroooted' computational beam-column finite
!i.*tnt model'for the analysis of composite

iieel-reinforced concrete members, BugIjS:

iiui.tt+t and Montesinos and Wisht- [15]
p*i6.*'.a tests on composite .steel-reinforced
ooncrete structures under' seismic loading,ACI-
ASCE committee 441 [16]
aiicussea the behaviof of HSC col'amns

ffiected to combined axial and bending

moinents in terms of variables related to
oon.tii. and transverse reinforcemeqt, 

- -!h9
Uitravior under seismic performance of HSC

."i"*nt were also considered . Tan dal [17] tesd
,=info*ta concrse deep beams with compressive

strengths of41-59 MPa" Test results

were"compared widr ACI building code provisions'

fr4rtt*rri*O$.H. tl 8l conducted-tests on high ttrn$
nGi reinfonieO mircrtte corbels under monotonic and

"r"iir 
toaOine. Vadables considered were volume

i6.tion of fib6rs, shear span+odepth ratio and volume

of tti*,p*. Vanira etal[Ig] perlormed tests on higfr

sh:ength squarc
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concret€-fllled steel tube bearn'columns.
Reinforced concrete fiarnm under cyclic loading
werre $udied by many researcherc: Darwin and
Pmknold [20] used a four nodded isoparametic
quadrilderal finite element to predict dre behavior
of suctr *ames, Papadopoulos and
Karayannis[21,22] used the net work model to
study ttre behavior of such fames under seismic
loading.
The present study considers the behavior of one
bay one story reinforced HSC fiames subjwted to
cyclic loading.

Materialmodels
To predict theoretically the response of a

shuchre properly, material constitutive relations
are needed. It was obseved P3l that the
monotonic unia,rial behavior of normal concrete is
the envelope for the cyclic behavior, according to
this observation the uniadal monolcnic behavior
of HSC is considered as an envelope for its
behavior under cyclic loading.
In this research the monotonic sless-stain
behavior of different HSC as shown in figure(l)
[9], were adopted. To simulate this behavior as a
subroutine in a computer program,
tlrc curves werc taken as a data points ard a
polynomial cuffe was fitt€d for each HSC, for
example figure(2) shows one of drese
polynomialg which in general are in the form of :

Y= a* b*x +c*x9- d*x^3 + e*X 4 - f*x 5

.....(1)
Where Y: is the nonnalized shrcss (stesd ma"ri
mum compr€ssive or peak stress).

X: is the normalized sfain (sfrain / *rain under
peakshrcs).

ab,gde and fl constants varied with the m{x.

Figure(l); Stress-strain curve for different
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Figure (t) c1tlic heharior of conmh l2{1,

comprEssive strenglh of HSC, flgure(3). . ,-
Four different max . eompressive stengtlrs HSC

werc considered (39, 48, 55 and 67l\4Pa).These

6rolynomial cuves wele considercd as an

bn*np* for the cyclic . behavior under

comoression .Concrete behavior under tension

was'modelod as a linear pattr wtth a modulus of
elasticiry equals to the nominal modulus of
elasticity in iornpression, till tlre-ry1xr.num tensile

shtn$d (f J is reached, aflrr which the concrete

stensth in tension is dropped to zero.

For tle cyclic behavior, turloading and reloading

cuwes hai ttre curved paths shown in dotted lines

in figure (4),lz3l.In-the present study.a linear

mean nath as indicated was used whtch was

adonted oreviouslv for the normal concret€

D+j.for dact ut triading strain (e *) tlp..plasic
*din (tr) is compuGd from the following
eouations [23.l:
;-:=.bIt J;'+a.mk*)'' fot E *=2.2 ...-(2)

e-o : i.sg+'l @ * -2.2) * 0.2675 for e *> 2-2

;ii;;';ffii,;ih; ;r,;dd *il ;;, il; f]h
unlcading strain is:

trr:l.l-l * Em .' (4)

Foi rcinforcing steel, a uniaxial strss- shain

relationship kno:wn as Motego-tto-a1d Pinlo model

was adopied figure (5) ,[23]. -Whqry.the stss
strain cunres of differcnt cycles lie wittrin the two
ou*ltet lines A-B and 

-A'-B' 
defured by the

monotonic clwe and passingthrouglrthe points (e

,o, cr ro ) and (- 6 ro, -'o * ). The initial slory oftlrc
l,i,hiti is the iame'for monotonic ctwe &, each

halfcycle is modeled bY: ,,,.
o-= (i- b) ((e-l (1+ r-o ) "n) *b { . . :. . 

." . ....(5) 
.

Wher€ #'ana i-: are the normalized shess and

rt"i* respectively ard b: is the slope of the two

linesA-B andA'-B'.
For curves after the first load inversion:

d={(or- orn)/(orn otn)}
.........(o

u-J{(r, - €rn)/(ern sru)}
..........(7)

wherc the point (trn , otn ) is the start of lhe nth

inversion,i**n . ern) is&e intersecticn ofthetwo
lines shofr i" ng,*iSl. The exponent E) varies
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after the firs1 inversion to reprcsent tlrc
BauschingereffectR({n ):Ito - { (Ar &, ) I ( z+ t"
))..."..........(8)
R, Ar, Az arc paftureters for best fiUing, and 6. is
the plastic deformation in a half cycle. The best

fiting values as recommended by Menegottrc and
Pinto: & :5.3, A1: 3.446, A2 =|.1ffi and
b=0.015.
Section arnalysis
Each section at the ends of srbmembes was
anallrcd by dividing it into irnaginary concrete
layers and reinforcement bar elements, figure (Q.
Plare sections werc assumed to remain plane after
bending also perfu bonding between concrde
and stelwas assumed.
The longitudinal strain in each concrcte or steel
layer was calculated as a flmction of flre top and
botom fiber sEain. Intemal axial force and
hnding moment was calculated according to
suain disribution, were the stain in each layer
was assumed constant through layer depth.

Maximum and minirnurn top and bouom fiber
stains werc assumed fust, then ttre bisection
mettrcd was ud to correct the top and bottom
flber sfrains, this is done by comparingthe extemal
axial force ard bending moments at each section
with the intemal anial force and bendingrnoments
calculated from dre assumed stain disnibution.
The top fiber gain was adjusted acmrding to
extemal and intemal axial force compmison, while
the bouom fiber stain was adjusted according to
extemal and intemal bending momenfs
comparimn. Figure (7) shows a flow chart for ths
subroutine ofthe section analvsis uocess.

Frarne analysis
Each frarne was divided into sub-members figure
(8), direct stiffiress method was used for fiarne
inalysis. First uncracked section with linear and

initiil ela*ie ftu:rgg was used, &dal force, shear

force and bending momen8 at each section or
member ends were determined. As a result tre
sain at the center lines (e"r),and tlre curvatwes
(to) is known at each section.

b'tlt*tirr axial stiffness (Ae) ad efuive flexural
stiffi:ess(Ie) at each section was calculated as:

ArAFI(ecr 'k

Ecn).. ........(9)
IrBM/(tp * Een) ....'(10)
Where Ecn; is the modulus of elasticity of
concrete. For each member an ecluivalent effective
axial stiffness (Aee) and flexural $iffiress (ee)
were calculatd using interpolatod values of fte
two member endsP5l:
Ae*eof r -{ g.5 *(t -AellAo; s +0.5*1 i - AeTAo)s

'"1.'...:......'.....'... ..1...... 
'..'.(11)-Ierlo[ I -{ 0.5t( I -lel /lo)' +O.5*( I - IeT[o)' ]''' l

wr,-*, ;; # 1; ,* ih;;.*"#'*r;1,'3]*
and moment of inertia The averago of flre current

calculated stiffircss and the previous stiffircss

foreach memberwere used in the stiffiress mafoix'

The process of recalcuiating axial and flexurai
stiffiriss were continued until these values

converges. Figute (9) shows a flow chart of the

computer pogram used for fiame analysis.

Applications
A'fisme wi& details and dimensions shown in
figure (8) was solved under cyclic loading by dre

cornputer pragfam prtsented before,steel 
-arcas 

are

:As1:1000 rnm"2 and As2=1500 mm^2. Figure

(10) shows dre cyclic behavior for a normal

concrete with compresive strength 35 MPq
HSC 1 and HSC2 with ma:<. Compressive

Figure (6): Snlior mdJsh by hyering rypmmh,

73



(JZS)towrnal of Zankoy Sulaimani, September 2007' 9 (1) Purt A
A ;q(ytL3 1t)1 et2<; r"t .t *13 s;L!- q#rli uoqF

Read externalA. force Pext. and B. moment Mext..

Estimate top strain et and bottom strain au

t6 =(666sy +eOmin)12

Calculate concrete and steel stresses using material

Calculate internalforce Pint. and bending moment Mint'

Mint>Mex

Figure 7: flow chart for the subroutine of nonlinear section analysis'
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Figure (8): Frame detailing and division into sub-members'

Input frame, section and material
properties.

Calculate initial axial and flexural
stiffnesses.

Stiffness matrix generation,
decomposition and inversion.

Calculating; member end actions'

calculatingn
ew secaut
stiffness.

Effective
stif8ress
converges?

Write frnal
actions and
displacements.

Calculating ;axial and flexural
effect ive stiffnesses.

Figure (9): flow chart for nonlinear frame analysis'
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Load

IAt/ t_

lyt

tengths 39 and 48 MPa respectively. Ilryry (11)

shofrs d-re betravior of HSC3 and HSC4 with
madmum comprcssive stengdr 55 and 67 Wa
wectively. The dumping ratio for a frame

through a load cycle is given by [26]:
Dumfing r:atie (lDn) 0ild / ws)
Where ffa; is the an'h'enclosed in the hysteretic

loop, and Ws; the area ofthe two tiangles

4.5

4.O

;,e 3.o
p
6 ^-
s

f p.,
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o.5

I)isprlacerrrent

Figure (12) enclosed oreas ferr durnping evaluation 126l'

3ri 39 4ri sti 6 /

rfi ax. compressive strengtlr(MPa)'
F-igure(13) durrtping ratios for cjilferent H{iC fr{irne$

conespondins to the spring action ,figure{12)'fte
dumpins nati-o for frames with differcnt HSC

snengthi is shown in figure (13).

Conclusions
i- the prcPod PolYnomial . for HSC

behavior seurns io Ue reiialile and simple , drc

oolvnomial constants can be interpol*ed or
bxtrapotatg forofter HSC .
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