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Nonlinear Analysis of High Strength Concrete
Frames under Cyclic Loading
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Abstract
A computer program has been developed to predict 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 stiffness
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 of HSC for
energy absorption.
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Iptroduction g Wang [10],Yeh etal [11] performed tests on
High strength concrete has become widely accepted  reinforced concrete columns under seismic
practlcally in all continents, also there are an loading. Girard and Bastien [12] used finite
increase amount of researches on this material . The  glement bond slip model for concrete columns
applications of HSC were in the areas of long-span  ynder cyclic loading. Lee and Pan [13]
bridges and high rise buildings. Structures may be  proposed computational beam-column finite
under cyclic loading in different situations such  glement model for the analysis of composite
as; earthquake loading, bridges under repeated  gieel.reinforced concrete members, Bugeja,
loading, cyclic ~wind loading, cyclic  ¢pa)114] and Montesinos and Wight [15]
temperature variation as in nuclear reactors of  performed tests on composite steel-reinforced
gndtustnal tstructur es supporting cyclic loading oncrete structures under seismic loading ,ACI-
e . X . ASCE committee 441 [16]

The high compressive strength of the HSC is  gjscussed the behavior of HSC columns
due to the low water/cement ratios that can be subjected to combined axial and bending
used and also the effect of the microsilica added . oments in terms of variables related to
on the microstructure of the paste goncrete and transverse reinforcement, the
[1],superplactisizers ~ used ~ to increase pephavior under seismic performance of HSC
workability which was reduced by low W/C  olumns were also considered . Tan etal [17] tested
ratio. HSC is defined as concretes with max. iainforced concrete deep beams with compressive
compressive strengths  greater than the strengths of 41-59 MPa. Test results

conventional concretes. . were compared with ACT building code provisions.
Many researches focused on the behavior of the  \fyhammad A H.[18] conducted tests on high strength
HSC as a material bytesting it experimentally  fiper reinforced concrete corbels under monotonic and
or proposing an analytical or empirical models cyclic loading, Variables considered were volume
such as; Ngab etal [2]Xie etal[3],Irvani  guction of fibers, shear span-to-depth ratio and volume

[4],Wiegrink  etal[5],Khan etal[6],Samman ¢ 1 tal.119 formed tests on hi
etal[7),Zia etal[8] and ACI committee363 g;?;&,“ggu;’gm“ 191 pertorm g

[9].Mo and
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concrete-filled steel tube beam-columns.
Reinforced concrete frames under cyclic loading
were studied by many researchers: Darwin and
Pecknold [20] used a four nodded isoparametric
quadrilateral finite element to predict the behavior
of such  frames, Papadopoulos and
Karayannis[21,22] used the net work model to
study the behavior of such frames under seismic
loading.

The present study considers the behavior of one
bay one story reinforced HSC frames subjected to
cyclic loading.

Material models

To predict theoretically the response of a
structure properly, material constitutive relations
are needed. It was observed [23] that the
monotonic uniaxial behavior of normal concrete is
the envelope for the cyclic behavior, according to
this observation the uniaxial monotonic behavior
of HSC is considered as an envelope for its
behavior under cyclic loading.
In this research the monotonic stress-strain
behavior of different HSC as shown in figure(1)
[9], were adopted. To simulate this behavior as a
subroutine in a computer program,
the curves were taken as a data points and a
polynomial curve was fitted for each HSC, for
example figure(2) shows one of these
polynomials, which in general are in the form of :

Y= at b¥*X +c*X"2- d*X"3 + e*X™M — X5
D)

Where Y: is the normalized stress (stress/ maxi
mum compressive or peak stress).

X: is the normalized strain (strain / strain under
peak stress).

a,b,c,d,e and f: constants varied with the max.
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Figure(1); Stress-strain curve for different
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Figure (2) Polynomial fing for a HSC behaviar.




(JZS)Journai of Zankoy Sulaimani, September 2007, 9¢1) Part A

A LaDesles (D3 ot VooV Lobtd pilaibos 555 csoldi€

T — e B g

C e
08} g e
¢ X i
04 \ 0~ 8

compressive stress.
g
7!

*® 42 48 54 80 66 7
Polynomial constants.

Figure(3) polynomial constants variatn with max. compressive strength..

Figure (4) eyclic behavior of concrete [24],
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compressive strength of HSC, figure(3).

Four different max . compressive strengths HSC
were considered (39, 48, 55 and 67 MPa). These
polynomial curves were considered as an
envelope for the cyclic behavior under
compression .Concrete behavior under tension
was modeled as a linear path with a modulus of
elasticity equals to the nominal modulus of
elasticity in compression, till the maximum tensile
strength (f ) is reached, after which the concrete
strength in tension is dropped to zero.

For the cyclic behavior, unloading and reloading
curves has the curved paths shown in dotted lines
in figure (4), [23]. In the present study a linear
mean path as indicated was used which was
adopted previously for the normal concrete
[24]For each unloading strain (¢ m) the plastic
strain (£,) is computed from the following
equations [23]: )

£,=055€ n H0.127(m) > for €m<22...(2)
£p= 1584+ (€ m - 22) * 02675 fore' m>22

.................................................... (3).
After reloading,the reloading strain € for each
unloading strain is:

E = LI *¥Em corrennn @

For reinforcing steel, a uniaxial stress- strain
relationship known as Menegotto and Pinto model
was adopted, figure (5) ,[23]. Where the stress
strain curves of different cycles lie within the two
parallel lines A-B and A-B' defined by the
monotonic curve and passing through the points (€
<0, 05 )and (-€0,-0 ). The initial slope of the
curves is the same for monotonic curve Es, each
half cycle is modeled b%:

o=(1-b)(€/(1+ € ) ) +be ovrenndd)
Where ¢~ and €~ are the normalized stress and
strains respectively and b: is the slope of the two
lines A-B and A"-B'".

For curves after the first load inversion:

o ={6s. 61n)/(Okn - O1n)}
=gy . Sln)/(gKn . €1n) )
where the point (€1n, O1n ) is the start of the nth
inversion , (Exn . £1n) is the intersection of the two
lines shown in figure (5). The exponent (R) varies
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Figure 5 cyclic behavior model of reinforcing steel [23]
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after the first inversion to represent the
B?uschinger effectR (g0 )=Ro- { (A1 &)/ (A + &,
) 8)

Ry, Ay, A are parameters for best fitting, and &, is
the plastic deformation in a half cycle. The best
fitting values as recommended by Menegotto and
Pinto: R, =5.3, Al= 3446, A2 =1.766 and
b=0.015.

Section analysis

Each section at the ends of sub-members was
analyzed by dividing it into imaginary concrete
layers and reinforcement bar elements, figure (6).
Plane sections were assumed to remain plane after
bending, also perfect bonding between concrete
and steel was assumed.

The longitudinal strain in each concrete or steel
layer was calculated as a function of the top and
bottom fiber strain. Intemal axial force and
bending moment was calculated according to
strain distribution, were the strain in each layer
was assumed constant through layer depth.
Maximum and minimum top and bottom fiber
strains were assumed first, then the bisection
method was used to correct the top and bottom
fiber strains, this is done by comparing the external
axial force and bending moments at each section
with the internal axial force and bending moments
calculated from the assumed strain distribution.
The top fiber strain was adjusted according to
extemal and internal axial force comparison, while
the bottom fiber strain was adjusted according to
extemal and internal bending moment's
comparison. Figure (7) shows a flow chait for the
subroutine of the section analysis process.

..............

) &

4

2]

Figure (6): Section analysis by layering approach,
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Frame analysis

Fach frame was divided into sub-members figure
(8), direct stiffhess method was used for frame
analysis. First uncracked section with linear and
initial elastic range was used, axial force, shear
force and bending moments at each section or
member ends were determined. As a result the
strain at the center lines (¢ . 1) ,and the curvatures
() is known at each section.

Effective axial stiffhess (Ae) and effective flexural
stiffhess(le) at each section was calculated as:

A= AF /| (€ < 1 *
B0 i3 cadeantis v niumsdald’s Frvs 9
Te=BM/ (@ *BC) e veoverereesesnresersesoon (10)

Where Ecn; is the modulus of elasticity of
concrete. For each member an equivalent effective
axial stiffness (Aee) and flexural stiffhess (lee)
were calculated using interpolated values of the
two member ends[25]: S
Age=Ao[1-{ 0.5%(1-Ael/Ao)’ +0.5%(1- Ae2/Ao)

Tvx paimmmre s st v A1)
Jee=lo[1-{ 0.5%(1-le1/l0)° +0.5%(1- e2/lo)” }'"°]
.................................................. 12)

Where: Ao and Io are the uncracked section area
and moment of inertia. The average of the current
calculated stiffness and the previous stiffness
foreach member were used in the stiffness matrix.
The process of recalculating axial and flexural
stiffhess were continued until these values
converges. Figure (9) shows a flow chart of the
computer program used for frame analysis.

Applications

A frame with details and dimensions shown in
figure (8) was solved under cyclic loading by the
computer program presented before ,steel areas are
:As1=1000 mm”2 and As2=1500 mm"2. Figure
(10) shows the cyclic behavior for a normal
concrete with compressive strength 35 MPa,
HSCland HSC2 with max. Compressive
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Read external A. force Pext. and B. moment Mext..

'

Estimate top strain ; and bottom strain e

'y

&b =(Epmax +€pmin)/2

¥

P 7l &t =(8tmax +gtmin)/2
=

Calculate concrete and stee! stresses using material
hehavior

Calculate internal force Pint. and bending moment Mint.

.

N i Y
Pint=Pext
| =z

N pint iy Y< Mint=Mex >N—

v

X
Etmin =€t Etmax =&t N Mint>Mex L]
v y ™~
Epmin =Eb Epmax “Eb
¥ v

Next section.

Figure 7: flow chart for the subroutine of nonlinear section analysis.

74



(JZS)Journal of Zankoy Sulaimani, September 2007, 9 (1) Part A
A Lseasles (V1 s 1oV Lol ilaihon (0355 s U5

e
el B Asl e B el
i . 150 mm
As2 @ @ "“"7“1‘50
Asl |® 8| ——r— mm
3m. Column section
D _—.—,‘_—
Asl N
350 mm
e AT A
Beam section
Figure (8): Frame detailing and division into sub-members.
Input frame, section and material
properties.
m——
v
Calculate initial axial and flexural
stiffnesses.
Stiffness matrix generation,
decomposition and inversion.
Calculating; member end actions.
calculatingn ¢
ew secant
stiffness. Go to subroutine of section analysis

2 (figure(7)).

'

Calculating ;axial and flexural
effective stiffnesses.

Effective
stiffness
converges?

Write final
actions and
displacements.

&

Next load.

Figure (9): flow chart for nonlinear frame analysis.
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Figure (10) load displacement curves for NSC and HSC frames.
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Figure (11) load displacement curve for HSC frames.
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Figure (12) enclosed areas for dumping evaluation [26].
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Figure(13) dumping ratios for different HSC frarmeas.

trengths 39 and 48 MPa respectively. Figure (11)
shows the behavior of HSC3 and HSC4 with
maximum compressive strength 55 and 67 MPa
respectively. The dumping ratio for a frame
through a load cycle is given by [26]:

Dumping ratio= (1/2t) (Wd / Ws)

Where Wd; is the area enclosed in the hysteretic
loop, and Ws; the area of the two triangles

77

corresponding to the spring action ,figure(12).the
dumping ratio for frames with different HSC
strengths is shown in figure (13).

Conclusions

I- the proposed polynomial for HSC
behavior seams to be reliable and simple , the
polynomial constants can be interpolated or
extrapolated for other HSC.
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