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In the current study, nonlinear finite element approach was utilized to
investigate the behavior and collapse mechanism of RC multistory frames
subjected to earthquake motion. Snce it is not an economic procedure to
design structures to respond to earthquake loads in their elastic range,
dissipation of energy by post-elastic deformation has been recommended
in the last decades. Plastic hinges are specific zones at structural
members where energy is dissipated through the plastic deformation
without significant failure of the whole structure. Thisidea is an extension
of the ductile design concept in building seismically resistant enough-
ductile and limited-ductile reinforced concrete frames. So the nonlinear
behavior of multi-storey RC frames under earthquake loading and the
corresponding failure mechanisms were studied. The plastic hinge is
assumed to occur when steel reaches yielding or concrete reaches
ultimate strength. In all cases, yielding of steel occurs first because the
sections are designed to be under-reinforced sections. The behavior of RC
multistory frames is investigated focusing on propagation of plastic hinge
as affected by number of stories, grade of concrete and changing of main
reinforcement ratios under the effect of three input motions. The nonlinear
behavior is represented by the following items: angle of beam and column
rotation; time of first beam and column hinge occurrence; total number of
beam and column hinges; maximum induced base shear; peak relative
horizontal acceleration; peak relative horizontal displacement; and Inter-
storey drift diagrams. Several conclusions are drawn out for future design
of RC multistory frames.

KEYWORDS: Collapse Mechanism; Seismic Response; RC multistory
Frames; Plastic Hinge Analysis; Time Integration; Nonlinear Analysis;

1- INTRODUCTION

A carefully conducted forensic engineering can atwauch insight on the nature of
earthquakes and the fundamental principles of seistesign. The earthquake
devastated area is sufficient proof that earthgeiakéease a tremendous amount of
energy. This energy propagates in all directiortsenters a structure as ground motion
which has displacement, velocity, and acceleratiomponents. The seismic energy
which is introduced into the structure must beigeted within the structure. Energy
dissipation shows itself mainly as inelastic bebawf the structural system [1]. If
seismic energy is dissipated at locations whichanle structure unable to satisfy
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equilibrium of forces, collapse is inevitable. Aartquake resistant structure should
dissipate seismic energy as damage in the strictyséem, but collapse should not
occur and after the earthquake, damage shoulddmetcally feasible to repair.

Most seismic codes specify criteria for the desagml construction of new
structures subjected to earthquake ground motidthstiaree goals: 1) to minimize the
hazard to lifefor all structures; 2) to increase the expected performance of structures
having a substantiglublic hazard due to occupancy or use; and 3) to improve the
capability of essential facilities to function aften earthquake [2, 3]. Ductility is the
capacity of building materials, systems, or striesuto absorb energy by deforming
into the inelastic range. The capability of a stwoe to absorb energy, with acceptable
deformations and without failure, is a very dedeatharacteristic in any earthquake-
resistant design [4, 5]. Concrete, a brittle maternust be properly reinforced with
steel to provide the ductility necessary to resgssmic forces [6].

Many parameters may share with different degreefoiming the overall
seismic behavior of a frame structure [7]. In tbisdy, we will deal with the effect of
changing of number of stories, grade of concretel gercentage of beam
reinforcement (% Aseam) and the percentage of column reinforcement(%,Ason
RC frames non-linear seismic response through ermgothe Fast Non-linear
Analysis technique (FNA) [8].

Since the behavior of plastic zones in reinforcedccete elements- such as
beams, columns and walls- is a sophisticated syhjyemny researchers aimed to find
the different parameters that control their ocawree and mechanisms of their
succession in multi - storey, multi - bay framefg[]®],[11] .The following parameters
greatly influence plastic zones behavior:-

1- Main flexural reinforcement;
2- Compression reinforcement;
3- Cross- section dimensions;

4- Compressive strength;.

5- Lateral confinement;

6- Number of stories;

7- Grade of concrete and

8- Method of load application.

Dealing with the plastic hinge problem alone isacla little bit especially
under static and quasi — static loading [12], whigéng varying loads through time
domain such that earthquake loading is a diffisubbject and consumes a lot of time
[13, 14]. In order to get a good idea of non-linessponse of the multi-storey multi—
bay reinforced concrete frames under seismic |l@adire used three significant 60-
second records of Al-Agaba, El-Centro, and Lucezaghquake motions. To enclose
the different aspects that may affect the non-liregismic response, the following
features were adopted:

1- Angle of beam and column rotation;

2- Time of first beam and column hinge occurrence;
3- Total number of beam and column hinges;

4- Maximum induced base shear;

5- Peak relative horizontal acceleration;

6- Peak relative horizontal displacement; and

7- Inter-storey drift diagrams.
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2-STRUCTURAL DESCRIPTION AND PARAMETERS OF
STUDY

- Dimensions: Two cases of planer frames with two different nemsbof stories
which are five and ten stories were examined wibete have three bays with fixed
bay width of 5 meters, fixed typical height of 3ters and a first storey height of 4
meters as shown in Fig.1.

- Concrete and steel characteristics: Variable grades of concrete (cube
strength) (200,400 and 600) kg /cm2 are used veltdel grade is 36/52. Concrete and
steel Poisson's ratios were taken as 0.2 & 0.Zotsely [15].

- Main reinforcement ratio (As/b.d): In both cases, we will use different
percentages of reinforcement in the beam and coluhare;

The beams (As) is the area of longitudinal reindoment in the tension side of the
beam while (b and d) are the breadth and the @féedepth of the beam respectively.
Different ratios of (As/b.d) =0.34 %, 0.53 % an@®% were used.

The columns (As) is the total area of reinforcemerthe section of the frame while (b
and d) are the breadth and the effective deptheotolumn respectively. In this study,
we use different ratios of (As/b.d) =2.83 %, 2.1%A6l 1.11 %.

- Loading: A uniformly distributed vertical load of 3.8 t/mh every story was used
for both cases representing a combination of falldiload plus 50% of live load as
stated in many building codes.

Table 1 : Different parameters controlling the sasiestudy

Study Frame| Frame| Frame| Frame| Frame| Frame | Frame | Frame

parameters no.l no.2 no.3 no.4 no.5 no.6 no.7 no.8
Grade of

concrete | 200 | 200 | 200 | 200 | 200 |409/400] 400/600) 400/200
kglcm? c/b c/b c/b
% As of

034 | 053 | 0.76 | 0.53 | 0.53

beams 0 0 0 0 0 0.53% | 0.53% | 0.53%
36/52) | 2 % % & %
% As of
col. 1(;/11 1(;/11 1(',/11 2(',/15 2(;/83 1.11%| 1.11% | 1.11%
(36/52) 0 0 (o (o 0
Stirrups 6 ® 10/ m' (36/52)
Table 2 : Cross-sections of frame members
Sf' storey 10-storey frame
rame
Floor No. 1°-5" | grd—f | 93¢ | 4"5" | g"-10"
Beam cross-sections 25 x 60 25 x 60
Column cross- 30x60 | 30x90 | 30x80 |30x70 30 x60
sections
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Fig,1: Frame dimensions and members cross-sections

3- PLASTIC HINGE AND MATERIAL MODELING
Constitutive concrete Model by Chang and Mander (1994)

The uniaxial model developed by Chang and Mandas adopted in the present study
as the basis for the stress-strain relation forcate as illustrated in Fig.2. The
constitutive model by Chang and Mander is an advdnaile-based, generalized, and
non-dimensional model that simulates the behaviorcanfined and unconfined,

ordinary and high-strength concrete in both cyclienpression and tension [16, 17,
18]. Upon development of the model, the authorsiged particular emphasis on the
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transition of the stress-strain relation upon crapkning and closure, which had not
been adequately addressed in previous models. dkisting models (including the

model by Yassin (1994)) assume sudden crack closuterapid change in section

modulus (i.e., sudden pinching behavior).

Constitutive steel modified Model by Park (1982)

The uniaxial constitutive stress-strain relatiopliemented in the study for reinforcing
steel is the well-known nonlinear modified model Rédrk (1982), as extended by
Filippou et al. (1983) to include isotropic stramardening effects. The model is
computationally efficient and capable of reprodgciexperimental results with
accuracy.

I =&gy- Esh Q)
m = [(faffsy) (301 +1§-60r-11/(159) (2)
fs = fsy [(M(es - esn)+ 2)/(6Qs - esn)+ 2)+((es - €s1)(60 - M ))/(2(30 r + 12)] (3)

Where:egg, = ultimate strain capacity of steel.
gsh = Strain in steel at onset of strain hardening.
fsu = ultimate stress capacity of steel.
fsy = yield stress of steel .
gsy = yield strain of steel.
fs= stress of steel at any point .

slress, f,
IFd A
o Confined concrete fl.l'B = T
5 = ] strin hardening
Fa|” | Unconfined concrete E
| s i
o | i g .
P — | . pstrai, €
£,=0015 L =010

Fig. 2: Sketch illustrating concrete & steel streain relationship
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To take into account the concrete degradations whbjected to many cycles
of load reversals, the nonlinear hinges are madeabta of representing the
degradation model developed by Takeda. AccordirnyitoModel, the stiffness of the
element is reduced every time the element expe¥geadoad reversal. This Model is
based on the experimental observation on the behafia number of medium-size
reinforced concrete members tested under latesal teversals with light to medium
amount of axial load; a hysteresis model was d@esidy Takeda, Sozen and Nielsen
(1970). Takeda model included (a) stiffness chamagdtexural cracking and yielding,
(b) hysteresis rules for inner hysteresis loop&ashe outer loop, and (c) unloading
stiffness degradation with deformation. The respgu@nt moves toward a peak of the
one outer hysteresis loop (see Fig.3).

>

DISPL.

(a) Unloading after
Cracking in
One Direction

(b) Unloading after
Yielding in
One Direction

(c) Small Amplitude .
Load Reversals 2 e, (d) Small Amplitude

- hi Load Reversals

-

Fig. 3: Takeda hysteretic model

4-METHOD OF STRUCTURAL ANALYSIS

Dealing with seismic problems, we can recognize thfferent methods for structural
analysis as mentioned in (ATC-40 (1996), FEMA-330Q00) and FEMA- 356 (2000)
[19].

Linear Static procedure (LSP).

Linear dynamic procedure (LDP) or (response spectanalysis).

Nonlinear static procedure (NSP) or (pushover ais)ly

Nonlinear dynamic procedures (NDP).

The NDP refers to a complete nonlinear dynamic tivis¢éory analysis and is
generally regarded as the most accurate methodresoost time consuming one. The
most general approach for the solution of the dyoaesponse of structural systems is
the direct numerical integration of the dynamic iBloium equations. The method
employed for the solution is New-Mark time integvat method (including an
improved algorithm called "Hilber-Hughes-Taylor a3 (HHT) method). The New-
Mark method and HHT method are available for tramsanalyses in SAP v.11 and

NS
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CSISD programs where both were used in this sta@y. [n a nonlinear analysis, the
Newton-Raphson method is employed along with thew-NErk integration
assumptions. Automatic Time Stepping discussesptbeedure for the program to
automatically determine the time step size requfogdevery time step. In transient
analysis, the HHT time integration method (Chungl atulbert) has the desired
property for the numerical damping. The basic dquatf motion solved by a transient
dynamic analysis is

(M{u~3+(C)Y{u i +(K){u ¢ ={F {} (4)

Where: (M) = mass matrix.
(C) = damping matrix.
(K) = stiffness matrix
{u} = nodal acceleration vector.
{ u} = nodal velocity vector.
{4} = nodal displacement vector.
{F}= load vector.

The basic form of the HHT method is given by

(M){u"+(1+a)(CH{ U} + (1+a) (K}{u =
(WHF ¢ - o {F ¢ + a(C){u tatt + a(K)}U ra (5)

For nonlinear analysis of a reinforced concretacstire, usingx with values
greater than zero assists in convergence of theico$ but with less accuracy, to gain
better accuracy use smaller sub-step size, whithnerease computer computational
time. In dynamic analysis, there are two distigpes of damping: Modal damping and
proportional damping. The former is used for resgespectrum analyses and for
modal time-history analyses and is given as aitracbf critical damping for each
mode in the structure. While proportional dampisgised for direct-integration time-
history analysis so it was adopted in this studd].[Zhe damping matrix is calculated
as a linear combination of the stiffness matrixletdy a user-specified coefficient,
and the mass matrix scaled by a second user-ggécidefficient. The two coefficients
were computed by specifying equivalent fractionscifical modal damping at two
different periods or frequencies. Stiffness projpodl damping is linearly proportional
to frequency; mass proportional damping is linearlyportional to period.

In this study a mass proportional coefficient 054D2 and 0.2571 with a
stiffness proportional coefficient of 0.00332 an@0¥237 were used for the 5-storey
and 10-storey frames respectively. These coeffisierere calculated using the periods
of the first two modes of vibration (0.8905 - 0.BY2nd (1.8401- 0.604) for 5-story
and 10-story frames respectively assuming dampitig of 5% for both cases.

5-SEISMIC LOADING DATA

When creating the time history function for the lgsis, one must provide the file

containing the acceleration record. Once the $ileploaded to the program, usually as
a text file, specify number of header lines to skigefix characters to skip, points per
line and the values of the time intervals, in gtisdy we use a detailed time history of
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3000 time step at .02 second time interval withlinear solution control parameters
included in table 3.

Table 3 : Nonlinear solution control parameters

Max. sub-step size 0.0025 sec

Min. sub-step size 0.0000001sec

Max. iterations per sub-step 100
Iterations convergence tolerance 1%

Lucerne Earthquake Record

1 I Elcentro Earthquake Record
100 i | 400

S | M 30 40 50 ) 2 4]
<

30 40 5

Time (sec) ’ Time (sec )

Fig.4: Input time history with PGA of 3.42rfi/s  Fig .5: Input time history with PGA of 6.9m/s

The time histories used in this study are of réghificant earthquakes that
strike three different cities with various site diions and peak ground accelerations
(PGA) as shown in Fig.4, 5 and 6 .they where udet acaling their (PGA) to 0.25¢g
which meet the egyptian peak ground acceleraticad ua calculating the elastic
horizontal response spectrum according to the égygbde of calculating forces and
loads (see Fig. 7)Al-Agaba earthquake is the nearest and most destructigengei
wave that hits Egypt in November 1995 with the bgthmodified Mercalli intensity
(MMI)of VIII at Nuweiba, EI-Centro earthquake that hits California in 1940 with
PGA of 0.35 g and above VIl on ( MMI scale ) dnaterne one of the biggest events
in Switzerland and Europe with PGA of 0.7 g .
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Fig.6: Input time history with PGA of 0.9n"/s Fig .7: Egyptian elastic response spectrum
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6- NONLINEAR RESPONSE UNDER EARTHQUAKE
EXCITATION

First case: Five story R.C. frame

-Beam longitudinal reinforcement effedPlastic hinge rotation helps in nonlinear
response judgment process as it reflects the defrdamage in structural members.
The rotational angles of plastic hinges were calead using their plastic curvatures
and plastic hinge length excluding their elasti@ations [21]. The results show that the
angle of plastic rotation is directly affected e tratio of longitudinal reinforcement
where on increasing % AsmWwith 120% the rotation is decreased with ratiosyivey
from 50% to 100% according to the seismic wave neats in Fig. 9. It should be
mentioned that the time of first beam hinge was imncteased significantly with
increasing the % Asam also the peak horizontal displacement of thé fiftor did not
show clear increase even if the %Aswas duplicated as given in Fig. 8 and 11.

One of the most significant effects of increasimg fongitudinal reinforcement
ratio of beams is the total number of plastic hgwgdish are formed at the beam ends;
where on duplicating the percentage of beam reiefoent the occurrence of beam
plastic hinges directly responds to this increas wecreasing ratios varying from
60% till 100% approximately as shown in Fig. 12s@dlon taking the plastic hinges
formed at column ends into consideration through fthtio of beam plastic hinge
number to column plastic hinge number at differeatthquake excitations, it was
found that this ratio is decreased greatly by iasneg the % Ag..mas seen in Fig.10 .
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Since the damage study isn't restricted only tocttiral members but also to
equipments placed on the floors and non-strucpagditions, so it is required to study
the floor peak accelerations and the inter-stom#fysd It is noticed that on increasing
the % As,.amto about 120% the peak floor acceleration shovwghtsincrease as in
Fig.13. After calculating and plotting inter-stordsifts from every floor displacement
at the moment of peak fifth floor displacementi@ dot show any significant relation
with varying % ASpeam €Xcept for % ASeam Of 0.34% that keep constant drifts
especially after raising the strength of grounduowis to overcome high drifts of first
stories as shown in Figs. 14, 15 and 16.

The maximum induced base shear of the frame wasalsced. On increasing
the % AseamWith 120% to reach 0.76% of beam cross-sectiapthximum base
shear was only increased with 20% - 25% as showgini 7.
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- Column longitudinal reinforcement effecAs mentioned above, the plastic hinge
rotation is a useful comparison tool of nonlineahévior. The rotational angles of
column plastic hinges were calculated using momeninal forces interaction curves
to take in consideration the corresponding normatd. The results show that the
angle of plastic rotation is affected by the catulongitudinal reinforcement ratio in
different manners as seen in Fig.18 ,where on asing % As, with 150% the
column rotation vanishes and on increasing %.Agith 100% the column rotation
decreased with different ratios according to naunfréhe seismic wave. It should be
mentioned that plastic rotations of beams was ialfblaenced with increasing % As,
where it shows an increase with about 30% - 60%noreasing % Ag, by 150% as
shown in Fig. 19. The same as in beams the tinfiesbicolumn hinge did not increase
significantly with increasing their longitudinalinforcement ratios as illustrated in
Fig.23, also the peak horizontal displacement effth floor was not affected by % As

col
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The total number of plastic hinges were noticedalgh this number is always
less than the beam plastic hinges nhumber. On igsicrgdo As,, with about 100%
from 1.11% to 2.15% this number decreased with &@%ording to El-Centro while
still unchanged with respect to Agaba. When the 8,Aeached 2.83% the column
hinge formulation was completely suppressed as $eefig.22. Both peak floor
acceleration and the maximum induced base sheaweshmo clear relation with
increasing % As, as plotted in Fig.20 and 21 resp. except for AkBa at % As, of
2.15% which show maximum responses.
On studying the five-storey reinforced concretenfeainter- storey drifts due to
increasing the % Ag,, it was found that there is no obvious percentaigeolumn
reinforcement to achieve minimum drifts as showRim24 and 25.
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Fig.22: Total number of column hinges Fig.23: Time of first column hinge occurrence
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Fig.24: Inter-story drifts due to El-Centro Fig.25: Inter-story drifts due to Al-Agaba
Second case: Ten story R.C. frame

- Beam longitudinal reinforcement effedhe results show that the angle of plastic
rotation is affected by the ratio of longitudinainforcement where on increasing %
AS peam With 55% the rotation is decreased with ratiosywey from 25% to 50%
according to the seismic wave nature and reaamiittnum value at % Ag.m equal
0.53 % as illustrated in Fig.31. Similar to fiveiey frame the time of first beam
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hinge was not increaseathnificantly with increasing the % As.m There was no clear
% Aspeamthat may lead to decrease peak horizontal displaneas shown in Fig.26
for EI-Centro and Al-Agaba.

Similar to five-story frame; increasing the longitoal reinforcement ratio of
beams affects significantly the total number ofsptahinges formed at beam ends,
where on duplicating the percentage of beam reiefoent the occurrence of beam
plastic hinges directly responds to this increagl weduction ratios vary from 27%
till 36% but when the % Agamis increased with 55% the total number of plastic
hinges only decreased by 13 % as illustrated ir2Big
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Fig.26:Hz. displacement profile due to ElI-Centrd &t-Agaba earthquakes at moment of
maximum tip disnlaceme
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Fig.27: Plastic hinges sequence due to Al -Agalthgaake in frame No.1 (5 -story case)
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The maximum induced base shear showed an increisedifferent ratios
(according to the earthquake nature) on increaba®m longitudinal reinforcement
ratio as shown in Fig.30. Taking the plastic hindeemed at column ends on
consideration through the ratio of beam plastigaésnumber to column plastic hinges
number at different earthquake excitations as qn3; it was found that this ratio is
decreased by 30% -80% by duplicating the %Asvhich indicates a low number of
columnplastic hinges formation.

Since it was important to notice the relative hanial acceleration of floors to
evaluate their shaking degree and the influencehaihging the % Ag.am On the
acceleration value, it has been noticed that thves$b acceleration values were attained
at the minimum beam longitudinal reinforcementaas seen in Fig.33. The inter-
story drifts due to Al-Agaba were plotted in FigiBustrating no clear effect.

- Column longitudinal reinforcement effedthe results show that the angle of plastic
rotation is affected by the column longitudinainfercement ratio in different
manners where on increasing % 4with 100% the column rotation vanishes and on
increasing % Asy with 50% the column rotation decreased with abb0%o
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according to the seismic wave nature . It shouldnbationed that the total number of
column plastic hinges was also influenced with éasing % Ag, and that no hinges

were formed at % Ag,

equals 2.15 % as shown in Fig. 34 and 35 ressppdct The

displacement profile due to Al-Agaba was plotted FAig. 36 showing no clear

relationship with the % Ag, .

The inter-story drifts due to different % Aswere plotted in Fig.37 showing
that the maximum drifts were minimum due to colufangitudinal reinforcement

ratio.
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Fig. 33: Relative HZ. Acceleration profile due tb@&entro and Al-Agaba earthquake
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Column concrete graden increasing frame number of stories the norroedes in
columns is increased causing column cross-sectiobs larger. Figs. 38 and 40 reflect
steady inter-storey drifts and maximum base shketreol0-stories frame respectively
while Fig. 39 and 41 show slight effect of the @aficnt grade of concrete on the
inter-storey drifts and total number of column héagrespectively, so the overall
seismic response of both frames did not show sagmt effect on increasing the
column concrete grade till 600 kg/ém

Earthquake Nature Effect:

As shown in Fig.42 both Al-Agaba and EI-Centro hdugher values of pseudo
spectral acceleration than Lucerne reflecting tveel response values of the frames
subjected to that earthquake wave (in spite ofirsgaheir PGA to 0.25G). As
illustrated in the former results of Fig.11, 13, 14, 17 and 21, Lucerne gives the
lowest values of maximum horizontal displacementeristory drifts, induced base
shear and peak floor relative acceleration.

Plastic hinge

The plastic hinge in a flexural member is a poimt fact it is a zone) on the
longitudinal member axis, where the value of theddgg moment equals to the plastic
moment and where the discontinuity of first derivaf the deflection line (curvature)
exists. For reinforced concrete (RC) members, ¢hivature depends on the tensile
strain of the reinforcement and the compressi\arstif the concrete. As concrete is a
brittle material with little ductility, RC memberachieve ductility and adequate
deformation capacity mainly through the tensileaising or yielding of the
reinforcement. When the tensile strain of the @icgément is limited, such as in the
case of over-reinforced RC beams and RC columrslaige axial loads, whereby the
tensile reinforcement does not yield and the menfiaiés due to concrete crushing
accompanied by buckling of compression steel, tiatility of the member is limited .

7- CONCLUSIONS

From nonlinear finite element analysis of the s&dmehavior of multistory RC

frames, the following conclusions were drawn out:

1- The propagation of plastic hinges is obtainEde plastic hinge is assumed to
occur when steel reaches yielding or concrete e=acHtimate strength. In all
cases, yielding of steel occurs first because ¢lcians are designed to be under-
reinforced sections

2. Beam hinge rotation capacity decreases witlgrificant degree by increasing
percentages of beam reinforcement ratio in botescas multi-story RC frames.

3. Total number of column hinges and its rotaticepacity are reduced with
increasing percentages of column reinforcemen rattiere the reduction degree is
higher in 5-storey frame than that in 10-storeyriea

4. Increasing the longitudinal reinforcement ratidoeams decreases significantly the
total number of beam plastic hinges formed at teeds while the time of first
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7.

8.

9-

beam hinge formation shows little retardation.

From studying both of maximum horizontal digglaent and inter-storey drifts in
the two cases, it was difficult to determine certbeam reinforcement ratio or
column reinforcement ratio that lead to a genesiakbaf minimum drifts.

It has been noticed that the lowest acceleratialues were attained at the
minimum beam longitudinal reinforcement ratio uhéeds to be investigated for
more earthquakes with different response spectra.

Maximum induced base shear in both frames &sa@ clearly with increasing of
the % As,..amWhile showed no clear relation on varying the %4s

Using high grades of concrete for columns ditl show any noticeable effect on
the overall seismic response of frames.
In the current study, two motions were considdrat they are not enough to judge
accurately the effect of input motion charactersion the inelastic response. An
extension of the study is needed for this point.
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