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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. Since 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. This idea 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. 
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1- INTRODUCTION 
A carefully conducted forensic engineering can reveal much insight on the nature of 
earthquakes and the fundamental principles of seismic design. The earthquake 
devastated area is sufficient proof that earthquakes release a tremendous amount of 
energy. This energy propagates in all directions and enters a structure as ground motion 
which has displacement, velocity, and acceleration components. The seismic energy 
which is introduced into the structure must be dissipated within the structure. Energy 
dissipation shows itself mainly as inelastic behavior of the structural system [1]. If 
seismic energy is dissipated at locations which make the structure unable to satisfy 
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equilibrium of forces, collapse is inevitable. An earthquake resistant structure should 
dissipate seismic energy as damage in the structural system, but collapse should not 
occur and after the earthquake, damage should be economically feasible to repair.  

Most seismic codes specify criteria for the design and construction of new 
structures subjected to earthquake ground motions with three goals: 1) to minimize the 
hazard to life for all structures; 2) to increase the expected performance of structures 
having a substantial public hazard due to occupancy or use; and 3) to improve the 
capability of essential facilities to function after an earthquake [2, 3]. Ductility is the 
capacity of building materials, systems, or structures to absorb energy by deforming 
into the inelastic range. The capability of a structure to absorb energy, with acceptable 
deformations and without failure, is a very desirable characteristic in any earthquake-
resistant design [4, 5]. Concrete, a brittle material, must be properly reinforced with 
steel to provide the ductility necessary to resist seismic forces [6]. 

Many parameters may share with different degrees in forming the overall 
seismic behavior of a frame structure [7]. In this study, we will deal with the effect of 
changing of number of stories, grade of concrete and percentage of beam 
reinforcement (% As beam ) and the percentage of column reinforcement(% As col ) on 
RC frames non-linear seismic response through employing the Fast Non-linear 
Analysis technique (FNA) [8]. 

Since the behavior of plastic zones in reinforced concrete elements- such as 
beams, columns and walls- is a sophisticated subject, many researchers aimed to find 
the different parameters that control their occurrence and mechanisms of their 
succession in multi - storey, multi - bay frames [9],[10],[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 is clear a little bit especially 
under static and quasi – static loading [12], while using varying loads through time 
domain such that earthquake loading is a difficult subject and consumes a lot of time 
[13, 14]. In order to get a good idea of non-linear response of the multi-storey multi–
bay reinforced concrete frames under seismic loading, we used three significant 60-
second records of Al-Aqaba, El-Centro, and Lucerne earthquake motions. To enclose 
the different aspects that may affect the non-linear seismic 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 numbers of stories 
which are five and ten stories were examined where both have three bays with fixed 
bay width of 5 meters, fixed typical height of 3 meters 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 while steel grade is 36/52. Concrete and 
steel Poisson's ratios were taken as 0.2 & 0.3 respectively [15]. 
- Main reinforcement ratio (As/b.d): In both cases, we will use different 
percentages of reinforcement in the beam and column where; 
The beams (As) is the area of longitudinal reinforcement in the tension side of the 
beam while (b and d) are the breadth and the effective depth of the beam respectively. 
Different ratios of (As/b.d) =0.34 %, 0.53 % and 0.76 % were used.  
The columns (As) is the total area of reinforcement in the section of the frame while (b 
and d) are the breadth and the effective depth of the column respectively. In this study, 
we use different ratios of (As/b.d) =2.83 %, 2.15 % and 1.11 %. 
- Loading: A uniformly distributed vertical load of 3.8 t/m' on every story was used 
for both cases representing a combination of full dead load plus 50% of live load as 
stated in many building codes. 
 

Table 1 : Different parameters controlling the cases of study 

Frame 
no.8 

Frame 
no.7 

Frame 
no.6 

Frame 
no.5 

Frame 
no.4 

Frame 
no.3 

Frame 
no.2 

Frame 
no.1  

Study  
parameters  

400/200 
c/b 

400/600 
c/b 

400/400 
c/b 

200 200 200 200 200 
Grade of 
concrete 
kg/cm2 

0.53 %  0.53 %  0.53 %  
0.53 
% 

0.53 
%  

0.76 
% 

0.53 
% 

0.34 
%  

% As of  
beams 
36/52)(  

1.11 %  1.11 %  1.11 %  
2.83 
% 

2.15 
%  

1.11 
%  

1.11 
%  

1.11 
%  

% As of 
col. 

(36/52)  

6 Φ 10/ m' (36/52) Stirrups  

 
Table 2 : Cross-sections of frame members 

10-storey frame  
5-storey 
frame  

  

6th -10th  4th-5th ٢nd-3rd  Grd – 1st  1st - 5th Floor No. 
25 x 60  25 x 60  Beam cross-sections  

30 x60  30 x 70 30 x80  30 x90  30 x60  
Column cross-

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 Mander  was adopted in the present study 
as the basis for the stress-strain relation for concrete as illustrated in Fig.2. The 
constitutive model by Chang and Mander is an advanced, rule-based, generalized, and 
non-dimensional model that simulates the behavior of confined and unconfined, 
ordinary and high-strength concrete in both cyclic compression and tension [16, 17, 
18]. Upon development of the model, the authors focused particular emphasis on the 

Beam C.S.     Column C.S. 
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transition of the stress-strain relation upon crack opening and closure, which had not 
been adequately addressed in previous models. Most existing models (including the 
model by Yassin (1994)) assume sudden crack closure with rapid change in section 
modulus (i.e., sudden pinching behavior). 
 

Constitutive steel modified Model by Park (1982) 

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

r = εsu - εsh                                                                                                         (1) 

m = [(fsu/fsy ) ( 30 r + 1 )2 - 60 r -1 ] / (15 r2)                                                    (2) 

fs = fsy [(m(εs - εsh)+ 2)/(60εs - εsh)+ 2)+((εs - εsh)(60 - m ))/(2(30 r + 1)2)]        (3) 

Where: εsu = ultimate strain capacity of steel. 
εsh = strain in steel at onset of strain hardening. 
fsu = ultimate stress capacity of steel. 
fsy = yield stress of steel . 
εsy = yield strain of steel. 
fs =  stress of steel at any point . 

 
                            

 

 
Fig. 2: Sketch illustrating concrete & steel stress-strain relationship 

36  
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To take into account the concrete degradations when subjected to many cycles 
of load reversals, the nonlinear hinges are made capable of representing the 
degradation model developed by Takeda. According to this Model, the stiffness of the 
element is reduced every time the element experiences a load reversal. This Model is 
based on the experimental observation on the behavior of a number of medium-size 
reinforced concrete members tested under lateral load reversals with light to medium 
amount of axial load; a hysteresis model was developed by Takeda, Sozen and Nielsen 
(1970). Takeda model included (a) stiffness changes at flexural cracking and yielding, 
(b) hysteresis rules for inner hysteresis loops inside the outer loop, and (c) unloading 
stiffness degradation with deformation. The response point moves toward a peak of the 
one outer hysteresis loop (see Fig.3). 

Fig. 3: Takeda hysteretic model 
  

4-METHOD OF STRUCTURAL ANALYSIS 

Dealing with seismic problems, we can recognize four different methods for structural 
analysis as mentioned in (ATC-40 (1996), FEMA-350 (2000) and FEMA- 356 (2000) 
[19]. 

1. Linear Static procedure (LSP). 
2. Linear dynamic procedure (LDP) or (response spectrum analysis). 
3. Nonlinear static procedure (NSP) or (pushover analysis). 
4. Nonlinear dynamic procedures (NDP). 

The NDP refers to a complete nonlinear dynamic time history analysis and is 
generally regarded as the most accurate method also the most time consuming one. The 
most general approach for the solution of the dynamic response of structural systems is 
the direct numerical integration of the dynamic equilibrium equations. The method 
employed for the solution is New-Mark time integration method (including an 
improved algorithm called "Hilber-Hughes-Taylor alpha" (HHT) method).  The New- 
Mark method and HHT method are available for transient analyses in SAP v.11 and 
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CSISD programs where both were used in this study [20]. In a nonlinear analysis, the 
Newton-Raphson method is employed along with the New-Mark integration 
assumptions. Automatic Time Stepping discusses the procedure for the program to 
automatically determine the time step size required for every time step. In transient 
analysis, the HHT time integration method (Chung and Hulbert) has the desired 
property for the numerical damping. The basic equation of motion solved by a transient 
dynamic analysis is 

(M){u .. 
t}+(C){ u . 

t} +(K){u t} ={F t }                                     (4) 

Where:             (M) = mass matrix. 
                        (C) = damping matrix. 
                        (K) = stiffness matrix 
                       {u.. t} = nodal acceleration vector. 
                       { u. t} = nodal velocity vector. 
                       {u t} = nodal displacement vector. 
                       {F t }= load vector. 
The basic form of the HHT method is given by 

(M){u .. 
t}+(1+α)(C){ u. 

t} + (1+α) (K){u t} =        

                                      (1+α) {F t} - α {F t} + α(C){u. 
t-∆t} + α(K){u  

t-∆t}         (5) 

For nonlinear analysis of a reinforced concrete structure, using α with values 
greater than zero assists in convergence of the solutions but with less accuracy, to gain 
better accuracy use smaller sub-step size, which will increase computer computational 
time. In dynamic analysis, there are two distinct types of damping: Modal damping and 
proportional damping. The former is used for response-spectrum analyses and for 
modal time-history analyses and is given as a fraction of critical damping for each 
mode in the structure. While proportional damping is used for direct-integration time-
history analysis so it was adopted in this study [20]. The damping matrix is calculated 
as a linear combination of the stiffness matrix scaled by a user-specified coefficient, 
and the mass matrix scaled by a second user-specified coefficient. The two coefficients 
were computed by specifying equivalent fractions of critical modal damping at two 
different periods or frequencies. Stiffness proportional damping is linearly proportional 
to frequency; mass proportional damping is linearly proportional to period.  

In this study a mass proportional coefficient of 0.5402 and 0.2571 with a 
stiffness proportional coefficient of 0.00332 and 0.007237 were used for the 5-storey 
and 10-storey frames respectively. These coefficients were calculated using the periods 
of the first two modes of vibration (0.8905 - 0.2726) and (1.8401- 0.604) for 5-story 
and 10-story frames respectively assuming damping ratio of 5% for both cases. 

  

5-SEISMIC LOADING DATA 
When creating the time history function for the analysis, one must provide the file 
containing the acceleration record. Once the file is uploaded to the program, usually as 
a text file, specify number of header lines to skip, prefix characters to skip, points per 
line and the values of the time intervals, in this study we use a detailed time history of 
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3000 time step at .02 second time interval with nonlinear solution control parameters 
included in table 3. 
 

Table 3 : Nonlinear solution control parameters 

0.0025 sec Max. sub-step size  

0.0000001sec  Min. sub-step size  

100 Max. iterations per sub-step 

1%  Iterations convergence tolerance  

 

The time histories used in this study are of real significant earthquakes that 
strike three different cities with various site conditions and peak ground accelerations 
(PGA) as shown in Fig.4, 5 and 6 .they where used after scaling their (PGA) to 0.25g 
which meet the egyptian peak ground acceleration used in calculating the elastic 
horizontal response spectrum according to the egyptian code of calculating forces and 
loads (see Fig. 7). Al-Aqaba earthquake is the nearest and most destructive seismic 
wave that hits Egypt in November 1995 with the highest modified Mercalli intensity 
(MMI )of VIII at Nuweiba, El-Centro earthquake that hits California in 1940 with 
PGA of 0.35 g and above VII on ( MMI scale ) and Lucerne one of the biggest events 
in Switzerland and Europe with PGA of 0.7 g .   
 

Egyptian Responce Spectrum 
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Lucerne Earthquake Record
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Fig .5: Input time history with PGA of 6.9m/s2 
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6- NONLINEAR RESPONSE UNDER EARTHQUAKE 
EXCITATION 

First case: Five story R.C. frame 

-Beam longitudinal reinforcement effect: Plastic hinge rotation helps in nonlinear 
response judgment process as it reflects the degree of damage in structural members. 
The rotational angles of plastic hinges were calculated using their plastic curvatures 
and plastic hinge length excluding their elastic rotations [21]. The results show that the 
angle of plastic rotation is directly affected by the ratio of longitudinal reinforcement 
where on increasing % As beam with 120% the rotation is decreased with ratios varying 
from 50% to 100% according to the seismic wave nature as in Fig. 9. It should be 
mentioned that the time of first beam hinge was not increased significantly with 
increasing the % As beam, also the peak horizontal displacement of the fifth floor did not 
show clear increase even if the %As beam was duplicated as given in Fig. 8 and 11. 

One of the most significant effects of increasing the longitudinal reinforcement 
ratio of beams is the total number of plastic hinges whish are formed at the beam ends; 
where on duplicating the percentage of beam reinforcement the occurrence of beam 
plastic hinges directly responds to this increase with decreasing ratios varying from 
60% till 100% approximately as shown in Fig. 12. Also on taking the plastic hinges 
formed at column ends into consideration through the ratio of beam plastic hinge 
number to column plastic hinge number at different earthquake excitations, it was 
found that this ratio is decreased greatly by increasing the  % As beam as seen in Fig.10 . 

Since the damage study isn't restricted only to structural members but also to 
equipments placed on the floors and non-structural partitions, so it is required to study 
the floor peak accelerations and the inter-storey drifts. It is noticed that on increasing 
the % As beam to about 120% the peak floor acceleration show slight increase as in 
Fig.13. After calculating and plotting inter-storey drifts from every floor displacement 
at the moment of peak fifth floor displacement it did not show any significant relation 
with varying % As beam except for % As beam of 0.34% that keep constant drifts 
especially after raising the strength of ground columns to overcome high drifts of first 
stories as shown in Fig.14, 15 and 16.        

The maximum induced base shear of the frame was also noticed. On increasing 
the % As beam with 120% to reach 0.76% of beam cross-section, the maximum base 
shear was only increased with 20% - 25% as shown in Fig.17. 
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Fig.9: Max. beam hinge rotation 
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Fig.11: Max. Horizontal displacement 
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Fig.13: Max. 5th floor acceleration 
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Since the damage study isn't restricted only to structural members but also to 
equipments placed on the floors and non-structural partitions, so it is required to study 
the floor peak accelerations and the inter-storey drifts. It is noticed that on increasing 
the % As beam to about 120% the peak floor acceleration shows slight increase as in 
Fig.13. After calculating and plotting inter-storey drifts from every floor displacement 
at the moment of peak fifth floor displacement it did not show any significant relation 
with varying % As beam except for % As beam of 0.34% that keep constant drifts 
especially after raising the strength of ground columns to overcome high drifts of first 
stories as shown in Figs. 14, 15 and 16.        

The maximum induced base shear of the frame was also noticed. On increasing 
the % As beam with 120% to reach 0.76% of beam cross-section, the maximum base 
shear was only increased with 20% - 25% as shown in Fig.17. 
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Fig.14: Inter-story drifts due to El-Centro 
 

Fig.15: Inter-story drifts due to Al-Aqaba 
 

Fig.16: Inter-story drifts due to Lucerne 
 

Fig.17: Max. induced base shear 
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- Column longitudinal reinforcement effect: As mentioned above, the plastic hinge 
rotation is a useful comparison tool of nonlinear behavior.  The rotational angles of 
column plastic hinges were calculated using moment-normal forces interaction curves 
to take in consideration the corresponding normal force. The results show that the 
angle of plastic rotation is  affected by the column longitudinal reinforcement ratio in 
different manners as seen in Fig.18 ,where on increasing  % As col with 150% the 
column rotation vanishes and on increasing % As col with 100% the column rotation  
decreased with different ratios according to nature of the seismic wave. It should be 
mentioned that plastic rotations of beams was also influenced with increasing % As col, 
where it shows an increase with about 30% - 60% on increasing % As col by 150%  as 
shown in Fig. 19. The same as in beams the time of first column hinge did not increase 
significantly with increasing their longitudinal reinforcement ratios as illustrated in 
Fig.23, also the peak horizontal displacement of the 5th  floor was not affected by % As 

col 
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Fig.18: Max. Column hinge rotation 
 

Fig.19: Max. Beam hinge rotation 
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Fig.20: Max. Induced base shear 
 

Fig.21: Max. 5th floor acceleration 
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The total number of plastic hinges were noticed although this number is always 
less than the beam plastic hinges number. On increasing % As col with about     100% 
from 1.11% to 2.15% this number decreased with 80% according to El-Centro while 
still unchanged with respect to Aqaba. When the % As col reached 2.83% the column 
hinge formulation was completely suppressed as seen in Fig.22. Both peak floor 
acceleration and the maximum induced base shear showed no clear relation with 
increasing % As col as plotted in Fig.20 and 21 resp. except for Al-Aqaba at % As col of 
2.15% which show maximum responses. 
On studying the five-storey reinforced concrete frame inter- storey drifts due to 
increasing the % As col, it was found that there is no obvious percentage of column 
reinforcement to achieve minimum drifts as shown in Fig.24 and 25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Second case: Ten story R.C. frame 

- Beam longitudinal reinforcement effect: The results show that the angle of plastic 
rotation is affected by the ratio of longitudinal reinforcement where on increasing  % 
As beam with 55% the rotation is decreased with ratios varying from 25% to 50% 
according to the seismic wave nature and reach its minimum value at % As beam  equal 
0.53 %  as illustrated in Fig.31. Similar to five-storey frame the time of first beam 
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Fig.22: Total number of column hinges 
 

Fig.23: Time of first column hinge occurrence 
 

Fig.24: Inter-story drifts due to El-Centro 
 

Fig.25: Inter-story drifts due to Al-Aqaba 
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hinge was not increased significantly with increasing the % As beam.  There was no clear 
% As beam that may lead to decrease peak horizontal displacement as shown in Fig.26 
for El-Centro and Al-Aqaba. 

Similar to five-story frame; increasing the longitudinal reinforcement ratio of 
beams affects significantly the total number of plastic hinges formed at beam ends, 
where on duplicating the percentage of beam reinforcement the occurrence of beam 
plastic hinges directly responds to this increase with  reduction ratios vary from 27% 
till 36% but when the % As beam is increased with 55% the total number of plastic 
hinges only decreased by 13 % as illustrated in Fig.29. 
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Fig.27: Plastic hinges sequence due to Al -Aqaba earthquake in frame No.1 (5 -story case) 

Fig.26:Hz. displacement profile due to El-Centro and Al-Aqaba earthquakes at moment of 
maximum tip displacement 
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The maximum induced base shear showed an increase with different ratios 

(according to the earthquake nature) on increasing beam longitudinal reinforcement 
ratio as shown in Fig.30. Taking the plastic hinges formed at column ends on 
consideration through the ratio of beam plastic hinges number to column plastic hinges 
number at different earthquake excitations as in Fig.32; it was found that this ratio is 
decreased by 30% -80% by duplicating the  % As beam which indicates a low number of 
column plastic hinges formation.                  

Since it was important to notice the relative horizontal acceleration of floors to 
evaluate their shaking degree and the influence of changing the % As beam  on the 
acceleration value, it has been noticed that the lowest acceleration values were attained 
at the minimum beam longitudinal reinforcement ratio as seen in Fig.33. The inter-
story drifts due to Al-Aqaba were plotted in Fig.37 illustrating no clear effect. 
- Column longitudinal reinforcement effect: The results show that the angle of plastic 
rotation is  affected by the column longitudinal reinforcement ratio in different 
manners where on increasing  % As col with 100% the column rotation vanishes and on 
increasing % As col with 50% the column rotation  decreased with  about 50% 

0

0.01

0.02

0.03

0.04

0.05

0.06

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

% As of beams

M
ax

 b
ea

m
 r

o
ta

io
n

 (
ra

d
 )

AQABA ELCENTRO

30

35

40

45

50

55

60

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
% As of beams

T
o

ta
l n

o
. o

f 
b

ea
m

 h
in

g
es

 AQABA ELCENTRO

40

50

60

70

80

90

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

% As of beams

M
ax

 B
as

e 
S

he
ar

 (t
on

)

AQABA EL CENTRO

Fig.30: Max. Induced base shear 
 

Fig.29: Total number of beam hinges 
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Fig.32: Percentage of beam hinge to col. hinge 
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according to the seismic wave nature . It should be mentioned that the total number of 
column plastic hinges was also influenced with increasing % As col and that no hinges 
were formed at % As col   equals 2.15 % as shown in Fig. 34 and 35 respectively. The 
displacement profile due to Al-Aqaba was plotted in Fig. 36 showing no clear 
relationship with the % As col  . 

The inter-story drifts due to different % As col were plotted in Fig.37 showing 
that the maximum drifts were minimum due to column longitudinal reinforcement 
ratio. 

 

 
 

Fig. 33: Relative HZ. Acceleration profile due to El-Centro and Al-Aqaba earthquake 
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Fig.34: Max. Column hinge rotation 
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Fig.35: Total number of column hinges 
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Fig.38 Inter-storey drifts due to changing                 Fig.39 Inter-storey drifts due to changing 
     grade of conc. ( 10-storey frame)                            grade of conc. (5-storey frame) 
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Fig.36:HZ displacement profile due to Al-Aqaba earthquakes at moment of maximum tip 
displacement  
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Fig.40  Max. Base shear (10-stories frame)                   Fig.41 Total number of column  

                                                                            hinges (5-story frame) 
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Fig.42   Spectral accelerations of the three used earthquakes 
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Column concrete grade: on increasing frame number of stories the normal forces in 
columns is increased causing column cross-sections to be larger. Figs. 38 and 40 reflect 
steady inter-storey drifts and maximum base shear of the 10-stories frame respectively 
while Fig. 39 and 41 show slight effect of the 600 kg/cm2 grade of concrete on the 
inter-storey drifts and total number of column hinges respectively, so the overall 
seismic response of both frames did not show significant effect on increasing the 
column concrete grade till 600 kg/cm2    .     

 
Earthquake Nature Effect: 

As shown in Fig.42 both Al-Aqaba and El-Centro have higher values of pseudo 
spectral acceleration than Lucerne reflecting the lower response values of the frames 
subjected to that earthquake wave (in spite of scaling their PGA to     0.25G). As 
illustrated in the former results of Fig.11, 13, 14, 16, 17 and 21, Lucerne gives the 
lowest values of maximum horizontal displacement, inter-story drifts, induced base 
shear and peak floor relative acceleration. 
 
Plastic hinge 

The plastic hinge in a flexural member is a point (in fact it is a zone) on the 
longitudinal member axis, where the value of the bending moment equals to the plastic 
moment and where the discontinuity of first derivative of the deflection line (curvature) 
exists. For reinforced concrete (RC) members, this curvature depends on the tensile 
strain of the reinforcement and the compressive strain of the concrete. As concrete is a 
brittle material with little ductility, RC members achieve ductility and adequate 
deformation capacity mainly through the tensile straining or yielding of the 
reinforcement. When the tensile strain of the reinforcement is limited, such as in the 
case of over-reinforced RC beams and RC columns with large axial loads, whereby the 
tensile reinforcement does not yield and the member fails due to concrete crushing 
accompanied by buckling of compression steel, the ductility of the member is limited . 

 

7- CONCLUSIONS 
From nonlinear finite element analysis of the seismic behavior of multistory RC 
frames, the following conclusions were drawn out: 
1-  The propagation of plastic hinges is obtained. 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 

2.  Beam hinge rotation capacity decreases with a significant degree by increasing 
percentages of beam reinforcement ratio in both cases of multi-story RC frames. 

3.  Total number of column hinges and its rotation capacity are reduced with 
increasing percentages of column reinforcement ratio where the reduction degree is 
higher in 5-storey frame than that in 10-storey frame. 

4.  Increasing the longitudinal reinforcement ratio of beams decreases significantly the 
total number of beam plastic hinges formed at their ends while the time of first 
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beam hinge formation shows little retardation. 
5.  From studying both of maximum horizontal displacement and inter-storey drifts in 

the two cases, it was difficult to determine certain beam reinforcement ratio or 
column reinforcement ratio that lead to a general case of minimum drifts.   

6.  It has been noticed that the lowest acceleration values were attained at the 
minimum beam longitudinal reinforcement ratio but it needs to be investigated for 
more earthquakes with different response spectra. 

7.  Maximum induced base shear in both frames increased clearly with increasing of 
the % As beam while showed no clear relation on varying the % As col. 

8.  Using high grades of concrete for columns did not show any noticeable effect on 
the overall seismic response of frames.  

9- In the current study, two motions were considered but they are not enough to judge 
accurately the effect of input motion characteristics on the inelastic response. An 
extension of the study is needed for this point.     
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 3)6(D,ت اJ))^u+,ا a))\ ط((0ر %(($\*()دA0ر  ا)GM6م اf60))PG\ ھ((?ا o+)E4 0ر))GM64*(()ث ا =)G*[0ر  أو))GM6ا OP))Q
Collapse Mechanism  3)bG96 0ر)GM6ن اC)P4 أن a)P+43و)W3 ,�زا)G>60b,ا Sway Mechanism  أو

أن >Combined Mechanism .  a4C))P.أو f))2D, 3))bG96 Flexural Mechanism 0))+M1G[ �G))DIم 
 gGDE9,4) ا(W لC/و (ث [1(*36 4(D,3 اD^u+,ا$EGK.,ا  o)^iX O)^< 360:.8,ع او أن اC�8D,0د)Mcإ ،

Xن  إMc((0دo))^iX  ا,8.:((360و/((Cل C))�8D, O))^4ع O))>i  ا,.EGK(($W)4(() ا,gGD))E9 إMc((0د و[((0دة %((0ن 
  .under-reinforcedا,`0H[0ت >; >^+CP9, 0M+Gن 
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 jDb]3G[0ذb,3 اGYرXد (  اCPD, ً0`>ت و  ا,+^.يطpL1+D, ىC`,0ل و ا+WX0ب اE*,$60>+,ا.(  
 وأo)^i أ%`G(3إزاE6 3W(<3G  أHIJo^i$ >; درا:3 [)د \a \02,; ھ?ا ا,CDEك \oD] ;P*D,, 0M1 ا,CDEك ا

 3G>E6 3Db]3G`%3دوران  زاو34و  أD^u+,36 ا(D,ق  ا.)% 3>)E6 �,?)h ة.)+P,د واC)+2,ا a\ OP, 0M6CP< a\وز
  .Ciى jGDh �i  وأo^iاAزا0Wت 

gGD)E< ()4(W j>)E6 ا,P+(.ات >C)P< o)D] (]0)Eن [()د اa)\ .)>h ا,+J)^uت  اu86(0ض�DI ا,<*= إ,$ أن 
 oD] O+24 0+h 36(D,ز04دةا  �)`,ى اC)i ن و إ6`(0ص()D,ا,()وران ا o)D] 0M<ر()iة()+]X0 ا)M, ا,9($ >29(.ض 

 ;GiوjDb2,3 أG>E1,ط0ر اAا Z[اC0 طM, 0ض  أ\0 .ا,9$ >29.ضu86ا  gGDE< (4(W j>E6Xةا(+]  (]0EG%0�4أ 
 oD] O+24 36 و(D,ت اJ^u+,ا a\ .>hد ا(] نCP< oD]ز04دة  O)iا j>)E1[ a)P,ن و(D,ا,)وران ا oD] 0M<ر(i

 OPL[ات و.+P,ا $% jGD] C0 ھ+\gYط(.  أوX3%($ ا)�u81+,ط(.  اXا $)% j)1]3)2u<.+,م . ا()] aG)>< 0)+h
 j><ز04دة ر .G�x<360:.I ة(+]Xك  اCDE,ا oD]$,اf,f,ا DP,ط.اT, $ G60:3 3ا,8.ا*DE+,ا.  

فـــي أي وصـــله داخـــل  اللدنـــة المفصـــلةبحيـــث تتكـــون  الأعمـــدةلــذا يجـــب الحـــرص عنـــد تســـليح الكمـــرات و 
ممــا قــد الأدوار احــد  أعمــدهفــي أطــراف  جزئــي انهيــاربعيــداً عــن العمــود  خوفــاً مــن حــدوث  الكمــرةمنطقــه 
ويسمى هذا النوع من  كلي للمنشأ انهيارعنه  فينتج أسفلهاعلى الطوابق  أعلاهاسقوط الطوابق  إلىيؤدي 
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