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Abstract: Multi-story steel buildings of various heights under the action of earthquake force are analyzed by 

using time-history analysis technique. The ground motion records of El Centro, California in 1940 are 

considered in this study. Different types of stiffening systems (bracing and shear walls) are used for the 

considered buildings. The main objective of this study is to evaluate the response of steel structures subjected 

to earthquake excitation and to investigate the effect of various stiffening systems in improving the response of 

these buildings. The finite element method of SAP 2000 V17program is used in the analysis. A static analysis 

is conducted to obtain an indication on the stiffness of the studied stiffening models in order to interpret the 

stiffness effect on the response of the structures under the seismic load. It is found that, the natural period of a 

structure is highly affected by the height of the structure and the used stiffeningsystem. It is inversely 

proportional with the stiffness and directly proportional with the height of the structure. It is concluded that 

the roof displacement andits maximum value at a specific momentdoes not give a clear indication for the 

behavior of building. Therefore the full time response of the building must be considered. Also it has been 

concluded that it is not necessarily when the stiffness of a building increases, the roof or any story 

displacement of the building decreases under earthquake load. 

Keywords: Earthquake Force, Seismic Load, Bracing, Shear Wall, Time-History, stiffening, Steel 

Buildingsand Free Vibration. 

 

I. Introduction 
Earthquakes are one of the most devastating natural hazards that cause great loss of life and 

livelihood. An earthquake is one of the periodic adjustments that the earth makes in its evolution [1]. If the 

base of a structure is suddenly moved, as in a seismic event, the upper part of the structure will not respond 

instantaneously, but will lag because of the inertial resistance and flexibility of the structure [2]. The resulting 

stresses and distortions in the building are the same as if the base of the structure is to remain stationary while 

time-varying horizontal forces are applied to the upper part of the building[2].These forces, called inertia 

forces. In general, tall buildings respond to seismic motion differently than low-rise buildings. The magnitude 

of inertia forces induced in an earthquake depends on the building mass, ground acceleration, the nature of the 

foundation, and the dynamic characteristics of the structure [2]. The solution of a typical structural dynamic 

problem is considerably more complicated than its static counterpart. This is due to the addition of new forces 

of inertia and damping to the forces of elastic resistance of the system, and due to the time dependency of all 

of these forces. The dynamic problem from time dependency standpoint is not simply solving as the static 

problem only, but it is different in character [3]. 

The performance of buildings under earthquake load has been the subject of many studies over a 

number of years. Pundkar and Alandkar, 2013[4], modeled four high-rise steel buildings having nineteen 

stories and situated in zone III according to IS 1893:2002 [5]with different steel plate shear wall (SPSW) 

locations. The buildings were analyzed for same geometry and loading. The analysis of steel plate shear wall 

building was carried out by using the response spectrum analysis of SAP2000 V15Software. The results 

revealed that due to presence of SPSW the total weight of steel in building decreased. Also it is observed that 

placing the shear wall away from the center of gravity resulted in the increase in lateral deflection. Verma, et. 

al, 2014[6], investigated the structural behavior of the buildings with shear walls at different locations. Ten-

stories and fifteen-stories reinforced concrete frames situated in seismic zone V, as per IS 1893:2002, have 

been analyzed by using the seismic coefficient method of STAAD PROsoftware. It was found that with the 

incorporation of shear walls story drift and average displacement decrease considerably. Dhiman, et. al, 

2015[7], investigated the seismic performance of a fourteen story steel building considering different bracing 

patterns in seismic zone IV as per IS 1893:2002. STAAD V8i software was used. It has been concluded that 

the maximum reduction in the lateral displacement occurred after the use of cross bracing system.Chadhar and 

Sharma, 2015[8], used Staad ProV8i program and studied the response of the reinforced concrete (RC) 

moment resisting bare frame and RC moment resisting frame with steel bracing system or with shear wall 

system. Three different heights of building as low rise, medium rise and high rise were taken. It was found 

that RC moment resisting building frame with different types of bracing system and different configurations 
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of shear walls have better resistance against earthquake forces. Also it was concluded that the steel bracing 

system provides better performance than shear wall system for various heights of building.In this study time-

history analysis technique is used to analyze different building models by using SAP2000 V17 software. In 

time-history analysis method, the mathematical model is subjected to full range of accelerations for the entire 

duration of earthquake by using earthquake records that represent the expected earthquake at the base of the 

structure.  

 

II. Structural Modeling 
1. Structuralconfiguration 

The structural frame model of Ref. [9] is used in this study. The Indian standard IS 800:2007[10] is 

considered in the design of the steel structure. IS 875-1 (1987) [11] and IS 875-2 (1987) [12] are used to 

evaluate the applied dead and live load, respectively. The studied models are analyzed by time-history 

analysis technique.In this study eleven buildings are considered.All buildings have similar plan dimensions 

but differ in the number of stories.The number of stories included in the investigation are (G + 4, 6, 8, 10, 12, 

14, 16, 18, 20, 30 and 40). The considered steel frames are provided with different stiffening systems. As 

defined in Table (1), eleven models are proposed for each building of specific number of stories. The first 

model is a rigid bare frame, followed by six rigid steel frames with different patterns of concentric steel 

bracing systems. The bracing members are provided at the peripheral edges of the building. Other three 

models of rigid steel frames with different positions of reinforced concrete shear wall (250 mm thick) are 

used. The last considered model is a hybrid frame which includes both the shear wall and  bracing systems. 

The plan of the steel framed building and the description of different models for ten stories (G+10) 

building are shown in Fig.(1). Similar configurations are used for the other studied buildings with different 

number of stories.The dimensions in plan of the studied buildings are 36m (in X direction) and 30 m (in Y 

direction). The bays are (6m * 6m) center to center in both directions with six bays in X direction and five 

bays in Y direction. Each building essentially consists of deck concrete slab (150 mm thick) resting on the 

steel beams. This slab and beam structural system is supported on the steel columns. Typical floor to floor 

heights measured from centers of beams, including the ground floor, are 3m. The column bases are modeled 

as fixed at the ground level.  

 

Table (1) Description of stiffening systems for the considered models. 
Model No. Improvingsystem Description ofimproving system 

(1) Withoutimproving ----- 

(2) Bracing X bracing at the corners 

(3) Bracing diagonal bracing 

(4) Bracing double X bracing 

(5) Bracing inverse V bracing 

(6) Bracing V bracing 

(7) Bracing full X bracing 

(8) Shear wall shear wallsat corners 

(9) Shear wall shear walls at the coreof the building 

(10) Shear wall shear walls at  the peripheraledges of the building 

(11) Bracing andShear wall shear walls and bracing at  the peripheral edges of the building 

 

The mass of each element is assumed to be concentrated at the nodes. The distribution of element 

mass is equally divided between nodes. The mass of the structure includes the applied dead load, including 

the self-weight, and live load. The mass is equal to the weight defined by the dead and live load divided by 

the gravitational acceleration (g). All the dead load and only 25 percent of the live load is considered as per IS 

1893-1 (2002) [5]. 

 

 
Plan diagram                 Model (1) Model (2) Model (3) 
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Model (4) Model (5)Model (6)Model (7) 

 

 
Model (8) Model (9) Model (10)Model (11) 

Figure (1) Plan diagram and steel framed models of (G+10) stories building. 

 

2. Member sizes 

The section sizes of the used beams, columns and bracings are shown in Table (2).All the beams and 

bracing members in the studied buildings are I- beam section ISMB 550 for beams and BR 230*230*40 angle 

section for bracings. Sections of columns are reduced from bottom to top which is same for every ten stories. 

The column sizes along the height of the buildings with different number of stories are summarized in Table 

(3). 

Table (2) Size of beams, columns and bracings. 

 
 

Table (3) Columns sizes along the height of the studied buildings 
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3. Applied loads 

The steel buildings are analyzed for dead, live, and earthquake loads. (a) Dead load: In addition to 

the self –weight, the floor dead load is taken as (2 kN/m²) and the roof dead load as (4 kN/m²). (b)  Live load: 

The floor live load is taken as (3 kN/m²) and the roof live load as (1.5 kN/m²).According to the IS 1893-1 

(2002) [5], in the seismic analysis, all dead load and only 25 percent of the live load is to be considered when 

the imposed uniformly distributed floor load is less than or equal to (3 kN/m²). (c)earthquake functional load: 

All the studied models are subjected to the north – south component of the ground motion recorded in X 

direction at the site in El Centro, California in 1940. The acceleration values are applied to the base of the 

buildings during 50 seconds for each 0.02 second time intervals. 

 

4. Material properties 

Steel is used in modeling of beams, columns and bracing members. Reinforced concrete is used in 

modeling of the deck slabs and shear walls. Damping ratio of (ζ = 0.02) is assumed. The material properties 

for the used steel and reinforced concrete are presented in Tables (4) and (5), respectively.  

 

Table (4) Steel properties.  Table (5) Reinforced concrete properties. 

 
 

III. Finite Element Modeling 
The finite element method is one of the most powerful methods for solving partial differential equations, 

particularly when these equations are applied over complex shapes with complex boundary conditions [13]. 

1. Types of used elements  

In this study the finite elements analysis program SAP2000 is used to formulate and analyze the 

whole system.This program contains several types of elements which can be used toformulate the structural 

problems. For the superstructure, two different types of elements are used.The first type is SHELL element 

(AREA element), which is a four-node quadrilateral shellelement with both bending and membrane 

capabilities as shown in Fig. (2).This element is used to simulate the slabs and walls of the structure. The 

element has six degrees of freedom at each node: translations in thex, y, and z directions and rotations about 

the x, y, and z-axes. 

The second type of element is the BEAM element (FRAME element) with axial force, torsion, and bending 

capabilities.This element is used to represent beams, columns and bracing of the structure.A Frame element is 

modeled as a straight line connecting two points. The element has six degrees of freedom at each node: 

translations in the x, y, and z directions and rotations about the x, y, and z axes as shown in Fig. (3). 

 

 
Figure (2) Four node quadrilateral shell element[14]   Figure (3) Frame element[14] 

 

2. Mesh Size 
Eight models with different mesh sizes are examined to select a suitable mesh size which gives 

results with acceptable accuracy along with relatively less time to complete the analysis process. The main 
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parameters considered for this purpose are the maximum roof displacement in X direction, maximum base 

shear in X direction and the fundamental natural period. The ten stories (G+10) rigid steel frame is analyzed 

and the examined mesh sizes are 0.25m, 0.5m, 0.75m, 1m, 1.25m, 1.5m, 2m and 3 m. The results of the study 

are presented in Table (6). It has been found that the model with mesh size of 1m shows acceptable results for 

all studied parameters. Therefore, mesh size of 1m is used throughout this study.   

 

Table (6) Results of models with different mesh sizesfor (G+10) stories rigid steel frame. 
Ratio* {3} 

Fundamental time 

period of first mode 
(sec) 

{2} 

Max.             

Base shear in X 
direction (kN) 

{1} 

Max. Roof 

displacement in 
X direction 

(mm) 

Mesh Size 

(m*m) 

Model 

No. 

{3} {2} {1} 

1 1 1 16441.1 0.1.3 31160 0.25 * 0.25 (1) 

36110 3610 3611 164501. 05113 31065 0.50 * 0.50 (2) 

3611. 361. 3611 1645513 04033 31063 0.75 * 0.75 (3) 

36115 361. 3611 1645033 04553 31.6. 1.00 * 1.00 (4) 

36114 3615 3611 164501. 04453 31.64 1.25 * 1.25 (5) 

36114 3615 3611 1645411 04003 31.63 1.50 * 1.50 (6) 

36110 3615 3614 1645141 04343 31561 2.00 * 2.00 (7) 

36111 3614 3614 164.344 00133 31461 3.00 * 3.00 (8) 

(*) The ratio is relative to result of 0.25m mesh size. 

 

IV. Results 

The response of the studied structures is investigated through several parameters such as the story 

displacement, story drift, maximum roof displacement, average roof displacement, base shear and 

fundamental natural period. The results of average roof displacement (Δ), maximum roof displacement (δ), 

time of maximum roof displacement (T), maximum base shear (V) and the fundamental natural period (Tn) 

for all considered buildings with different heights and different stiffening systems are presented in Table 

(7).The average roof displacement represents the average value of the 2500 results records, for each 0.02 sec, 

during 50 sec of earthquake action. 

 

Table (7) Results (avg. roof displacement,  max. roof displacement, time of max. roof displacement, max. 

base shear and the fundamental natural time period) of  all studied buildings 

(a) (G + 4) St.                                                                       (b) (G + 6) St. 

 
(c) (G + 8) St.                                                                                (d) (G + 10) St. 
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Table (7), Continued. 

(e) (G + 12) St.                                                                            (f) (G + 14) St. 

 
                         

(g) (G + 16) St.                                                                              (h) (G + 18) St.   

 
 

(i) (G + 20) St.                                                                 (j) (G + 30) St. 

 
 

(k) (G + 40) St. 
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The story displacement for all considered buildings are presented in Fig. (4). 

   
(a) (G + 4) St.                                                 (b) (G + 6) St. 

 

   
(c) (G + 8) St.                                                               (d) (G + 10) St. 

 

   
(e) (G + 12) St.                                                               (f) (G + 14) St. 

Figure (4) Story displacement for all models 
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(g) (G + 16) St.                                                             (h) (G + 18) St. 

 

  
(i) (G + 20) St.                                                             (j) (G + 30) St. 

 

 
(k) (G + 40) St. 

Figure (4) Continued. 
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V. Static Analysis 
The stiffness of (G + 10, 12, 14 and 40) stories buildings are investigated for all types of stiffening 

systems by applying a 60000 kN lateral static point load in the X direction at the roof level. These heights of 

buildings are particularly considered, since for these number of stories the behavior of some studied models 

reveals special characteristics.This load is proposed as it represents approximately the average value of the 

base shear in the different studied buildings. The objective of this analysis is to have an assessment of the 

stiffness of the studied models in order to interpret the stiffness effect on the response of the buildings in the 

cases of free vibration and earthquake loading. Depending on the definition of stiffness, the stiffer model is 

the one which gives less displacement. The results are shown in Table (8) and Figs. (5) and (6). 

 

Table (8) Roof displacement for different models of (G + 10,12,14 and 40) stories buildings subjected  to 

lateral static point load in X direction 

 
 

 
Figure(5) Roof displacement for different modelsof (G + 10, 12, 14 and 40 )stories buildings subjectedto 

lateral static point load in X direction 

 

 
Figure (6) Story displacement for different models of (G + 40) stories buildings subjected to lateral static 

point load in X direction 
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VI. Discussion of Results 
1. Free Vibration Analysis  

The fundamental natural period (Tn) of all studied models for all buildings is presented in Fig. (7). 

The relationships between the height of buildings versus the fundamental natural period for each considered 

stiffening model are presented in Fig.(8). It appears from Figs. (7) and (8) that the natural time period  of a 

structure is highly affected by its height and properties of the used stiffening system. The fundamental natural 

period of a building increases by increasing the height of the building. Also,it can be seen that for the same 

height of a building, the used stiffening system highly affects the fundamental natural period. The 

fundamental natural period for the building without stiffening is more than other models and it reduces to 

largest extent for mode(11) in all considered cases. The values of Tn for models (1) and (11), from Table(7), 

are 0.6018 sec and 0.16208 sec for building (G + 4) st, are 1.69764 sec and 0.48463 sec for building (G + 12) 

st, 2.72803 sec and 0.87329 sec for building (G + 20) st and 5.04417 sec and 2.03422 sec for building (G + 

40) st. 

 
Figure (7) Fundamental natural period T1 (sec) of all studied models and buildings. 

 

 
Figure (8)The relationship between the height of buildings versus the fundamental natural period 

 

2. Response Due to Earthquake Force 

2.1 Roof Displacement 

The dynamic analysis results of first four buildings (G + 4, 6, 8 and 10) stories show that the 

maximum lateral roof displacement (δ) under the action of earthquake force is maximum for the building 

without stiffening. The results indicate that when the stiffness of a building increases as shown in Fig.(4) and 

Table (7) the stiffened building undergoes less displacement. The displacement ratio of the maximum roof 

displacements for the stiffened models to the results of first model (without stiffening), are presented in Table 

(9).The stiffening model which shows the lesser maximum roof displacement (δ) under the action of 

earthquake force for the considered four building is given in Table(10). In this comparisonthe models(2
nd

 

to7
th

) in which bracing is used are treated alone and the models (8
th

 to 10
th
) in which the stiffening is by shear 

walls is considered alone. However, it should be remembered here that model No.(11) of mixed bracing and 

shear walls gives least (δ) displacement. 
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Table(9) The displacement ratio of themaximum roof displacements for the buildings of (G + 4, 6, 8 and 10) 

stories 

 
 

Table(10) Better braced frame and frame stiffened by shear wall for (G +4, 6, 8 and 10) story  buildings under 

earthquake load 

 
 

The results of (G + 12) story building shows that the stiffening model 2, which consists of rigid steel 

frames with X bracing at corners, gives larger displacement  than the one without stiffening (model 1) and all 

the other models. From the results of the static analysis as shown in Fig.(5) and Table (8) it is found that 

model 2 is stiffer than model 1. However, in the dynamic analysis it is observed that the maximum roof 

displacement of model (2) is more than that of model (1), as shown in Fig.(9). The full time roof response for 

models (1) and (2) are investigated in Fig.(10). The results show that the roof displacement of model (2) is 

more than of model (1) only in few seconds of time period of earthquake. Therefore the average roof 

displacement is proposed as a comparison parameter to have more realistic vision about the behavior of 

buildings under earthquake force. The results of average roof displacement, Table (7-e), show that during the 

full time of the applied earthquake load, model (1) which has less stiffness gives more displacement than all 

other models. 

  
Figure (9) Story displacement for models (1) and 

(2)  of 12 story building 

Figure (10) Roof response during full earthquake time 

for models (1) and (2) of 12 story building 
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The same finding that the stiffened building gives larger maximum roof displacement than model (1), 

which is unstiffened, is also recorded in other buildings of (G + 14, 16 and 30) stories. Model (2) and (8) of 

(G  + 14) building, model (10) of building (G + 16) and model (2), (8) and (10) of building (G + 30) show this 

characteristic. This is demonstrated in Figs. (11), (12) and (13). However depending on average roof 

displacement, it is found that during the full time of the applied earthquake load, the unstiffened model gives 

more displacement than all other models. 

 

 
Figure (11) Story displacement for models (1), 

(2) and (8) of 14 story building 

Figure (12) Story displacement for models (1) and (10) of 

16 story building 

 

 
Figure (13) Story displacement for models (1), (2), (8) and (10) of 30 story building 

 

From these results it may be concluded that the roof displacement doesn’t give a clear indication on 

the behavior of the building. Therefore, the full response of the building must be considered. Worthwhile it is 

to note that for building (G + 30) story the average roof displacement for stiffened models (2) and (8) is larger 

than that of unstiffened model (1). This can be seen in Table (7-j). The story drifts versus number of stories 

relationships for model (1) and (10) of (G + 16) story building are shown in Fig. (14). From this Figure it is 

found that the story drift for model (1) is more than that for model (10) until the ninth story, after which 

model (10) give larger story drift. 

 
Figure (14) Story drift for models (1) and (10) of 16 story building 
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The results of (G + 40) story buildings show different behavior relating to the roof displacement. 

From Table (7-k) the average roof displacement of unstiffened model (1) has smaller value than other models 

in most cases, during the earthquake time. This leads to the conclusion that under earthquake forces it is not 

necessarily when the stiffness of a building increases, the roof and story displacement of the building 

decrease.Theincrease in the building displacement after stiffeningmay be attributedto that these buildings will 

have a shorter period of vibration, because of its greater stiffness. The shorter period may lead the natural 

frequency of the structure to approach the applied earthquake vibration and subsequently increase the 

displacements. 
 

2.2 Base shear 

The base shear results for the considered heights of buildings show that the effect of the used 

stiffening system becomes more pronounced in taller structures. The effect of used stiffening system begins to 

be pronounced in the case of (G + 10) story building. Table (7) shows the results of the base shear (V) for the 

different buildings. The table reveals that using of bracing and shear walls enhances the base shear.  

The base shearratios (R) calculated relative to the value of first model for all buildings are presented in Table 

(11). 

Table (11) Base shear ratio(R)for all buildings 

 
 

VII. Conclusion 
The analysis of the structures with different number of stories and different types of stiffening 

systems shows that the natural period of a structure is highly affected by the height of the structure and the 

characteristics and properties of the used improving system. It is directly proportional to its number of stories 

and inversely proportional, but non-linearly varying with the stiffness of structure. It is found that the stiffness 

of the structures always increases and is highly affected by using bracing and shear walls. The frame response 

under earthquake load is highly affected by bracing patterns and shear walls positions. It is found that the base 

shear is not sensitive in low rise buildings, its effect is obvious in buildings which contain more than ten 

stories and in most cases the use of different bracing patterns and shear walls enhances the base shear.Also it 

observed that theroof displacement doesn’t  give a clear indication on the behavior of the building. The full 

time response of the building must be considered.The study shows that it is not necessarily when the stiffness 

of a building increases, the roof and story displacement of the building decrease under earthquake load. 
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