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Abstract 
 Ten storiesïfive bays reinforced concrete frame (two dimensional beams and 

columns system) subjected to seismic hazard of the Mosul city/Iraq is analyzed. Plastic 

hinge is used to represent the failure mode in the beams and columns when the member 

yields. The pushover analysis is performed on the present building frame using SAP2000 

software (V.14) to verify code's underlying intent of Life Safety performance under 

seismic effects. The principles of Performance Based Seismic Engineering are used to 

govern the present analysis, where inelastic structural analysis is combined with the 

seismic hazard to calculate expected seismic performance of a structure. Base shear 

versus tip displacement curve of the structure, called pushover curve, is an essential 

outcomes of pushover analysis for two actions of the plastic hinge behavior, force-

controlled (brittle) and deformation-controlled (ductile) actions. Lateral deformations at 

the performance point proved that the building is capable of sustaining certain level of 

seismic load. The building clearly behaves like the strong column-weak beam 

mechanism, although the formed hinges are in the dangerous level according to Applied 

Technology Council (ATC-40) categories of structural performance and they need to be 

strengthened.  

Keywords: Building  frame, Nonlinear response spectrum, Pushover analysis, 

Reinforced concrete, Seismic performance. 
 

 ϣϳЯЃгЮϜ ϣужϝЂϽϷЮϜ ЭЪϝулЯЮ сЮϜϿЮϿЮϜ бууЧϧЮϜаϜϹϷϧЂϝϠ  ЭуЯϳϧЮϜсжнЫЃЮϜ ыЮϜ сГ϶ 

 
ϹгϲϜ Ёжнт дϝуУЂ .ϸ 

ϣужϹгЮϜ ϣЂϹзлЮϜ бЃЦЭЊнгЮϜ ϣЛвϝϮ  ̪ϣЂϹзлЮϜ ϣуЯЪ ̪ 

ϣЊыϷЮϜ 
в ϣжнЫвм ϣϳЯЃгЮϜ ϣжϝЂϽϷЮϜ ев ϢϹуЇв ϣтϝзϠ ЭуЯϳϦ бϦ ϣЂϜϼϹЮϜ иϻк сТХϠϜнА ϽЇК е аϝЗж) ϼнЃϮм ϢϹгКϒ  ϣуϚϝзϪ

ϹЛϡЮϜ (ЮϜ ϽуϪϓϦ ϥϳϦ ЙЧϦ ϣуЮϜϿЮϿЮϜ ϽАϝϷгϣзтϹгЮ ЭЊнгЮϜ / ФϜϽЛЮϜ .аϹϷϧЂϜ дϹЯЮϜ ЭЋУгЮϜ ЭуϫгϧЮ ЙЎм ЮϜЭЇУ сТ ЮϜϼнЃϯ 

ϢϹгКцϜм ИнЏ϶ ϹзК сϚϝЇжшϜ нЏЛЮϜ .ЬϝгϲцϜ ЩЯϦ ϽуϪϓϦ ϥϳϦ сжϝЂϽϷЮϜ ЭЫулЯЮ рϽϮϒ ЭуЯϳϧЮϜ  сГ϶ыЮϜ сжнЫЃЮϜ

аϜϹϷϧЂϝϠ ϭвϝжϽϠ )V.14 (SAP2000  ев ХЧϳϧЯЮсЂϝЂцϜ ЌϽПЮϜ ̭Ϝϸц ϣвыЂ  ϢϝуϳЮϜϽуϪϓϦ ϥϳϦ ϣуЮϜϿЮϿЮϜ онЧЮϜ .

ϒ ̳ϧЂ ̴ϹϷвϥ Ϙϸϝϡв ̭ϜϸцϜ сЮϜϿЮϿЮϜ ЮϧЭуЯϳϧЮϜ Ϝϻк бЫϳ ̪ϩуϲ еуϠ ЙгϯЮϜ бϧт сϚϝЇжшϜ ЭуЯϳϧЮϜ дϽвыЮϜ Йв ϣуЮϜϿЮϿЮϜ ϽАϝϷгЮϜ 

ϞϝЃϳЮ ̭ϜϸцϜ сЮϜϿЮϿЮϜ ЯЮ ЙЦнϧгЮϜϦ .сϚϝЇжшϜ ЭЫул ϣуЮϝϳЮϜ ЭуЯϳϧЮϜ ϣЧтϽА сГЛеК ϤϝжϝуϠ онЦ ϣтϹКϝЧЮϜ ЉЧЮϜ ̭ϜϾϖ 

Ͻу϶цϜ ХϠϝГЮϜ ϣϲϜϾϖ ЭЫулЯЮ мск ϽϡϧЛϦ ϾϽϠϜ ев ϤϝжϝуϡЮϜ ϣуЂϝЂцϜ ϜϻлЮ ϜЭуЯϳϧЮ ЭуЯϳϧЮϜ ̭ϜϽϮϖ бϧтм ̪ЌϜϽϧТϝϠ  еуЪнЯЂ

ЭуЯϳϧЮϜ ̭ϝзϪϒ дϹЯЮϜ ЭЋУгЮϜ РϽЋϧЮ еуУЯϧϷв ЮϜ пЯК ϽГуЃгЮϜ нк инЇϧЮϜ днЫт ϢϸϝК сЯуГв ЭЇТ) ϝгзуϠ дϽвыЮϜ РϽЋϧ

сТ  ЭЇУЮϜсУЋЧЮϜ ыЮϜ РϽЋϧЮϜ пЯК ϽГуЃгЮϜ ск ϢнЧЮϜ днЫϦ (дϽв.  ϤϝϲϜϾшϜ мϒ ϤϝкнЇϧЮϜ дϒϣуϡжϝϯЮϜ ϣГЧж ϹзК ̭ϜϸцϜ 

ϥϧϡϪϒ дϒ Ϝϻк пзϡгЮϜ пЯК ϼϸϝЦ пЯК ДϝУϳЮϜ ев еуЛв онϧЃв ϣЮнгϳЮϜ ϣуЮϜϿЮϿЮϜ .м ϱЎϜнЮϜ ев  ̯ϝЏтϒ сЮϝϳЮϜ ϓЇзгЮϜ дϒ 

РϽЋϧт ϰнЎнϠ ЭЫЇϠ вϝгЭϪ фϣуЮ СуЛЏЮϜ ϟϧЛЮϜ - ϸнгЛЮϜ ̪рнЧЮϜ дϒ ев бОϽЮϜ пЯК ϣжϹЯЮϜ ЭЊϝУгЮϜ ЭЪ сТ ск 

онϧЃв Г϶Ͻ ϤϝϛУЯЮ ϝЧТм ϣжмϹгЯЮ ϣ̲У̵зЋ̳гЮϜ 40- ATC ϽϡϧЛт рϻЮϜм  бЪϝϳЮϜ̭ϜϸчЮ сЯЫулЮϜ ϣϮϝϳϠ ϝлжϒм ϣтнЧϦ пЮϖ  ϣϯуϧж

ϼϜϽЎцϜ. 
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Introduction  
 Design of civil engineering structures is typically based on prescriptive methods of 

building codes. Normally in the static case, the loads on these structures are low and result in 

elastic structural behavior. However, under a strong seismic event, a structure may actually be 

subjected to forces beyond its elastic limit. Although building codes can provide a reliable 

indication of actual performance of individual structural elements, it is out of their scope to 

describe the expected performance of a designed structure as a whole, under large forces. 

With the availability of fast computers, so-called Performance-Based Seismic Engineering 

(PBSE), where inelastic structural analysis is combined with seismic hazard assessment to 

calculate expected seismic performance of a structure, has become increasingly feasible [1,2]. 

Nonlinear time history analysis is a possible method to calculate structural response under a 

strong seismic event. However, due to the large amount of data generated in such analysis, it 

is not considered practical and (PBSE) usually involves nonlinear static analysis, also known 

as pushover analysis. Furthermore, modern building codes such as International Building 

Code  (IBC 2006) and Federal Emergency Management Agency (FEMA 356-2000) favor 

more accurate procedures (as pushover analysis) over traditional linear-elastic methods for a 

more thorough analysis. Recently many researchers decide how to improve, optimize and 

control the performance-based seismic design of structures. BAI JiuLin and OU JinPing [3] 

combined the failure path and the probability of occurrence for plastic hinges to strengthen 

the columns and beams, then considered it is a feasible way to improve the seismic capacity 

of the frame structure. Vijayakumar A. and Venkatesh Babu D. L. [4] analyzed three existing 

buildings using pushover analysis, these buildings were previously designed according to 

Indian standards, they concluded that these buildings were inadequate in seismic 

performance, and they suggested before rehabilitation work, it was necessary to check the 

ultimate capacity of the these buildings to determine the strengthening volume. 

 In the present study the presumed building is evaluated for inelastic response of the 

lateral static loads, equivalent to expected seismic loads, directly applied to the joints of 

building frame.   

 

Seismic Loads on The Frame 
1. Base shear force 

       The Uniform Building Code (UBC1997) [5] requires that the ñdesign base shearò, V, is to 

be evaluated from the following formula: 

V = (ZIKCS)W                                                                                                                  (1)  

where: 

K = Inelastic behavior factor of the structure given in Table 1. 

W = The total seismic weight of the structure. 

S = Site coefficient for soil characteristics given in Table 2. 

Z = Seismic zone factor that depends on effective peak ground accelerations in the specified 

area given in Table 3. 

I  = Importance factor. Classifying buildings according to importance:  

¶ Special occupancy structures, standard occupancy structures (I =1.5). 

¶ The building must remain functioning in a catastrophe (I =1.25). 

¶ Hospitals, communication centers, fire and police stations (I =1.0). 

C = Stiffness factor of the structure depends on the fundamental period of vibration (seconds). 

This factor is approximately calculated from the following relation [5,6] and not more than or 

equal to (0.12): 
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where T represents the building's fundamental period of vibration in seconds. There are two 

relations in UBC are used to estimate T, the more accurate one is:     

 
Table (1): Inelastic behavior factor of the structure (K)[5]. 

K  
factor 

Type of structure 

2.0 Special structures : Chimney, TV Towers, é.etc. 

1.3 RC shear wall building frames. 

 

 

 

1.0 

0.8 

RC beam-column building frames systems with or without connected shear 

walls according to the resistance of this system, the resistance must not be 

less than : 

25% of the total horizontal loads applied to the structure. 

50% of the total horizontal loads applied to the structure. 

2.5 Elevated water storage tanks or other the same of this construction (carried 

on 4 columns) stiff connection in horizontal plane. 

1.0 The structures that are not mentioned above. 

 
Table (2): Site coefficient for soil characteristics (S)[5]. 

Soil 

Profile 

Description Coefficient 

S 

S1 A soil profile with either: 

¶ Rock of any characteristic, whether shady or crystalline, 

     which has a shear wave velocity greater than 750 m/sec. 

¶ Rigid soil conditions where the soil depth is less than 60  

     meters, and the soil types over the rock are stable 

deposits         of sand, gravel or stiff clay. 

1.0 

S2 A soil profile with deep non-cohesive conditions or rigid 

clay, 

where the soil depth exceeds 60 meters, and the soil types 

over  

the rock is stable deposits of sand, gravel or stiff clay. 

1.2 

S3 A soil profile containing form 6 to 12 meters of soft or 

medium-stiff clay with or without intermediate non-cohesive 

soils layer. 

1.5 

S4 A soil profile for a shear wave velocity less than 150m/sec 

which contains more than 12 meters of soft clay or limos. 
2.0 

 

 



Al-Rafidain Engineering                     Vol.21                      No. 3                June   2013  

 

ом 

 

Table (3): Seismic zone factor (Z) [5]. 

Zone 0 1 2A 2B 3 4 

Z factor 0 0.075 0.15 0.2 0.3 0.4 

D

h.
T n³=

090
                                                                                                                     (3) 

In all cases the product of coefficients (KC) is restricted to (0.06-0.25) [5]. 

2. Equivalent lateral static loads  

 The base shear force is distributed as a lateral force, which effects on the joint, at each 

level of the frame so that:   

ä
=

+=
n

i

it FFV
1

                                                                                                                   (4) 

The concentrated force (Ft) at the top of  building frame is calculated by: 

sec7.00.0

sec7.0.07.0

¢=

>=

TifF

TifVTF

t

t

                                                                                     (5) 

The lateral forces applied on the stories, as shown in Figure (1), are calculated from the 

following form: 

ä
=

-=
n

i
ii

yy
tx

hW

hW
)FV(F

1

                                                                                                   (6) 

where: 

V   =  Base shear force.                                 hy = Height at the y level of the frame. 

Fx  =  Lateral force applied on the y level of the frame. 

Wy = The total vertical loads (dead and 25% live loads) concentrated at the y level. 

n    = Number of building stories.                 Wi = Weight of the story i.     

hn   =  Total height of the frame.         and     D = Width of the frame plan. 

 

Pushover Analysis 
 Pushover analysis is a static, nonlinear procedure in which the magnitude of the 

structural loading is incrementally increased in accordance with a certain predefined pattern. 

Static pushover analysis is an attempt by the structural engineering profession to evaluate the 

real strength of the structure and it promises to be a useful and effective tool for performance 

based design. 

 The ATC-40 and FEMA-356 [7,8] documents have developed modeling parameters, 

acceptance criteria and procedures of pushover analysis. These documents also describe the 

actions followed to determine the yielding of frame member during the analysis. Two actions 

as shown in Figure (2) are used to govern the inelastic behavior of the member during the 

pushover analysis, that are deformation-controlled (ductile action) or force-controlled (brittle 

action) [7,8]. 
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 As shown in Figure (2i), five points labeled A, B, C, D, and E are used to define the 

force-deflection behavior of the hinge. In this figure, the deformations are expressed directly 

using terms such as strain, curvature, rotation, or elongation.  

 

                    

                   

   

 

 

 

 

 

 

 

 

 

 
Figure (1): Distribution of lateral  static forces equivalent to seismic loads. 

 
 

 The parameters (a and b) shall refer to those portions of the deformation that occur 

after yield (from B to D on the curve); that is, the plastic deformation. The parameter (c) is the 

reduced resistance after the sudden reduction from C to D. Parameters   (a, b, and c) are 

defined numerically in various tables in reference [9]. 

 Alternatively, it shall be permitted to determine the parameters a, b, and c directly by 

analytical procedures justified by experimental evidence [7,8]. The slope from point B to C, 

ignoring effects of gravity loads acting through lateral displacements, shall be taken between 

zero and 10% of the initial slope unless an alternate slope is justified by experiment or 

analysis.  

 

 

 

 

 

 

 

 

 

 

       (i)Deformation-controlled option          (ii)Force-controlled option  

                    flexural failure                                     shear failure 

Figure (2): Schematic depictions illustrating inelastic 

 idealized force-deformation relationships. 
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 Tables (3) and (4) show the values of parameters (a, b, and c) for both beams and 

columns. Generally these parameters depend on the section properties such as steel ratio in 

the tension and compression fibers, balanced steel ratio for the section, design shear strength, 

design axial load, compressive strength of concrete, and cross section area.   

 

Acceptance Criteria (Performance Level) 
 Three points labeled IO, LS and CP  as referred in Figure (2i) are used to define the 

Acceptance Criteria or performance level for the plastic hinge formed near the joints (at the 

ends of beams and columns). IO, LS and CP stand for Immediate Occupancy, Life Safety and 

Collapse Prevention, respectively. The values assigned to each of these points vary depending 

on the type of member as well as many other parameters defined in the ATC-40 and FEMA-

273 documents. Tables (4) and (5) show the values of Acceptance Criteria for both beams and 

columns, whereas      Table (6) describes the structural performance levels of the concrete 

frames [7,8].   

Nonlinear Hinge Property 
 In the present study, the nonlinear hinge properties, as assigned in SAP2000 model 

[10], are calculated as described in the following: 

1. Axial load-bending moment (P-M) interaction surface:  

 P-M interaction surface determines the load at which a reinforced concrete section of 

the beam or column becomes inelastic and forms a hinge. For a given section geometry, 

material and reinforcement, P-M interaction surface was calculated using SAP2000 section 

designer module according to ACI code (2002) [10].  

 The stress-strain curve for concrete suggested by Kent and Park [11] and stored in 

SAP2000 software is used to complete P-M  interaction curves for the sections in the frame. 

2. Moment-plastic rotation (M- ɗp) relation: 

 M-ɗp relation for a member section consists of plastic rotation and corresponding 

moments as ratio of yield moment .This relation affects the behavior of a section once a hinge 

forms there. All values needed to define M-ɗp relation may be obtained using Tables (4) and 

(5). Plastic hinge length required for this calculation was based on FEMA guidelines. 

 

Numerical Application And Structural Capacity  
Example 1 

 A five bays-ten stories regular frame in reinforced concrete is considered as a 

numerical case. The building frame consists of structural elements as follows: 

1. (450×450 mm) square RC columns, reinforced with (12 Ø 25 mm), shear stirrups  

  of (Ø8 mm @ 200 mm c/c). 

2.  (300×450mm) RC beams, reinforced with (4Ø22mm) as tensile and compression       

steel with shear stirrups of (Ø10mm @ 200mm c/c).  

3.  (125 mm) thickness of RC slab.  

The concrete strength at 28-days is (f'c= 25.0 N/mm
2
) and the reinforcing steel used is high-

yield-strength deformed bars, that is (fy = 415 N/mm
2
). The building frame consists of (4 m) 

bay width and (4 m) story height, with no structural and geometric irregularities and 

assumed to be located in (Zone II) with soil condition as ñmediumò type. Using the 

expressions for axial load-bending moment (P-M) interaction and moment-rotation 

relationship in the modeling of hinge behavior for the beams and columns [13]. Figure (3) 
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shows the P-M interaction details for the beam hinges to be used in the model, the P-M 

interaction is constructed by the source files of SAP2000 software. Figure (4) shows the 

moment-rotation relation of tension hinge of the beam, which is constructed using the 

properties of RC sections and related formulas for calculating of this relation [14]. 

 

Table (4) :Modeling parameters and numerical acceptance criteria for nonlinear 

procedures-reinforced concrete columns [8]. 

 

 



Al-Rafidain Engineering                     Vol.21                      No. 3                June   2013  

 

ор 

 

Table (5) :Modeling parameters and numerical acceptance criteria for nonlinear 

procedures-reinforced concrete beams [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table (6): Description of performance levels of the concrete frame [12]. 
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Similarly, P-M interaction details and moment-rotation for column hinges are shown in 

Figures (5) and (6), respectively. The building frame is modeled by two nodes frame elements 

(three degrees of freedom in each end) through computer program SAP2000 (V.14) model 

construction window, using the geometric and structural details as mentioned above. 

 

 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 
   

 Figure (3): P-M interaction curve for beam hinges. 
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Figure (4): Moment-rotation for beam hinges. 

 

Yield Rotation of 

the RC Beam 

 

Sub-domains 1-2 
yielding of steel 

Sub-domains 3-6 

   crushing of concrete 
 

 


