
51 

 

 

 

 

 

ESTIMATION OF DAMAGE INDEX FOR REINFORCED 

CONCRETE SMRF DESIGNED USING PERFORMANCE-

BASED PLASTIC DESIGN METHOD 
 

Mohamed K. El-Kazak 
PhD, Structural Engineering, Cairo University, Giza, Egypt. 

 

 : ٍيخص اىجؾش

عزخذاٍٖب ٍئخشاً فٚ اىزصٌَٞ اىضىضاىٚ ىيَْشآد. اشبم  (PBPD) غشٝقخ اىزصٌَٞ اىيذُ اىقبئٌ عيٚ ادداء

ٗ َٕب قٌٞ ٍخزبسح عيفبً قجو  ,شؤْىيَرغزٖذف ٕزٓ اىطشٝقخ اصاؽخ أفقٞخ ٗ آىٞخ اىؾشمخ عْذ اى٘ص٘ه اىٚ ؽَو اىخع٘م 

ٗ  ,اغبساد ٍِ اىخشعبّخ اىَغيؾخ اىَقبٍٗخ ىيعضًٗ ٗ راد ٍَط٘ىٞخ مبفٞخ رؾيٞواىجذأ فٚ اىزصٌَٞ. فٚ ٕزا اىجؾش رٌ 

 ,اىزؾيٞو اىلاخطٚ اععزبرٞنٚثبعزخذاً  (PBPD) ثطشٝقخ أٝعبً ٗ  ACI-318/ASCE-07 رىل غجقبً ىين٘د ادٍشٝنٚ

 .خَغخ ٍغز٘ٝبد ىيزصٌَٞ اىضىضاىٚ ىذساعخ أداء اىَْشؤد بٍو اىزٖشٌ عْذٗ رىل ىزقٌٞٞ ٍع

 

ABSTRACT 

Performance-Based Plastic Design (PBPD) method is widely extended for seismic 

design of building structures. A pre-selected target drift and yield mechanisms is used as 

key performance objectives. In this research, reinforced concrete special moment frames 

(RC SMF) were analyzed. Two designs were considered in the analysis, one design 

according to ACI-318/ASCE-07, and the other according to PBPD. 

Using static nonlinear analysis (Pushover analysis), stiffness-based damage indices 

were obtained for both types of frames to assess their structural performance at five levels 

of performance based seismic designs, operational phase (OP), immediate occupancy (IO), 

damage control (DC), life safety (LS), and collapse prevention (CP). 

 

KEYWORDS: Performance-Based Plastic Design (PBPD); Reinforced Concrete Special 

Moment Frames (RC SMF); Damage Index (DI); Pushover Analysis. 

 

1. INTRODUCTION 

Performance-Based Plastic Design (PBPD) method was derived from the 

Performance based Seismic design PBSD method. Performance-based Plastic design 

method starting from the pre-defined performance objectives, in which the intended yield 

mechanism is achieved through performing plastic design. Plastic design controls drift and 

yielding of frame members from the beginning to minimize the lengthy iterations to reach 

the final design [1-7]. 
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Stiffness-based damage index used is following Equation 1 to describe the damage 

state of the structure. This index accounts for the cumulative effects by studying the 

degradation of structural stiffness for every incremental displacement at every interval step 

of pushover. [8-9]. 

 

     (1) 

where: 

IDc = Damage index at step c, 

Ko = Initial stiffness, 

Ki = Building stiffness at step i, 

di = Roof displacement at step i, 

di-1 = Roof displacement at step i-1, 

 

Drift limits were linked to performance levels as follow, 0.5% for operational 

phase (OP), 1.0% for immediate occupancy (IO), 1.5% for damage control (DC), 2.0% for 

life safety (LS), and 2.5% for collapse prevention (CP), to assess structural performance 

[10]. 

 

Structural performance levels ―Life Safety (LS)‖, means the post-earthquake 

damage state in which significant damage to the structure has occurred, but some margin 

against either partial or total structural collapse remains. While structural performance 

level ―Collapse Prevention (CP)‖, means the post-earthquake damage state in which the 

building is on the verge of partial or total collapse. However, all significant components of 

the gravity-load-resisting system must continue to carry their gravity load demands. 

Structural performance levels for allowable drift shall not exceed 2% and 4% for LS and 

CP, respectively. In this study the allowable drift for CP will be limited to 2.5% only. 

 

2. STATEMENT OF THE PROBLEM (PROBLEM FORMULATION) 

Four baseline RC structures (4, 8, 12 and 20-story internal RC special moment 

frame structure) as used in the FEMA P695 [11], was selected for this study. Building 

configuration is illustrated in Figure 1. The frames are used to support both vertical and 

lateral loads. These (code-based design) structures were redesigned by the PBPD approach 

as shown in Table 1 [1]. 

 

2.1. Input Data 

The building is designed to sustain the following loading data: 

• Design floor dead load = 8.38 kN/m
2
 (175 psf). 

• Design floor live load = 2.40 kN/m
2
 (50 psf). 

 

2.2. Material Properties 

• Concrete cylinder compressive strength fc' = 34.5 - 41.4 MPa (5.0 - 6.0 ksi) 

• Reinforcement rebar yield strength fy = 413.7 MPa (60.0 ksi) 
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Table 1: Building Configuration and Design Parameters. 

Design Parameters 4 - Story 8 - Story 12 - Story 20 - Story 

ID Number 1010 1012 1014 1021 

Number of Floors 4 8 12 20 

First Story Height - H1 

m (ft) 
4.572 (15) 

Upper Story Height - Hn 

m (ft) 
3.962 (13) 

Bay Size 

m (ft) 
9.144 (30) 6.096 (20) 

Total Height 

m (ft) 
16.459 (54) 

32.309 

(106) 

48.158 

(158) 

79.858 

(262) 

Code Compliant Base Shear 

kN (kip) 

858.5 

(193) 

418.1 

(94) 

547.1 

(123) 

907.4 

(204) 

PBPD Compliant Base Shear 

kN (kip) 

1243.7 

(279.6) 

632.5 

(142.2) 

746 

(167.7) 

1567.1 

(352.3) 

 

 
Figure 1: Typical floor plan and typical elevation of the RC special moment frame. [1] 

 

3. MODEL DESCRIPTION 

SeismoStruct 2016 software analysis package was used in this study to perform 

pushover analysis. 2D-models were created for all baseline frames and the frames 

redesigned using PBPD as well. P-Delta curve is generated for each frame considering a 

triangular lateral loading pattern. 

 

4. RESULTS AND DISCUSSION 

4.1. Nonlinear Static Pushover Analyses 

The output of a pushover analysis is presented in the form of P-Delta curve, which 

is typically base shear versus roof top displacement plot. This relation can also be modified 

by normalizing the values through dividing roof displacement by the building height, and 

dividing base shear by the building weight, as presented in Figure 2. It was noticed that 



54 

 

frames designed using PBPD provide more ductility for all frames, although their 

maximum base shear capacities are less than their corresponding values for frames 

designed following code. The 20-story frame was prematurely lost its stiffness due to the 

formation of plastic hinges in columns that caused an excessive deformation and a 

decrease in the frame lateral load resistance. This loss in stiffness occurred at a loading 

value exceeds the design base shear by about 65%. 

 

 
Figure 2: Base shear ratio versus Lateral drift ratio for 4, 8, 12 and 20-Story. 

 

 

4.2. Degradation of Structural Stiffness  

As shown in Figure 3, in the inelastic phase of loading, the stiffness of the structure 

has a downfall curve. The structural stiffness at different performance levels is presented 

in Figure 4 - 5. 

 



55 

 

 
Figure 3: Degradation of structural stiffness with lateral drift for 4, 8, 12 and 20-Story. 

 

 
Figure 4: Structural stiffness for frames designed following code at different performance 

levels. 
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Figure 5: Structural stiffness for frames designed using PBPD at different performance 

levels. 

 

4.3. Calculation of Damage Index 

Using Equation 1, variation of damage indices with lateral drift ratio is presented in 

Figure 6, for 4, 8, 12 and 20-story frames. The damage indices at different performance 

levels are presented in Figure 7 - 8. All values of damage indices calculated for frames 

designed using PBPD, exceeds the corresponding values for frames designed following 

code. The 12 and 20-story structures designed by code did not reached the 2.5% drift ratio, 

therefore, the damage indices for that cases were set to be equal to 1.0. 
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Figure 6: Variation of damage indices with lateral drift ratio for 4, 8, 12 and 20-Story. 

 

 
Figure 7: Damage indices for frames designed following code at different performance levels. 
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Figure 8: Damage indices for frames designed using PBPD at different performance levels. 

 

5. CONCLUSIONS 

The PBPD method as a direct design method where the drift control and the 

selection of yield mechanism are initially assumed in the design work, proved that it is an 

effective method to reach a better performance for reinforced concrete moment resisting 

frames with fixed base support. It does not need lengthy iterations to achieve a suitable 

final design. On the other hand, studying damage indices for structures designed by the 

PBPD method and comparing it with corresponding structures designed using traditional 

code method introduces a better overview of expected seismic performance of reinforced 

concrete special moment resisting frames designed by both methods . 

 

This paper presents an assessment of original code design and PBPD methods to 

design reinforced concrete special moment frames RC SMF systems using damage indices. 

Main conclusions are as follows: 

 

a. In the inelastic phase of loading, the stiffness of the structure has a downfall curve. 

b. Frames designed using PBPD have more ductility than other frames designed 

following the code-based method, in spite of having lower base shear capacities than 

the corresponding values for frames designed following code. 

c. At different performance levels, frames designed using PBPD showed an 

improvement regarding the level of damage.



59 

 

REFERENCES 

[1] Liao, W. C., & Goel, S. C. (2014). Performance-based seismic design of RC SMF 

using target drift and yield mechanism as performance criteria. Advances in 

Structural Engineering, 17(4), 529-542.  
 

[2] Goel, S. C., Liao, W. C., Reza Bayat, M., & Chao, S. H. (2010). 

Performance‐based plastic design (PBPD) method for earthquake‐resistant 

structures: an overview. The structural design of tall and special 

buildings, 19(1‐2), 115-137.  
 

[3] Banihashemi, M. R., Mirzagoltabar, A. R., & Tavakoli, H. R. (2015). 

Development of the performance based plastic design for steel moment resistant 

frame. International Journal of Steel Structures, 15(1), 51-62.  
 

[4] Banihashemi, M. R., Mirzagoltabar, A. R., & Tavakoli, H. R. (2015). 

Performance-based plastic design method for steel concentric braced 

frames. International Journal of Advanced Structural Engineering (IJASE), 7(3), 

281-293.  
 

[5] Subhash C. Goel, Shih-Ho Chao, Sutat Leelataviwat, Soon-Sik Lee (2008, 

October 12-17). Performance‐based plastic design (PBPD) method for 

earthquake‐resistant structures. The 14th World Conference on Earthquake 

Engineering. Beijing, China.  
 

[6] Lee, S. S., Goel, S. C., & Chao, S. H. (2004, August). Performance-based seismic 

design of steel moment frames using target drift and yield mechanism. In 13th 

world conference on Earthquake Engineering. Vancouver, BC: Canada. 
 

[7] Zameeruddin, M., & Sangle, K. K. (2016, May). Review on Recent developments 

in the performance-based seismic design of reinforced concrete structures. 

In Structures (Vol. 6, pp. 119-133). Elsevier.  
 

[8] Saleemuddin, M. Z. M., & Sangle, K. K. (2017). Seismic damage assessment of 

reinforced concrete structure using non-linear static analyses. KSCE Journal of 

Civil Engineering, 21(4), 1319-1330. 
 

[9] Ghobarah, A., Abou‐Elfath, H., & Biddah, A. (1999). Response‐based damage 

assessment of structures. Earthquake engineering & structural dynamics, 28(1), 

79-104. 
 

[10] Council, B. S. S. (2000). Prestandard and commentary for the seismic 

rehabilitation of buildings. Report FEMA-356, Washington, DC.  
 

[11] Applied Technology Council. (2009). Quantification of building seismic 

performance factors. US Department of Homeland Security, FEMA P-695.  

 

 




