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ABSTRACT 

Fragility functions are developed that predict the method of repair required for older reinforced 

concrete beam-column joints damaged by earthquake loading. The results of previous 

experimental studies are used to develop empirical relationships between damage states and 

traditional measures of earthquake demand, such as interstory drift, joint deformation, and 

number of load cycles. Damage states are proposed and linked deterministically with commonly 

employed MORs; these damage states are characterized by parameters such as concrete crack 

width, extent of concrete spalling, and yielding and buckling of reinforcement. Probability 

distributions are fit to the empirical data and evaluated using standard statistical methods. The 

results of this effort are families of fragility curves that can be used to predict the required 

method of repair for a damaged joint, as well as a framework for using future experimental data 

to advance damage assessment of joints. 
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1 Introduction 

1.1 BACKGROUND AND RESEARCH IMPETUS 

Performance-based earthquake engineering (PBEE) is the design of a structure to achieve a 

specific level of performance under a specific level of earthquake loading. Uncertainty, both in 

prediction of earthquake loading and in prediction of performance, is inherent in the PBEE 

process. Thus, PBEE includes also the quantification of uncertainty associated with achieving the 

specified performance objectives. For an earthquake engineer, performance has been defined 

traditionally in terms of structural response parameters, such as interstory drift or inelastic 

deformation. However, for a building owner, performance is defined most clearly in terms of 

economic impact: the cost of repairing the building and replacing damaged building contents, 

and the impact this repair and replacement work has on the functionality of the structure. Since 

an owner must decide what are the appropriate performance objectives for a new or retrofit 

design, accomplishing PBEE requires prediction not only of structural response under earthquake 

loading but also of the potential cost and functional impact of earthquake-induced damage.  

Figure 1.1 shows the data flow for predicting the economic impact of earthquake-induced 

damage to a structure. The terms used in Figure 1.1 are part of the nomenclature developed by 

the Pacific Earthquake Engineering Research (PEER) Center. In this figure the intensity of the 

earthquake demand is defined by an intensity measure (IM). The structural response parameters 

traditionally employed by earthquake engineers to characterize performance are identified as 

engineering demand parameters (EDPs). These parameters are used commonly by engineers 

today and may be predicted using existing numerical modeling techniques. Empirically derived 

probabilistic models are required to link EDPs to damage measures (DMs) that characterize the 

damage state of the building, including structural and nonstructural components. The results of 

previous research and practical experience provide a basis for associating particular methods of 

repair (MORs) with specific sets of DMs. There is uncertainty inherent in this process; thus, 
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probabilistic models are appropriate for use in linking DMs with MORs. Finally, standard 

estimating practice provides a basis for predicting the economic impact of employing a specific 

repair or replacement method. The cost and impact on building functionality of performing the 

repair or replacement are identified as “decision variables” (DVs).  
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Figure 1.1  Data flow for predicting the economic impact of earthquake damage 

The prediction process outlined in Figure 1.1 may be accomplished at multiple levels of 

sophistication and resolution. One could envision using global structural EDPs, such as roof drift 

and peak acceleration, to predict the global damage classification for the building, such as 

operational, repairable, life-safe, or collapse. Additional models could then be used to estimate 

the global repair cost and downtime given the global damage state. One could also envision a 

much higher resolution assessment of damage, repair and economic impact. For example, using 

the results of a nonlinear dynamic analysis, models could be used to predict the likelihood of 

individual structural and nonstructural components exceeding specific damage states. Given the 

damage state of a component, a specific repair technique can be identified, and the total 

economic impact of the earthquake is computed as the sum of the repair cost and time for 

individual components.  

The objective of the research presented here is the development of data and models to 

support the high-resolution, component-specific approach to predicting economic impact. 

Specifically, data and models are developed to enable engineers to predict the MORs that are 
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required to restore to original conditions older reinforced concrete beam-column joints damaged 

under earthquake loading. While the data and models developed here are appropriate only for 

joints, the prediction process as well as the approach used to develop the data and model, is 

appropriate for any structural component. In applying the process outlined in Figure 1.1 to 

prediction of the economic impact of beam-column joint damage, the primary components of the 

process are defined as follows: 

• An engineering demand parameter (EDP) is the measure of earthquake demand on a 

structural component. Here it is assumed that joint EDPs will be estimated using 

nonlinear dynamic analysis. Since the EDP defines the demand, the EDP must 

incorporate the characteristics of the component load and deformation history that 

determine the damage sustained by the joint. Parameters evaluated for use in defining 

earthquake demands on building joints include interstory drift, number of displacement 

cycles and total joint shear deformation.  

• A damage measure (DM) characterizes the damage sustained by a structural component. 

In this study, quantitative damage measures are employed such as the maximum concrete 

crack width, the extent of concrete cracking, and the extent of concrete crushing. 

Experimental data are used to develop a series of damage states (DS) that describe, using 

these DMs, the progression of damage sustained by a beam-column joint.  

• A method of repair (MOR) comprises a series of tasks that must be accomplished to 

restore a damaged component to original condition. The results of previous research as 

well as field experiences are used to identify a series of MOR that are appropriate for use 

on beam-column joints. These MOR are explicitly linked with groups of damage states.  

• Probability models link EDPs to DMs and, ultimately, to MORs. The probability of a 

component exceeding a specific DS and thus requiring a specific MOR to restore it to 

original condition is modeled using fragility curves. Specifically, fragility curves define 

the probability a specific MOR will be required given a specific value of an EDP. 

Experimental observations of damage in laboratory test specimens are used to develop 

fragility curves linking EDPs and DMs. Then, the DSs requiring a specific MOR are 

grouped, and the grouping is used to extend the fragility curves to define the probability 

that a joint will require a specific MOR given a specific value of the joint EDP.  
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1.2 RESEARCH OBJECTIVES 

The objective of the current study is to collect the data and develop the models required to enable 

engineers to predict the economic impact of damage in older reinforced concrete beam-column 

joints. As suggested by the discussion in the preceding section, this includes developing the 

following data sets and models: 

1. Identification of EDPs that define the earthquake demand on joints. 

2. Identification of DMs and DSs that characterize the progression of damage in older 

beam-column joints. 

3. Identification of MOR that may be used to restore damaged joints to original conditions. 

4. Develop of experimental datasets that link EDPs, DSs, and MORs. 

5. Development of fragility curves that enable prediction of the probability that a joint will 

require a specific MOR given a specific level of an EDP. 

1.3 REPORT ORGANIZATION 

This report presents the process used to compile data and develop models that enable the 

prediction of the economic impact of joint damage. Also presented is the application of these 

tools to predict the impact of joint damage for a case study building subjected to multiple levels 

of earthquake loading. This information is organized as follows: 

Chapter 2 discusses the sources used to complete the project. These sources include 

research reports, journal papers, manuals of standard practice, texts and interviews. The results 

of multiple previous experimental investigations of the seismic behavior and design of beam-

column joints were used throughout this project to identify EDPs, DMs, and DSs. These 

experimental investigations as well as the observed behavior and design details for the specific 

joint specimens are described in Chapter 2. Additionally, the literature pertaining to 

characterization of damage and repair of reinforced concrete components is reviewed. Finally, 

literature pertaining to the use of classical statistical methods to generate fragility curves is 

discussed.  

Chapter 3 focuses on the definition of DSs for beam-column joints. While the evaluation 

of the economic impact of earthquake damage progresses from prediction of EDPs to DMs to 

DVs, it was found that to generate the required models it was appropriate to first identify DSs 

characterizing the progression of damage and then link these DSs back to EDPs and forward to 
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MORs. Data from the previous studies introduced in Chapter 2 are used to quantize the 

progression of damage into 13 DSs. DMs used to define DSs include maximum crack width, the 

extent of concrete cracking, and the extent of concrete crushing, as well as binary DSs such as 

buckling of rebar.  

Chapter 4 focuses on identification of the EDPs used to characterize the earthquake 

demand on the joint. The results of previous experimental investigation are used as a basis for 

identifying EDPs that are efficient indicators of damage. EDPs considered in the study include 

direct measures such as interstory drift, number of cycles, and joint strain, as well as numerical 

indices that are functions of these direct measures.  

Chapter 5 identifies and describes MORs that are appropriate for use with older 

reinforced concrete building joints. These MOR are techniques recommended by current 

concrete repair manuals and used currently in practice. These MORs are linked explicitly with 

specific DSs.  

Chapter 6 presents the development of models defining the probability of requiring a 

specific MOR given a specific EDP. The basis of these models is a series of probabilistic models 

relating EDPs and individual DSs and the pairings between DSs and MORs. Several approaches 

may be used to generate the probabilistic models using the EDP-DS relationships and the DS-

MOR relationships. These different approaches are discussed and evaluated. Standard goodness-

of-fit tests determine the best fitting probability distribution.  

Chapter 7 summarizes the research results and primary conclusions of the study. Also 

discussed are future research needs to increase the reliability and facilitate the process of 

predicting the economic impact of earthquake damage. 
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2 Literature Review 

2.1 INTRODUCTION 

The results of previous research and field experience provide a basis for developing models to 

predict damage and required repair methods for joints. Previous research relevant to the current 

study is presented in this chapter. 

Section 2.2 reviews previous research to develop performance-based earthquake 

engineering methods and thereby identifies specifically how the results of the current study will 

contribute to the advancement of performance-based earthquake engineering.  

The results of previous experimental investigation, post-earthquake reconnaissance and 

field experience are used to define (1) DSs that characterize the progression of earthquake 

damage in joints, (2) the EDPs that can be used to predict the development of these DSs, and (3) 

the MOR that are appropriate for restoring damaged joints to pre-earthquake conditions. Section 

2.3 presents previous experimental investigations from which data are collected to characterize 

DSs and identify EDPs that efficiently predict damage. Section 2.4 presents post-earthquake 

reconnaissance reports used to link DSs and MORs. 

Epistemic and aleatory uncertainty are inherent to the process of predicting earthquake 

damage. Thus, probability distributions are used to predict, as a function of an EDP, the MOR 

required to restore a damaged joint to pre-earthquake conditions. Section 2.5 discusses 

probability theory, the standard probabilistic models considered in this study, and the “goodness-

of-fit” tests used to evaluate the probabilistic models.  

2.2 PERFORMANCE-BASED EARTHQUAKE ENGINEERING 

Research at the PEER Center and elsewhere to advance PBEE has resulted in an awareness by 

the earthquake engineering community of the needs (1) to define performance using terms that 

are understood by and of value to building owners and (2) to employ a probabilistic framework 
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that supports the modeling of uncertainty throughout the process. The PEER framework equation 

(http://peer.berkeley.edu): 

( ) ( )IMdIMEDPdGEDPDMdGDMDVGDV λν ∫ ∫ ∫=  (2.1) 

was developed to accommodate these needs. In this equation, probabilistic functions link 

earthquake intensity measures (IMs) with engineering demand parameters (EDPs). This 

relationship brings the engineer to what was traditionally the end of the analysis. However, the 

PEER framework equation also provides a basis for going beyond EDPs by employing 

probabilistic relationships that link EDPs with DMs and subsequently DMs with DVs. 

Specifically, in Equation 2.1, ( )DVν  is the mean annual probability that the decision variable 

DV exceeds a specific value, DMDVG  is the conditional probability that DV exceeds a 

specific value given a particular value of DM, EDPDMdG  is the derivative (with respect to 

DM) of the conditional probability that DM exceeds a limit value given a specific value of EDP, 

IMEDPdG  is the derivative (with respect to EDP) of the conditional probability that EDP 

exceeds a limit value given a specific value of IM, and ( )IMdλ  is the derivative of the seismic 

hazard curve, ( )IMλ .  

The objective of the research presented here is to use the results of previous research to 

develop the probabilistic relationships linking EDPs with MOR from which DVs may be 

computed, for one structural component, beam-column building joints. The PEER framework 

equation provides a basis for employing these models in combination with other similar 

component-specific models to assess the economic impact of earthquake damage.  

2.3 EXPERIMENTAL DATA 

The initial phase of the research effort identified experimental data characterizing the 

progression of earthquake damage in older beam-column joints. The criteria used to choose 

laboratory test specimens, the characteristics of the experimental test specimens, and variation in 

test specimens that could be expected to affect the observed damage patterns and progression are 

discussed in the following sections.  
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2.3.1 Criteria Used to Identify Appropriate Laboratory Test Specimens 

Three criteria were used to identify experimental data sets for use in this study. First, only 

laboratory specimens with design details representative of pre-1967 construction were included 

in the study. Seismic design provisions were introduced into the UBC in 1967 and the ACI code 

in 1971. Prior to this, design recommendations did not explicitly address joint design. Mosier 

(2000) reviewed 15 buildings designed prior to 1979 for construction on the West Coast to 

identify typical design parameters for this period. Mosier concluded that most buildings designed 

before 1967, and many building designed between 1967 and 1979, had detailing that could be 

expected to result in nonductile response under earthquake loading. Table 2.1 lists Mosier’s 

findings for design parameters that could be expected to determine the earthquake performance 

of beam-column joints. Only joint test specimens with design parameters that fell within the 

ranges observed by Mosier (2000) for pre-1967 design were used in the current study, with two 

exceptions: 

• 5 of the 21 specimens included in this study were constructed with transverse joint 

reinforcement. For these 5 specimens, volumetric transverse steel ratios ranged from 

0.2% to 0.4%. These volumes were considered to be sufficiently low, in comparison with 

the post-1967 average of 0.9%, to be representative of pre-1967, rather than post-1967 

construction. 

• 3 of 21 specimens included in this study had beam bottom reinforcement that was 

discontinuous through the joint. For these specimens, the bond index was higher than the 

maximum observed by Mosier (2000) for pre-1967 construction. 

Table 2.1  Design details for pre-1979 beam-column joints 

 Volumetric Transverse 
Steel Ratio (%) 

Shear Stress Demand / 
f′c 

Beam Bar Bond Index, 

cd

yb

fl
fd

2
=µ  

Design year ave. min. max. ave. min. max. ave. min. Max. 
Pre-1967 0.0 0.0 0.2 0.21 0.09 0.30 21 12 38 
1967-1979 0.9 0.0 2.1 0.15 0.06 0.29 23 14 43 

Note: In defining the bond index, µ , bd  is the diameter of the reinforcing bar, yf  is the yield strength of the 

reinforcing steel, dl  is the anchorage length within the joint assumed to be equal to the column depth and cf  is the 
concrete compressive strength and units are inches and pounds. 
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Second, only laboratory test specimens with the same basic configuration and load 

pattern were used. All of the specimens considered in the study were subassemblages from two-

dimensional building frames and comprised the joint, the beams framing into the joint and 

extending to mid-span, and the columns framing into the joint and extending to mid-height. 

Lateral loading was applied as a shear force at the top of the column and reacted by shear forces 

at the base of the column and beam ends. If it is assumed that beams and columns develop a 

point of contra-flexure at mid-span under earthquake loading, then this laboratory load 

distribution is representative of earthquake loading in a real structure. Simulated earthquake load 

was applied pseudo-statically by forcing the top of the column through a prescribed cyclic 

displacement history (relative to the beam ends and column base) consisting of one or more 

cycles to increasing maximum displacement demands. In some cases, a constant axial load was 

applied at the top of the column to simulate gravity load.  

Third, a specimen was included in this study only if sufficient data characterizing the 

progression of damage in the beam-column joint were provided by the researchers. While all 

experimental researchers provide data characterizing the load-displacement response of 

laboratory test specimens, the detail and consistency with which damage data are reported varies 

substantially. In many cases, the lack of sufficient damage data eliminated joint specimens from 

use in this study. 

2.3.2 Experimental Data Used in the Study 

A review of the literature resulted in five test programs and 21 test specimens that met the above 

criteria: 

• Meinheit and Jirsa (1977) investigated the impact of joint transverse reinforcement on 

response. Data from one (MII) of the 11 specimens tested by Meinheit and Jirsa were 

used. Sufficient data characterizing the progression of damage are provided only for this 

specimen.  

• Pessiki et al. (1990a) investigated the earthquake response of older building components, 

including joints. Pessiki et al. conclude that the joint failure mechanism depends on the 

amount of reinforcing steel within the joint and beam-bar anchorage lengths. Data from 

seven (P2-P5, P7-P9) of the Pessiki test specimens were used.  
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• Joh et al. (1991a, 1991b) investigated the impact on earthquake response of (1) joint 

transverse reinforcement, (2) beam transverse reinforcement, and (3) torsion due to beam 

eccentricity. They conclude that increasing the volume of transverse reinforcement 

results in decreased bar slip, increased energy dissipation, and increased post-cracking 

joint stiffness. Only specimens with concentric beam-column connections and low 

transverse steel volumes were used in the current study. This included three specimens 

from the Joh et al. investigations (JXO-B8-LH, JXO-B1, and JXO-B2).  

• Walker (2001) and Alire (2002) evaluated the impact of joint shear stress and load history 

on performance. These studies conclude that joints maintain strength and adequate 

stiffness when drift demand is less than 1.5% and shear stress demand is less than 10√f′c. 

Data from ten of the specimens in these two test series were used (PEER *, CD *,  

PADH *).  

Design details and loading data for these specimens are listed in Table 2.2.  
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Table 2.2  Design details and load data for experimental test specimens 

Specimen f'c   
(psi)

Shear 
Stress 

Demand 
/ f'c

Shear Stress 
Demand     
/ sqrt(f'c) 

(psi)

Transverse 
Steel 

Volume 
Ratio (%)

Maximum 
Bond 

Index, µ

Column 
Axial Load 

/ f'cAg

Drift 
History*

Column 
Splice 
Above 
Joint

Ratio of 
Beam to 
Column 
Width

PEER14 4606 0.16 10.9 0.00 18.7 0.11 Standard no 1.00
PEER22 5570 0.20 14.6 0.00 24.9 0.09 Standard no 1.00
CD1514 4322 0.18 11.6 0.00 19.3 0.12 High-cyc. no 1.00
CD3014 6171 0.14 11.3 0.00 16.1 0.08 High-cyc. no 1.00
CD3022 5533 0.21 15.5 0.00 25.0 0.09 High-cyc. no 1.00
PADH14 6218 0.15 11.7 0.00 16.1 0.08 Unsym. no 1.00
PADH22 5259 0.22 15.7 0.00 25.6 0.10 Unsym. no 1.00
PEER09 9500 0.13 12.6 0.00 16.7 0.10 Standard no 1.00
PEER15 9500 0.19 18.7 0.00 26.7 0.10 Standard no 1.00
PEER41 5000 0.17 12.2 0.00 29.6 0.10 Standard no 1.00

P2 5000 0.19 13.2 0.00 34.8 0.27 Standard yes 0.88
P3 4000 0.21 13.2 0.00 34.6 0.34 Standard yes 0.88
P4 4000 0.20 12.7 0.00 34.6 0.34 Standard yes 0.88
P5 4000 0.22 13.6 0.23 38.0 0.34 Standard yes 0.88
P7 3000 0.19 10.5 0.00 52.5 0.46 Standard yes 0.88
P8 3000 0.19 10.3 0.00 39.4 0.46 Standard yes 0.88
P9 4000 0.15 9.60 0.00 39.5 0.10 Standard yes 0.88
MII 6060 0.25 19.7 0.44 25.1 0.25 Standard no 0.85

JXO-B1 3901 0.12 7.51 0.27 19.9 0.17 Standard no 0.67
JXO-B2 3269 0.24 13.8 0.27 19.9 0.17 Standard no 0.50
JXO-B8 3429 0.19 11.1 0.27 19.5 0.15 Standard no 0.93

Min. 3000 0.12 7.5 0.00 16.1 0.08 0.50
Max. 9500 0.25 19.7 0.44 52.5 0.46 1.00

C.O.V. 0.36 0.19 0.22 1.90 0.36 0.67 0.14  
Note: A standard drift history comprises 1 to 3 cycles to increasing maximum drift demands, a high-cycle history 
comprises 10 or more cycles to increasing maximum drift demands, and an unsymmetrical history comprises 
multiple cycles to varying maximum and minimum drift demands. 

2.3.3 Factors That Determine the Earthquake Response of Joints 

The specimens listed in Table 2.2 have design details representative of pre-1967 construction and 

were subjected to similar simulated earthquake load patterns in the laboratory. However, there 

are differences in design and load parameters that could be expected to result in some variability 

in damage patterns and progression under earthquake loading. These differences include the 

following: 

• Nominal Joint Shear Stress Demand: The results of multiple studies indicate that joint 

performance, as defined by the extent of damage and/or the drift level at which strength 



 13

loss initiates, deteriorates with joint shear stress demand (Walker 2001; Hakuto et al. 

1997; Durrani and Wight 1982; Meinheit and Jirsa 1981).  

• Transverse Steel Ratio: The results of multiple studies suggest that increasing the volume 

of joint transverse reinforcement reduces joint damage and delays failure (Joh et al. 

1991a; Pessiki et al. 1990b; Durrani and Wight 1982; Hanson and Conner 1967).  

• Bond Index: For joints with continuous beam reinforcement, the bond index is the 

average bond stress demand along the beam reinforcing steel, assuming that the steel 

yields in compression and tension on opposite sides of the joint. The results of multiple 

studies indicate that increased bond stress demand results in increased damage and 

reduced drift capacity (Alire 2002; Leon 1990; Park and Ruitong 1988). 

• Discontinuous Beam Reinforcement: Three of the joint specimens (P7, P8, and P9) have 

beam longitudinal reinforcement that is not continuous through the joint. Discontinuous 

beam reinforcing results in particularly short anchorage lengths, which in turn could be 

expected to result in increased joint damage and limited drift capacity under earthquake 

loading.  

• Column Axial Load: For many of the laboratory test specimens used in this study, axial 

load was applied at the top of the column and maintained at a constant level throughout 

the test. Bonnaci and Pantazopoulou (1993) assembled data from 86 joint tests and 

conclude that column axial load has no discernible affect on joint strength. Mosier (2000) 

reaches a similar conclusion using a database of 29 test programs and considering data 

only from joints that failed in shear. However, the impact of column axial load on joint 

performance is not well documented in the literature. Bonnaci and Pantazopoulou (1993) 

hypothesize that axial load affects joint deformation but note that insufficient data are 

available to test this hypothesis. Kitiyama et al. (2000) conclude, on the basis of data 

from numerous joint tests conducted in Japan, that higher axial load results in more rapid 

deterioration of the joint load-transfer mechanism. Given the limited impact of column 

axial load on joint strength and the limited data characterizing the impact of axial load on 

joint performance, it is unclear how significant an impact the 67% variation in column 

axial load (Table 2.2) has on the observed damage patterns. 

• Column Splice: Seven of the joint specimens have column longitudinal steel that is 

spliced above the joint. For these joints, splice lengths and confining reinforcement are 
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considered inadequate by today’s standards. These inadequately designed splices may 

affect joint strength and drift capacity as well as the progression of joint damage under 

simulated earthquake loading. 

2.4 METHODS OF REPAIR 

Federal Emergency Management Agency (FEMA) and American Concrete Institute (ACI) 

documents providing guidelines on repair, the results of previous experimental studies, and 

interviews with industry professionals were used as a basis for identifying appropriate repair 

methods for joints. These MOR for joints presented in Chapter Five were determined using the 

information provided in the following sources. 

Government documents and design codes provide concise instruction for the 

identification and repair of damaged reinforced concrete. A series of documents regarding repair 

to earthquake damaged were prepared by the Applied Technology Council (ATC) and funded by 

FEMA in the late 1990s. Within the series, repair techniques appropriate for various types of 

buildings are listed. For example, Chapter 4 of FEMA 308: Repair of Earthquake Damaged 

Concrete and Masonry Buildings, contains a list of repair techniques similar to those presented 

in this report. The repair techniques are categorized as Cosmetic Repair, Structural Repair, and 

Structural Enhancement. The materials, equipment, and method of execution are provided as 

well as the limitations for the extent of damage to be repaired. 

Several ACI publications discuss repair of concrete structures. ACI Special Publication 

21 (1968) discusses the application and effectiveness of repair using epoxy resin. The Concrete 

Repair Guide, ACI 546R-96 (1996) addresses multiple repair methods, and one section of this 

document is devoted to beam-column joints.  

Multiple research studies have addressed the repair of reinforced concrete components 

damaged as a result of earthquake loading. Experimental investigations that included testing, 

repair, and retesting of beam-column joints were conducted by Karayannis (1998), Filiatrault 

(1996), Tasai (1992), and French et al. (1990). The results of these studies are of particular 

interest to the current investigation, as they help to validate specific repair methods. Filiatrault 

(1996), Tasai (1992) and French et al. (1990) all provide data characterizing the response of 

joints repaired using epoxy resin. Karayannis (1998) evaluates the effectiveness of cementitious 

material used for patching spalled and crushed concrete.  
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Other studies document repair strategies employed in the field following seismic events. 

Jara et al. (1989) document repair done following the 1985 Mexico City earthquake. This study 

suggests that the repair techniques employed restored concrete components to the original 

strength and serviceability. 

Using the information provided in these references, a list of MORs was assembled for the 

current study. The list was presented for feedback and refinement to practicing engineers and 

contractors with experience in specifying and conducting repair of damaged reinforced concrete 

buildings and bridges. Consultants included Steve Savage, a structural engineer from Coughlin, 

Porter, and Lundeen of Seattle; Harvey Coffman and Jugesh Kapure, engineers from the 

Washington State Department of Transportation; Jared Cole a project engineer at T.Y. Lin in San 

Diego; Dave Juraszek of Juraszek Concrete Construction, and Roger Runacres of Contech 

Services, Inc. The interview transcripts highlighting relevant information discussed during the 

in-person interviews are provided in the appendix. 

2.5 PREDICTING DAMAGE AS A FUNCTION OF DEMAND 

Fragility functions define the probability of a joint requiring a specific MOR given a measure of 

earthquake demand as defined by an EDP. To facilitate prediction of the required MOR, fragility 

functions are standard probability distributions. For the current study, three standard probability 

distributions were considered to model the data and thereby create fragility functions. Three 

goodness-of-fit tests were used to evaluate these distributions. These topics and the references 

used to develop fragility functions are discussed in following sections. 

2.5.1 Fragility Functions 

Fragility functions define the probability of reaching or exceeding a level of damage given a 

specific level of earthquake demand. Examples of fragility functions in the literature include 

Saxena et al. (2000), who develop fragility functions for multi-span concrete highway bridges 

with earthquake demand defined by peak ground acceleration and Porter (2002) who develops 

fragility functions for a number of structural and nonstructural building components with 

earthquake demand defined by a component-specific parameter. Shinozuka et al. (2000) provides 

recommendations for developing fragility functions using empirical data.  
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2.5.2 Testing Goodness of Fit 

Shinosuka et al. (2000) recommend the use of hypothesis testing to evaluate the goodness of fit 

of standard probability functions for definition of fragility functions. In the current study, three 

standard goodness-of-fit tests, the chi-square (χ2) test, the Kolmogorov-Smirnov (K-S) and the 

Lilliefors test were used to identify a preferred standard CDF for use in modeling empirical data. 

The χ2 test compares the empirical and theoretical probability density function (PDF), 

which is the derivative of the CDF with respect to the random variable. The observed data are 

subdivided into m intervals and the number of observations within each interval, ni, is compared 

with the theoretical number of observations, ei. It can be shown (Hoel 1962) that the quantity  
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approaches the χ2 distribution with f = m-1-k degrees of freedom as n approaches ∞. Here m is 

the number of intervals and k is the number of parameters in the theoretical distribution. The 

theoretical distribution is acceptable, at the significance level α, if  
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where fc ,1 α−  is the value of the χ2 distribution with f degrees of freedom at a CDF value of (1-

α). For the current study, m was chosen as 5 and α was chosen to be 5%, with the result that 

992.5,1 =− fc α  for all cases. For the current study, the MATLAB (2002) function icdf was used to 

compute fc ,1 α− . 

In applying the χ2 test, it is important to note that the quality of the test is reduced by a 

small sample size. Specifically, it is recommended that m, the number of intervals, and ei, the 

number of observations in each interval, be at least 5 for satisfactory results (Haldar and 

Mahadevan 2000) and that the total number of data points exceed 50 (Kottegoda and Rosso 

1997). In the current application, the requirements for satisfactory performance of the χ2 test on 

the number of intervals is met for all of the data; however neither the requirements on the 

number of observations per interval nor the requirement on the total number of data points is met 

for any of the EDPs. Thus, the results of the χ2 are questionable. 
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The K-S test compares the empirical and theoretical CDFs. In general, the K-S test has 

two advantages over the χ2 test: (1) it is appropriate for use for any size sample and (2) it is more 

powerful that the χ2 test (Lilliefors 1967). However, the K-S test is appropriate only for testing 

distributions with known parameters (Kottegoda and Rosso 1997; Lilliefors 1967). This is not 

the case in the current study, since distribution parameters are computed using the data. Lilliefors 

(1967) shows that in this case, the K-S test is extremely conservative for rejection of a 

distribution, making it extremely unconservative for acceptance of a distribution. Thus, for the 

current application, in cases where the probability of acceptance of the distribution is low, the 

validity of this acceptance is questionable. 

The K-S test requires computation of Dn, the maximum difference between the two 

CDFs: 

( ) ( )iXiXn xSxFD −= max  (2.4) 

where ( )iX xF  is the theoretical CDF computed for the ith observation and ( )iX xS  is the empirical 

CDF for the ith observation (note that the value of the value of the ( )iX xS  computed at the ith 

observation is equal to the percentage of observations less than or equal to the ith observation). 

Dn is a random variable with a distribution that depends on the sample size n and the CDF of Dn 

is related to the significance level α as 

( ) αα −=≤ 1nn DDP  (2.5) 

According to the K-S test, if nD  is less than or equal to the tabulated value of α
nD , then the 

theoretical distribution is acceptable at the significance level α. The MATLAB function ktest is 

used to accomplish the K-S test with a chosen significance level of 5%.  

David and Johnson (1948) note that the K-S test can be modified to account for 

computation of distribution parameters using sample data. Lilliefors (1967) does this for the case 

of the normal distribution, thereby developing what is commonly known as the “Lilliefors” test. 

This test is appropriate for the small sample sizes and is exact. The Lilliefors test is identical to 

the K-S test with the exception that the tabulated test values, α
nD , are computed on the basis that 

the sample data are used to compute the mean and standard deviation of the distribution. For the 

current study, this test can be used to evaluate the acceptability of the lognormal distribution. 

The MATLAB function lillietest is used to accomplish the Lilliefors test with a significance 

level of 5%.  
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2.5.3 Distribution Selection 

Three standard probability functions were considered for use in modeling the damage data and 

evaluated using the statistical goodness-of-fit tests described above: 

• Lognormal distribution: Commonly employed distribution that includes only positively 

valued data.  

• Weibull distribution: Less commonly used distribution. The distribution allows for a 

stronger influence of extreme-valued data. This is desirable for the current application 

where small-demand values are important. 

• Beta distribution: Less commonly used distribution. This distribution allows for an upper 

and lower bound to be defined for the distribution, which is desirable for the current 

application. Note that for this application the lower bound for all CDFs was defined to be 

0.0 and the upper bound was defined by the maximum of the data. 

Additionally, the empirical distribution, often referred to as the “stepwise distribution,” was used 

in evaluating the goodness of fit of the analytical distributions. 

A probability distribution may be defined in two ways. The first is as a probability 

density function (PDF). This function, specified in the following sections as ( )xf x , defines the 

probability of an observation having the value x. The second way in which a probability 

distribution may be defined is as a cumulative distribution function (CDF). This function, 

specified typically as ( )xFx  or, for the stepwise distribution ( )xS x , defines the probability that an 

observation will meet or exceed a value x. The PDF and CDF are related in that the PDF is the 

derivative of the CDF with respect to the random variable x. The fragility functions that are 

developed as part of this study are cumulative distribution functions (CDFs) with EDP taken as 

the random variable x.  

2.5.3.1 Lognormal distribution 

The PDF for the lognormal distribution is expressed as 
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where x is the random variable, this case EDP, and the lognormal parameters, xλ  and 2
xζ , are 

related to the mean and the variation of x as follows: 
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where xµ  is the mean of the x and xσ  is the standard deviation. Note that the data set must be all 

positive real numbers. These parameters can also be called the “expected values,” or normal 

parameters, of ln x. 

2.5.3.2 Weibull distribution 

The Weibull distribution is considered an asymptotic distribution where the smallest values of 

the data set are limited to the lower bound, ε. To represent the data considered here, the value of 

ε is set to zero. 
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where the parameters of the Weibull distribution, k and w, are evaluated using the mean, xµ , and 

coefficient of variation, xδ , of x as follows:  

08.1−= xk δ  (2.9a) 
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where the Г is the gamma function. Г(1+x) may be evaluated using the polynomial 

approximation when 10 ≤≤ x . Since k is a positive value for the data considered here, the 

polynomial approximation for the gamma function may be used. The polynomial approximation 

is a fifth-order equation: 
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2.5.3.3 Beta distribution 

The beta distribution is defined by the upper- and lower-bound limits, a and b. Typically, the 

values of a and b are determined using the smallest and largest data points included in each set. 

For the current study, a is defined to be zero. Variations of the parameters, q and r, generate a 

wide range of PDFs from parabolic to linear to exponential. 
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The beta function, ( )rqB , , is calculated using the gamma function. The gamma function may be 

evaluated using the polynomial approximation as described in Equation 2.10, if the criteria for x 

are met.  
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The parameters, q and r, are related to the mean and the coefficient of variation of x as follows: 
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Figure 2.1 shows the impact of the parameters q and r on the probability density function. The 

probability of an event is the integration of the area under the curve.  

 
Figure 2.1  Beta probability density function (from Haldar and Mahadevan 2000) 
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2.5.3.4 Stepwise CDF 

A useful comparative cumulative distribution is the stepwise CDF, Sn(xi). This CDF utilizes the 

rank of each data point to determine the probability of occurrence. Repeating data values are 

included in the rank sequence. 
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where mi is the rank of each data point, xi, and n is the total number of data points in the set. The 

extreme values, x1 and xn, are defined by the range of the data set.  

2.5.4 Method of Maximum Likelihood 

Two different methods may be used to calibrate a probability distribution given an empirical data 

set: the method of moments and the method of maximum likelihood (Haldar and Mahadevan 

2000). Using the method of moments, the probability distribution parameters are computed from 

the mean and variance of the population, which are estimated using the sample data. Because the 

sample data provide only estimates of the mean and variance of the population, this method 

introduces additional uncertainty into the calculation process. To avoid this error, the method of 

maximum likelihood may be used to determine the distribution parameters. Using this method, a 

likelihood function is defined: 
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where Xf  is the PDF, ix  is an individual data point, and p is the vector of distribution 

parameters. The distribution parameters are computed to maximize this likelihood function. This 

approach is used in the current study. The MATLAB function mle was used to compute 

distribution parameters using the method of maximum likelihood. 



 

3 Damage Measures 

3.1 INTRODUCTION 

Damage measures, DMs, describe the damage sustained by a component during an earthquake. 

In this study, damage is quantized into discrete damage states (DSs). The results of previous 

laboratory studies, post-earthquake reconnaissance, and field experience are used as bases for 

identifying a series of DSs that (1) best characterize the progression of damage in reinforced 

concrete beam-column joints and (2) best determine what is the appropriate MOR for the 

component. The identification and characterization of DSs represents the first step in developing 

models for use in predicting the economic impact of earthquake-induced damage.  

The DSs identified in this study are defined by DMs that are visually observable in the 

laboratory and in the field as well as by damage measured that require the use of laboratory 

instrumentation. Section 3.2 presents the DSs used in this study. Sections 3.3 through 3.5 provide 

additional information about DSs that are defined on the basis of external, visually observable 

damage measures such as concrete cracking, spalling and crushing, and joint failure. Section 3.6 

provides additional information about DSs that are defined on the basis of laboratory 

instrumentation data. 

3.2 DAMAGE STATES 

The results of previous laboratory studies, post-earthquake reconnaissance and field experience 

are used as the bases for identifying a series of 12 states that define the progression of damage in 

reinforced concrete beam-column building joints. DSs are defined on the basis of external, 

visually observable damage measures such as concrete crack width, the extent of concrete 

cracking and crushing, and bond degradation as represented by damage to bond-zone concrete or 

the opening of large flexural cracks at the frame member-joint interface. The majority of the DSs 

presented in this research are external and visually observable in the laboratory and in the field.  
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Two DSs are defined on the basis of laboratory instrumentation measurements rather than 

external, visually observable measurements. These DSs are defined by reduction in the measured 

strength of the subassemblage strength. These DSs are referred to as “strength-based.” Strength-

based DSs are particularly valuable in predicting economic loss as a function of EDPs because, 

while few researchers provide comprehensive data characterizing the progression of visually 

observable damage, all researchers provide data defining subassemblage strength. 

3.2.1 Progression of Damage 

The damage measures presented in this paper are the result of analysis of the progression of 

damage recorded in the experimental reports presented in Section 2.4. The initial order of 

progression is determined using the most detailed damage reports and compared against the 

damage reported in the remaining selected specimens. The progression of the damage measures 

is essential to the relationship between the damage evident through inspection and the damage 

evident through instrumental read-outs. 

3.2.2 Damage States 

The DSs sustained by a beam-column joint in order of increasing earthquake demand are 

0. Initial cracking at the beam-column interface 
1. Initial cracking within the joint area 
2. Crack width is less than 0.02 in. (5 mm) 
3. Crack width is greater than 0.02 in. (5 mm) 
4. Beam longitudinal reinforcement yields 
5. Crack width is greater than 0.05 in. (1.3 mm) 
6. Spalling of at least 10% joint surface concrete 
7. Joint shear strength begins to deteriorate 
8. Spalling of more than 30% joint surface concrete 
9. Cracks extend into the beam and/or column 
10. Spalling of more than 80% joint surface concrete 
11. Crushing of concrete extends into joint core 
12. (a) Buckling of longitudinal steel reinforcement 
12. (b) Loss of beam longitudinal steel anchorage within the joint core 
12. (c) Embedded beam longitudinal steel reinforcement pull-out 
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3.3 CRACKING 

The first indication of damage in the joint is cracking of the concrete. Initially, cracking occurs at 

the perimeter of the joint due to flexural loading of the beams. As loading progresses, diagonal 

cracks occur within the joint due to shear loading of the joint core. If cracking is severe, repair is 

required using epoxy resin. Damage States 0, 1, 2, 3, 5, and 9 are all characterized by the width 

and extent of concrete cracking. 

Ideally, in monitoring cracking for use in predicted required repair, one would consider 

the maximum crack width under zero lateral loading, since this is the damage measure used 

traditionally in the field to determine the need for repair. However, relatively few researchers 

provide information about residual crack widths; instead information about maximum crack 

width at peaks in the displacement history is recorded. In the current study, maximum crack 

width and the extent of cracking at a displacement peak is used as a conservative estimate of 

residual crack width. At low load levels, maximum crack width is likely a poor indicator of 

residual crack width, since narrow cracks typically close under removal of load. However, at 

moderate to severe load levels, maximum crack width under loading is a more reliable indicator 

of residual crack width, as wider cracks, which often become filled with debris, are less likely to 

close under load removal.  

3.3.1 Damage State 0 

Damage State 0 is defined by flexural cracking at the beam-joint interface. These cracks are the 

first to appear under lateral loading of a joint subassemblage. In all of the experimental tests 

reviewed, these cracks form before cracks form within the joint. These cracks are flexural cracks 

that form at the point of maximum flexural demand in the beam, which is at the beam-joint 

interface. The cracks typically initiate at the tension face of the beam, which is the joint corner, 

and propagate vertically as seen in Figure 3.1. The vertical cracks at the beam-joint interface 

shown in this figure formed at drift levels of 0.25% and 0.5%. 
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Figure 3.1  Joint Specimen PEER 22 at Damage State 2 (Walker 2001) 

3.3.2 Damage State 1 

Damage State 1 is defined by initial cracking within the joint. These cracks are of hairline, i.e., 

immeasurable, width. Structural engineers do not consider repair of these cracks to be necessary 

(Savage 2003; Coffman and Kapur 2003). Figure 3.1 shows this type of cracking; in this figure 

cracks in the center of the joint, behind external displacement transducers and loading apparatus, 

are marked in red and blue.  

3.3.3 Damage States 2, 3, and 5 

Damage States 2, 3, and 5 defines stages of crack opening. Defining the increments of cracks 

width appeared to be important initially when investigating the repair of cracked concrete. 

Cracks in damaged reinforcement concrete buildings after the Mexico City earthquake were 

repaired based on the width of the cracks (Jara et al. 1989); cracks smaller than 0.02 in. were not 

repaired. Similarly, ACI 318-95 (1995) defines cracks having a width less than 0.013 in. for 

exterior and 0.016 in. for interior components as appropriate for no repair. Crack widths greater 

than 0.016 in. are at risk for corrosion of the reinforcing steel or will not allow transfer of 

stresses through the aggregate. These sources of repair determined the crack widths defining 

Damage States 2, 3, and 5. Figure 3.2 shows cracking representative of Damage State 5. 
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Figure 3.2  Joint Specimen CD30 22 exhibits Damage State 5 (Walker 2001) 

3.3.4 Damage State 9 

Damage State 9 describes cracking that initiates within the joint and propagates into the adjacent 

beams or columns. Typically, the crack progresses along the reinforcement and may be 

considered indicative of a splitting-type bond failure. Figure 3.3 shows an exterior joint 

subassemblage with cracking representative of Damage State 9; cracking has propagated into the 

column on both sides of the joint. While this type of cracking is most common in exterior joints, 

three of the interior joint specimens exhibited this damage prior to failure. 

 
Figure 3.3  Exterior joint specimen exhibits Damage State 9 (Hakuto et al. 2000) 
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3.4 CONCRETE SPALLING AND CRUSHING 

Damage States 6, 8, 10, and 11 are descriptions of damage to the joint concrete. These DSs are 

defined by the extent of concrete spalling and crushing. Damage States 6, 8, and 10 refer to the 

extent of concrete spalling. For the current study, concrete spalling is defined as the breaking off 

of the concrete layer covering the outermost layer of reinforcing steel. For a few of the joints, 

this outermost layer is transverse steel, but for most of the joints this outermost layer is column 

longitudinal reinforcement that passes through the joint. Damage State 11 is characterized by 

crushing of joint core concrete; joint core concrete is concrete within the outer most layer of joint 

reinforcing steel.  

Researchers often do not report the extent of concrete spalling and crushing; however, 

these data can often be determined from review of the pictures of damaged components that are 

provided. This method of determining the extent of concrete crushing and spalling introduces 

uncertainty into the process in two ways. First, planar cracks may develop in cover concrete but 

cover concrete may not become detached and fall from the specimen. This concrete is referred to 

here as “flaked concrete.” Some researchers will remove this concrete, with the result that the 

concrete becomes spalled concrete, and the specimen, for the purposes of this study, is 

considered to have reached a higher damage state. However, some researchers will not remove 

this concrete, with the result that the specimen is not considered to have achieved a high damage 

state. Second, in many cases, determination of the extent of spalling is done using pictures 

provided by the researchers. These pictures typically are not high resolution and may not be high 

quality; thus, some information is lost. Additionally, since evaluation of pictures is done by the 

research team, this necessarily introduces some interpretation error into the study.  

3.4.1 Damage State 6 

Damage State 6 defines the transition from cracking to spalling. Cracking is no longer 

measurable where the smooth surface has broken and fallen away. Spalling begins in the center 

of the joint and must cover to an area of 10% of the joint surface area. This amount of damage to 

the surface area means crack widths can not be measured. Figure 3.4 is an example of the small 

area of exposed aggregate surrounded by flaked sections of cover concrete. 
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Figure 3.4  Joint Specimen PEER 22 exhibits Damage State 6 (Walker 2001) 

3.4.2 Damage State 8 

Damage State 8 describes spalling of more than 30% of the joint surface area. Thicker sections 

of cover concrete break and fall away from the center of the joint exposing the center column 

longitudinal reinforcement. At the same time, the area of exposed aggregate grows bigger but 

remains concentrated in the center of the joint surface. The amount of surface area exposed is 

important for the application of the MOR. Figure 3.5 provides an example of a joint that has 

reached Damage State 8. 

 
Figure 3.5  Joint Specimen PEER 14 exhibits Damage State 8 (Walker 2001) 
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3.4.3 Damage State 10 

Damage State 10 defines spalling of more than 80% of the joint surface area. Both the depth and 

the width of the area of spalling continue to grow, exposing the corner column longitudinal 

reinforcement. Spalling that exposes the column longitudinal reinforcement may require removal 

and recasting of the joint core concrete to ensure that column bar bond capacity within the joint 

is not compromised. 

3.4.4 Damage State 11 

Damage State 11 defines crushing of the concrete extending into the joint core. Spalling of more 

than the cover concrete is considered crushing. Breaking and falling away of concrete thicker 

than the cover leads to exposure of the interior aggregate and large sections of the rebar (Fig. 

3.6). The steel reinforcement is in danger of damage where no concrete is present to prevent 

buckling.  

 
Figure 3.6  Joint Specimen C15 14 exhibits Damage State 11 (Walker 2001) 

3.5 JOINT FAILURE MECHANISMS 

Damage States 12(a, b, c) define three types of failure commonly observed in older reinforced 

concrete joints. Despite the numbering, these states are not progressive but would occur for the 
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same high earthquake loads. These failure mechanisms should be expected where the design 

details of these joints do not confine the joint core. The first, and most common among the 

selected joints, is the buckling of the longitudinal steel reinforcement. Plastic deformation or 

hinging of the beam, rather than the joint or the column, is the current design target. However, 

damage to joints may not allow transfer of the stresses into the beam and result in movement 

within the joint.  

3.5.1 Damage State 12(a) 

Damage State 12(a) is the failure due to loss of gravity-load capacity within the joint. Inevitable 

after crushing of the core concrete, only the longitudinal reinforcement is available to resist the 

gravity load. During or even after the earthquake motion has ceased, buckling of the rebar occurs 

(Fig. 3.7). 

 
Figure 3.7  Exterior joint exhibiting Damage State 12 (PCA 1967) 

3.5.2 Damage State 12(b) 

Damage State 12(b) is defined as the loss of beam longitudinal steel anchorage with the joint. 

The beam appears to pull away from the joint and move without resistance against the lateral 

loading. The bond between the beam and the joint is lost when a significant amount of the 

concrete is crushed. Interior joints, Specimens J-B1, P4, and P3 all exhibit this failure. Pessiki et 

al. (1990) describe this damage state, “The north beam [of Specimen P3] pulled away from the 
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beam-column joint, pivoting about [a large] crack and offering decreasing resistance with 

increasing displacement.”  

3.5.3 Damage State 12(c) 

Reinforcement details of some interior joint specimens reveal that the beam longitudinal 

reinforcement is noncontinuous through the joint. The rebar ends are embedded only 6 in. into 

the joint. Like the previous damage state, Damage State 12(c) defines bond failure for these 

embedded specimens. Pessiki et al. (1990) describe this damage state, “Failure [of Specimen P9] 

was attributed to pullout of the embedded positive beam reinforcement from the beam-column 

joint, accompanied by significant damage to the top and bottom columns.”  

3.6 STRENGTH-BASED DAMAGE MEASURES 

Strength-based damage is measured using instrumentation or measurement techniques that are 

available only in the laboratory. Inclusion of the DSs is influenced by the damage progression 

chronicled by Zhang and Jirsa (1982). Zhang and Jirsa note that as the loading increases toward 

the point of joint failure “deformation [of joint core concrete] reaches a value that corresponds to 

the ultimate strength of concrete under compressive loading.” This point precedes joint failure, 

suggesting that there is a point at which damage can not be observed externally but at which the 

onset of significant damage and failure is inevitable. Assuming that the same point exists for 

joint failure, a state must be defined for the onset of significant shear damage as well as 

significant bond damage. This becomes especially important when the previous DSs are not 

described in the study or the loading is halted before failure. The Damage States 4 and 7 provide 

additional information where other damage descriptions are insufficient. 

3.6.1 Damage State 4 

Damage State 4 is yielding of the beam longitudinal reinforcement. The results of previous 

research suggest that after reinforcing steel yields, the strength of the concrete-steel bond is 

reduced. This is because the Poisson effect, which causes the diameter of the bar to decrease 

under tensile loading, becomes significant in the post-yield regime. With reduced bond capacity, 

the slip between the concrete and the reinforcing steel within the joint is increased and there is a 
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redistribution of loading within the joint core. Ultimately this may result in increased damage 

within the joint.  

3.6.2 Damage State 7 

Damage State 7 is the onset of shear strength degradation. The shear capacity of the joint will 

reach a maximum and begin to deteriorate before the joint is assumed to have lost integrity and 

failed. Maximum joint strength may be identified using the load-displacement history for the 

joint subassemblage; these data typically are reported by all researchers. For the current study, 

the onset of shear strength degradation is defined as occurring when the maximum load during 

the next load cycle for which the displacement demand exceeds the current displacement demand 

is significantly less than of the current strength. For most specimens, significantly less strength 

was defined as less than 80% of the current strength. The data in Figure 3.8a show a column 

shear versus drift history for a specimen (Specimen P8 tested by Pessiki et al. (1990)) that 

exhibits more than a 20% drop in capacity between subsequent cycles. The data in Figure 3.8b 

show a column shear versus drift history for a specimen (Specimen P7 tested by Pessiki et al. 

(1990)) that exhibits a significant loss of capacity that is less than 20% between subsequent 

cycles. Both of these specimens are considered to exhibit Damage State 7. Figure 3.9 shows a 

specimen (Specimen P4 tests by Pessiki et al. (1990)) that is not considered to have achieved 

Damage State 7. The cycle at which peak shear capacity is developed is followed by one cycle of 

nearly the same capacity. Then, the test is terminated due to Damage State 12(b), beam pulling 

away from the joint. 
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(a) Specimen P8 tested by Pessiki et al. (1990) 
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(b) Specimen P7 tested by Pessiki et al. (1990) 

Figure 3.8  Specimens exhibiting Damage State 7 
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Figure 3.9  Specimen P4 tested by Pessiki et al. (1990) that does not exhibit Damage State 7 

3.7 CONCLUSION 

The selected experimental studies describe the damage sustained by joints subjected to 

earthquake loading. The damage measures are defined in terms of cracking, crushing, and joint 

failure. Six DSs characterize the location and width of the cracks. Investigation of current repair 

techniques identifies the widths significant for repair. Four DSs characterize the amount of 

concrete spalled and crushed within the joint. Two strength-based DSs are not visually 

observable but are strong indication of damage. Three types of joint failures are described for 

different types of beam bar detailing. 
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4 Engineering Demand Parameters and 
Experimental Data 

4.1 INTRODUCTION 

Engineering demand parameters (EDPs) define the earthquake demand for component-specific 

behavior. Investigation of the EDPs used commonly in seismic modeling determines the best 

EDP for the modeling of beam-column joints based on the data gathered from previous 

experiments. EDPs are linked to the DMs by probability models calibrated using this 

experimental data. Thus, identifying the appropriate EDPs represents the second phase in 

developing models for use in predicting the economic impact of earthquake-induced damage. 

This chapter discusses the EDPs considered for use in predicting required repair 

associated with earthquake-induced damage in older beam-column joints. Section 4.2 discusses 

collection of EDP-DS data. Section 4.3 defines the engineering demand parameters appropriate 

for the seismic response of beam-column joints. 

4.2 EXPERIMENTAL DATA 

The results of previous experimental investigations are used to generate EDP-DS data sets that 

form the basis for development of the probabilistic MOR models. As discussed in Section 2.3, 

the beam-column joint test specimens from which data were collected from this study were 

chosen because (1) they were representative of pre-1967 construction, (2) they were 

representative of interior joints in two-dimensional frames, and (3) sufficient data were provided 

documenting damage patterns and the progression of damage during testing.  

In collecting the EDP-DS data, the results of the experimental investigation were 

reviewed to determine the value of the EDP at the point during the load history where a specific 

level of damage was observed by the research team to be reached or exceeded. Typically, in 

performing experimental testing of structural components, testing is paused only intermittently to 
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evaluate and document damage. Thus, tremendous uncertainty is introduced into the model 

development process because the value of the EDP associated with meeting a specific level of 

damage is, in actuality, only the value of the EDP at which the laboratory researchers observed 

that a particular level of damage had been achieved. The true value of the EDP at which the 

damage was reached could be any value in excess of the previous point at which testing was 

paused to assess damage, and it was observed that the particular level of damage had not been 

exceeded. 

Figure 4.1 shows points on a joint shear stress versus shear strain history provided by 

Walker (2001) at which DSs, identified in Chapter 2, are observed by the research to have been 

reached. These points are associated with peaks in the shear strain history because testing was 

paused at maxima and minima in the displacement history to evaluate and document damage.  
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Figure 4.1  Damage states are identified on the response history for Specimen PEER 22 

(adapted from Walker 2001) 

4.3 ENGINEERING DEMAND PARAMETERS 

Review of previous research results in the identification of five potential EDPs for use in 

predicting joint damage and required repair: maximum historic interstory drift, number of load 

cycles, maximum historic joint shear strain, a nonlinear function of drift and number of load 

cycles, and a nonlinear function of joint shear strain and number of load cycles. The value of the 
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EDP at any point on the load history is computed using the data provided by the researchers; 

joint shear strain is provided only by the researchers from UW (Walker 2001, Alire 2002).  

4.3.1 Drift Ratio 

Interstory drift ratio is a simple and commonly employed measure of the earthquake demand on 

structural components. For beam-column building joint subassemblages, the ratio may be 

computed from the data typically reported by researchers.  

Figure 4.2 shows two commonly employed test configurations for building joint 

subassemblages; both configurations result in identical loading of the joint. Given the load 

configuration shown in Figure 4.2a, interstory drift is computed as 

100×∆=
column

cdrift
l

 (4.1) 

where ℓcolumn is the total length of the continuous column segment shown in Figure 4.2a and the 

factor of 100 is included so that drift defines a percentage. Given the load configuration shown in 

Figure 4.2b, interstory drift is computed as 

1002 ×∆=
beam

bdrift
l

 (4.2) 

where ℓbeam is the total length of the continuous beam segment shown in Figure 4.2b and the 

factor of 100 is included so that drift defines a percentage. 

Most of the experimental test programs from which data were collected for the current 

study employed loading under displacement control with a displacement history comprising 

three complete displacement cycles to monotonically increasing maximum displacement 

demands (Table 2.2 identifies the displacement history employed in the test). In this case, 

approximately the same displacement demand is imposed in positive and negative loading, for 

the tests conducted by Pessiki et al. (1990), the researchers recommend that the “maximum 

displacement demand” be computed as the average of the absolute value of the maximum and 

minimum displacement demand imposed on the system for any particular load cycle. The 

approach is used in defining the maximum historic drift for the Pessiki test specimens. 
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(a) Shear Load Applied to Column (b) Shear Load Applied Beams 

Figure 4.2  Boundary conditions for beam-column joint subassemblage tests 

4.3.2 Number of Cycles 

Damage indices developed in the past suggest that the number of cycles may be an indicator of 

damage. The number of cycles is representative of the energy dissipated by the component. The 

results of experimental testing of reinforced concrete components suggest that cyclic loading to 

displacement demands that are less than the historic maximum displacement demand is less 

damaging. Thus, in counting cycles for arbitrary displacement histories, it is appropriate that 

cycles to displacement demands that are larger than the maximum historic displacement demand 

have more weight than cycles to displacement demands that are smaller than the maximum 

historic demand. To accomplish this, the cycle-counting algorithm proposed by Lowes (1999) is 

used in the current study. This algorithm defines the cycle counts as shown in Equation 4.3   

∑
=

∆n

i

i

u
u

1 max4
 (4.3) 

where the umax is the maximum historic displacement demand, ∆ui is the current displacement 

increment and n is the number of displacement increments. This algorithm weighs cycles on the 

basis of the ratio of maximum displacement demand of the cycle to the maximum historic 

displacement demand.  

The cycle-counting algorithm defined by Equation 4.3 was developed for use in nonlinear 

analysis with incrementally advancing solution algorithms. For the current study it is possible to 
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consider displacement increments that are one quarter of a complete cycle; thus Equation 4.3 is 

modified to  

( )
∑

=

n

i

ihc

u
u

1 max2
 (4.4) 

where uhc is the maximum displacement of a half cycle and n is the number of half-cycles. 

Applying the algorithm defined in Equation 4.4 to a traditional displacement history in 

which the maximum specimen is subjected to three cycles each to monotonically increasing 

maximum displacement demands results in a cycle count exactly equal to the number of 

displacement cycles imposed. Applying the algorithm to an arbitrary load history, such as that 

shown in Figure 4.3, results in a cycle count that is less than the number of complete 

displacement cycles, assuming that all cycles are weighted equally. For example, the cycle count 

for the entire history shown in Figure 4.3 is 7. 
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Figure 4.3  Drift history for PADH 14 as presented by Walker (2001) 

4.3.3 Joint Shear Strain 

Joint shear strain defines the deformation demand imposed only on the joint. Interstory drift is 

the summation of beam flexural and shear deformation, column flexural and shear deformation 

and joint deformation. Since joint shear strain is a measure only of joint demand, it could be 

expected to be a more efficient predictor of joint damage.  
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In the laboratory, joint shear strain typically is measured using multiple linear variable 

differential transformers (LVDT) embedded in the joint concrete. Figure 4.4 shows an LVDT 

configuration that could be used to measure joint shear. Of the experimental test programs 

considered in the current study, only the tests by Walker (2001) and Alire (2002) measured joint 

shear deformation. In these tests, two sets of LVDTs were used to measure shear, one that 

included approximately 80% of the joint surface area (Figure 4.4) and one than included 

substantially less of the joint area (not shown in Figure 4.4; these instruments were placed on the 

back side of the specimen shown in Figure 4.4). Data from the larger of the two LVDT 

configurations were used in the current study, as recommended by Walker (2001) and Alire 

(2002).  

 
Figure 4.4  Joint strain is measured by the large shear rig (Alire 2002) 

4.3.4 Nonlinear Function of Drift and Cycles 

The results of previous research suggest that a functional EDP that defines demand on the basis 

of both maximum historic interstory drift and number of load cycles may be a more efficient 

predictor of damage. Using this type of EDP, the impact of both displacement demand and 

energy dissipation are included. For the current study, a simple nonlinear function was 

considered 

db cNaDF +=  (4.5) 

where D is the maximum historic interstory drift and N is the number of load cycles, and 

empirical coefficients are defined a=0.252, b=0.645, c=0.0178, and d=0.819. The coefficients a, 

b, c, and d were computed to reduce the scatter of the damage data about a line ranging from F=0 

to F=1.  
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4.3.5 Nonlinear Function of Shear Strain and Cycles 

A nonlinear function that combines the maximum historic joint shear strain and the number of 

load cycles also could be expected to be an efficient predictor of joint damage. In the current 

study, a nonlinear function similar to that used for combining drift and number of load cycles 

(Eq. 4.5) was considered  

db cNaF += γ  (4.6) 

with γ equal to the maximum historic joint shear strain, N equal to the number of shear-strain 

cycles and empirical parameters defined as follows: a = 1.46, b = 0.481, c=0.200, d = 0.309. As 

with Equation 4.5, the empirical model parameters are computed to minimize scatter about a line 

ranging from F=0 to F=1. 

4.4 CONCLUSION 

The results of previous experimental investigations of the earthquake response of beam-column 

joints were evaluated to identify a series of EDPs for use in predicting this damage. Five EDPs 

were considered for use: maximum historic interstory drift, the number of displacement cycles, 

the maximum historic joint shear strain demand, a nonlinear function of drift and number of 

cycles, and a nonlinear function of joint shear strain and number of cycles. Interstory drift is 

provided by all researchers; however, this measure of joint demand includes the influence of the 

beam and column inelastic deformation. Joint shear strain could be expected to provide an 

improved measure of the earthquake demand on the joint; however, these data are provided by 

very few researchers. The nonlinear functions provide a means of capturing the impact of both 

deformation demand and number of load cycles. 
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5 Methods of Repair 

5.1 INTRODUCTION 

This chapter defines a series of progressively extensive repair techniques that can be used to 

restore a damaged reinforced concrete structural component to its original, pre-earthquake 

strength and ductility capacity. Given a required MOR, the cost associated with completing that 

repair as well as the time required to complete the repair, which in combination define the 

economic impact of the earthquake damage, can be estimated using traditional cost-estimating 

techniques. The repair techniques considered in the current study are included in the repair 

documentation identified in Section 2.4 and have been used in the field following recent 

earthquakes on the West Coast of the United States.  

The proposed repair techniques are organized into five MORs progressing from the most 

minimal type of repair, Method of Repair 0: Cosmetic Repair, to the most substantial, Method of 

Repair 4: Replace Joint. The MORs are assumed to be comprehensive and mutually exclusive, 

though the same repair activities are included in more than one MOR. Given the damage state 

sustained by a component, the information presented in this chapter links damage to repair to 

enable the progression from component damage to economic loss. 

5.2 LINKING REPAIR WITH DAMAGE 

The MOR required to restore a component to its original, pre-earthquake condition, provides a 

basis for estimating the economic impact of earthquake loading. Information from multiple 

sources is used to identify appropriate techniques for repairing earthquake damage to RC 

components and to link these repair methods with the range of previously identified DSs. The 

primary references consulted for this study were FEMA 308 Repair of Earthquake Damaged 

Concrete and Masonry Wall Buildings (1998) and ACI 546R-96 Concrete Repair Guide (1996). 

In addition, the results of previous research by others were used to verify the adequacy of repair 
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methods and to identify which repair methods would be employed for which DSs (Jara et al. 

1989, Karayannis 1998, Filiatrault 1996, Tasai 1992, French et al. 1990). Additionally, 

practicing engineers and contractors were consulted to verify linkages between repair methods 

and DSs (Coffman and Kapur 2003, Runacres 2003, Savage 2003). 

Review of the relevant references resulted in identification of five MORs that would be 

appropriate for restoring joints to their original condition (Table 5.1). These MORs include five 

basic repair techniques: repair cosmetic finishes, epoxy inject concrete cracks, patch spalled 

concrete, remove and replace crushed concrete, replace reinforcing steel. Review of the relevant 

references also provided a basis for linking these MORs with specific DSs (Table 5.1). While the 

probabilistic framework employed for prediction of economic impact (Fig. 1.1 and Eq. 1.1) 

would suggest that there should be a probabilistic relationship linking each repair method with a 

set of DSs, there are insufficient data available to calibrate such models. 

Table 5.1  Damage states assigned to each repair technique 

Method of Repair Activities Damage 
States 

0. Cosmetic Repair Replace and repair finishes. 0-2 
1. Epoxy Injection Inject cracks with epoxy and replace finishes. 3-5 
2. Patching Patch spalled concrete, epoxy inject cracks and replace 

finishes. 
6-8 

3. Replace Concrete Remove and replace damaged concrete, replaces finishes 9-11 
4. Replace Joint Replace damaged reinforcing steel, remove and replace 

concrete, and replace finishes. 
12 

5.3 METHOD OF REPAIR 0: COSMETIC REPAIR 

If component damage due to earthquake loading is limited to concrete cracking with narrow 

crack widths, the impact on component strength and stiffness will not be significant and repair 

will not be required to restore the component strength and stiffness to pre-earthquake conditions. 

However, concrete cracking may allow for water infiltration into the wall, impair fire resistance, 

or result in damage to surface finishes. Thus, limited concrete cracking requires repair or 

replacement of surface finishes. 

Method of Repair 0 comprises activities to remove, repair and/or replace surface finishes, 

and is equivalent to Cosmetic Repair 1 defined in FEMA 308 (1998). These activities may 

include plastering, taping, painting, and replacing wallpaper, as well as the application of 
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coatings and sealants to reduce permeability and/or improve fire resistance. These activities are 

not intended to improve the strength or stiffness of the component.   

Discussions with structural engineers and contractors indicate that the extent of damage 

that an owner considers to require repair of surface finishes is highly variable. For the current 

study, this MOR is linked with Damage States 0 and 1; this is considered to represent a 

conservative estimate of repair requirements. Additionally, this MOR is linked with Damage 

State 2, defined by a maximum concrete crack width of 0.02 in. As discussed previously, this 

residual crack width, which was used as a limit for requiring repair following the Mexico City 

earthquake (Jara 1989), is somewhat in excess of the limits recommended by older versions of 

the ACI Building Code (1995) and somewhat more conservative than the limits that have been 

employed in the field.  

5.4 METHOD OF REPAIR 1: EPOXY RESIN INJECTION OF CRACKED 
CONCRETE 

If earthquake damage results in significant opening of concrete cracks, repair may be required to 

restore component stiffness and strength as well as to ensure that earthquake damage does not 

make the component vulnerable to water infiltration, corrosion, and fire damage. Injection of 

cracks with an epoxy resin or a cementitious grout is a commonly employed repair method for 

reinforced concrete components damaged under multiple types of loading, including earthquake 

loading. Two methods are typically used to introduce epoxy into cracks: pressure injection in 

which epoxy is injected under pressure into ports that are drilled into cracks at various locations, 

and vacuum impregnation in which epoxy is introduced into cracks at one location and a vacuum 

is created at another location to pull the epoxy into the cracks (ACI 1999). Cracks with widths 

ranging from 0.002 in. to 0.75 in. may be repaired using epoxy injection. This MOR is 

comparable to Structural Repair 1 defined in FEMA 308 (1998). 

The results of multiple laboratory investigations indicate that epoxy injection can restore 

component strength and stiffness to levels that are comparable to pre-earthquake conditions. For 

example, Filiatrault (1992) subjected an exterior building joint to simulated earthquake loading 

to a maximum drift demand of 1.4%, resulting in yielding of beam longitudinal reinforcement, 

repaired the joint using epoxy injection, applied simulated earthquake loading, and found the 

joint to have strength and stiffness properties comparable to original conditions. Additionally, 

French et al. (1990) subjected interior beam-column joints with high bond-stress demands to 
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cyclic lateral loading to maximum interstory drift levels of 3%, repaired the joints using both 

pressure injection and vacuum impregnation techniques to introduce epoxy into concrete cracks, 

and observed that the repaired joints had lateral stiffnesses that exceeded 85% of the original 

stiffness, lateral strengths approximately equal to the original strength and energy dissipation 

capacities, for critical drift cycles, that exceeded 85% of the original energy dissipation capacity. 

In linking epoxy resin injection with DSs, identifying the crack widths for which epoxy 

injection is an appropriate repair method is the critical issue. As discussed previously, maximum 

concrete cracks with width exceeding 0.02 in. (Damage State 3) are considered to require this 

MOR.  

5.5 METHOD OF REPAIR 2: PATCHING OF SPALLED CONCRETE 

Under moderate to severe earthquake loading, damage may include spalling of the surface 

concrete. In this case, replacement of the spalled concrete is required to restore the strength and 

stiffness provide by this concrete as well as to ensure that reinforcing steel, possibly exposed by 

spalling of the concrete, is not vulnerable to corrosion, fire damage, etc. Patching is 

accomplished by removing any loosened, damaged concrete that has not spalled, cleaning the 

surface, and replacing the concrete with a mortar mix that includes sand, pea gravel and either an 

inorganic base material, such as Portland cement or latex-modified concrete, or an organic base 

material, such as epoxy or polyester (FEMA 308). Method of Repair 2 includes only removal of 

detached, but not spalled concrete, epoxy injection of cracks and patching of concrete. It does not 

include a significant effort to remove damaged and undamaged concrete. Method of Repair 2 

includes some of the activities identified in Structural Repair 3 in FEMA 308 (1998).  

The results of previous research indicate that patching of spalled concrete using a 

cementitious material is an appropriate repair technique to restore the strength and stiffness of 

components exhibiting spalling of cover concrete. For example, Karayannis (1998) repaired an 

exterior joint that exhibited spalling using a cement paste with low shrinkage, high compressive 

and tensile strength, rapid hardening properties, and adhesion properties that were enhanced by 

the addition of an adhesive to the paste. The repair joint exhibited strength and stiffness 

comparable to original, pre-earthquake conditions.  

In linking Method of Repair 2 with the previously defined DSs, the critical issue is to 

identify the extent of concrete spalling for which patching of spalled concrete is inadequate and, 
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thus, the damage level at which more extensive repair is required. Discussions with engineers 

and contractors as well as consideration of bond-zone conditions resulted in the decision that if a 

substantial area of joint core concrete has spalled, resulting in exposure of most or all of the 

column longitudinal reinforcement, then patching of the spalled concrete is not sufficient. If a 

large surface area of concrete has been lost and all of the column longitudinal reinforcement has 

been exposed, simply patching the spalled concrete will not be adequate to restore bond capacity 

for column longitudinal steel and, thus, will not be sufficient to restore strength and stiffness to 

pre-earthquake conditions. For this reason, Method of Repair 2 is linked with Damage States 6, 7 

and 8. 

5.6 METHOD OF REPAIR 3: REMOVAL AND REPLACEMENT OF DAMAGED 
CONCRETE 

If spalling of cover concrete is extensive, concrete damage extends to crushing of the joint core 

concrete, or crack patterns suggest that anchorage failure has occurred within the joint, it may be 

necessary to remove and recast joint concrete. Method of Repair 3 is an expansion of the 

activities included in Method of Repair 2 and includes removal and replacement of damaged and 

potentially damaged concrete. In removing concrete, the objective is to ensure that only 

undamaged concrete remains as well as to ensure that a substantial volume of new material is 

placed around beam and column reinforcement to ensure that full bond capacity is recovered. 

Typically, the replacement material will be a standard concrete mix including sand and coarse 

aggregate. If more than 6 in. of concrete thickness is removed, mechanical anchorage devices, 

such as epoxy-embedded dowel bars, are recommended to ensure bond between new and 

existing concrete (FEMA 308 1998, ACI 546R 1996). Method of Repair 3 differs from Method of 

Repair 2 in that (1) chipping or jack-hammering is used to remove all potentially damaged 

concrete and (2) typical concrete mixes may be used. If substantial concrete is removed from the 

joint region, it likely will be necessary to shore the structure and redistribute gravity away from 

the joint. 

As discussed previously, the damage state at which replacement of joint concrete is 

required is determined primarily by exposure, and thus the potential loss of anchorage strength, 

of a significant portion of the column longitudinal reinforcement. Review of experimental data 

indicates that this occurs if concrete has spalled from 80% or more of the joint surface area. 

Thus, Method of Repair 3 is required for Damage States 9, 10, and 11. 
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5.7 METHOD OF REPAIR 4: REMOVAL AND REPLACEMENT OF DAMAGED 
REBAR 

Under severe earthquake loading, column longitudinal reinforcement, exposed as a result of 

concrete crushing and spalling, may buckle under column axial load. If this occurs, the column 

reinforcement must be replaced using a mechanical connection. This type of repair may be 

appropriate also for continuous beam longitudinal reinforcement that has yielded due to 

substantial joint deformation or for discontinuous beam longitudinal reinforcement that has 

pulled-out of the joint. 

Method of Repair 4 comprises the activities required to replace reinforcing steel. These 

activities include shoring the structure, removing concrete using chipping or jack-hammering, 

removing the damage sections of reinforcing steel, replacing the reinforcing steel, placing epoxy-

embedded dowel bars as necessary and replacing joint concrete. Typically, new and existing 

reinforcing steel is connected using a mechanical connection such as sleeve, splice, or threaded 

coupler (FEMA 308 1998). Method of Repair 4 is comparable to Structural Repair 4 as defined 

by FEMA 308 (1998). 

Method of Repair 4 is required only if substantial yielding and/or buckling of beam or 

column reinforcement has occurred. Thus, Method of Repair 4 is linked with Damage State 12. 

5.8 CONCLUSION 

Five MORs were identified to restore the damaged joint to pre-earthquake condition; Cosmetic 

Repair, Epoxy Injection, Patching, Replace Concrete, and Replace Joint. These MORs include 

repair techniques that are specified commonly by structural engineers for repairing damage due 

to earthquake and other types of loading, that are employed commonly by contractors, that are 

documented in repair manuals, and that have been verified for use in repairing earthquake 

damage by experimental investigation. The results of previous research and the experience of 

structural engineers and contractors are used to associate, deterministically, each MOR with a set 

of DSs as identified in Chapter 3.  
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6 Predicting Repair as a Function of Demand 

6.1 INTRODUCTION 

Component-specific fragility functions provide the link between EDPs and the MOR required to 

restore a damaged component to pre-earthquake conditions. Empirical data link EDPs with DSs. 

Deterministic relationships between DSs and MORs extend these data to enable generation of 

EDP-MOR data sets. Standard probability models are calibrated to fit the EDP-MOR data. 

Section 6.2 presents the EDP-DS data, and Section 6.3 discusses the development of EDP-MOR 

data sets. Section 6.4 presents evaluation of the EDPs and identifies three preferred EDPs for use 

in predicting joint damage. Section 6.5 presents evaluation of the probability distributions using 

standard goodness-of-fit tests. Section 6.6 presents the proposed fragility functions.  

6.2 DATA SETS 

Experimental data characterizing the progression of damage for the test specimens were used to 

generate data sets linking the thirteen DSs with the three primary EDPs: drift, number of load 

cycles and joint shear strain. The functional EDPs, defined by Equations 5.2 and 5.3, were 

calibrated to minimize the dispersion of the data about a line extending through all of the DSs 

and spanning a range of functional EDP values from 0 to 1.0. Figure 6.1 shows the EDP-DS data 

for all of the EDPs. Visual inspection of the data in this figure suggests that the functional EDPs 

result in the least variability for each of the DSs and thus are the most efficient predictors of 

damage. Visual inspection suggests also that interstory drift is a more efficient predictor than 

number of load cycles or joint strain. In particular, load cycles and shear strain are problematic at 

low demand levels where a low demand may be associated with many, including relatively 

severe, DSs. 

The scatter of the data in Figure 6.1 reinforces the need for probabilistic models linking 

EDPs with damage and repair. The variability in these data is due in part to variability in test 
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specimen design and loading, as discussed in Section 2.3.3 as well as observation error as 

discussed in Chapter 3. However, the variability is due also to the tremendous uncertainty that is 

necessarily introduced as a result of experimental procedure. The typical procedure for 

conducting an pseudo-static experimental investigation of component response to earthquake 

loading is 

1. A half-cycle of loading to a new maximum displacement demand, at which point loading 

is paused to allow for identification of new cracks and regions of spalling, measurement 

of new and existing cracks and picture taking.  

2. Loading in the reversed direction to a new minimum displacement demand, at which 

point loading is paused to allow for data collecting as above. 

3. Multiple additional full load cycles, typically two additional cycles, to the new maximum 

and minimum displacement demand levels. 

Thus, in monitoring the progression of damage, it is not possible to know exactly the 

displacement demand level at which damage occurred, only that it occurred prior to reaching a 

particular maximum displacement demand level. Further it is not possible to differentiate 

between damage that occurs during the second cycle to a maximum displacement demand level 

from that which occurs during the third cycle or from that which occurs during the first cycle to 

an increased maximum displacement demand.  
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Figure 6.1  DS versus EDP 
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6.3 GROUPING DAMAGE DATA TO ENABLE PREDICTION OF REQUIRED 
REPAIR 

The data presented in Figure 6.1 were used to develop models defining the probability of 

earthquake damage requiring, at least, the use of a specific MOR. These data could have been 

used to generate fragility curves defining the probability that joint damage would meet or exceed 

a specific damage state. However, this was considered unnecessary, since the ultimate objective 

of this effort was to develop tools to support the prediction of economic impact.  

To generate the desired MOR prediction models, the data in Figure 6.1 were combined so 

that individual data points define a specific EDP value and the required MOR associated with 

that EDP value. This combination was accomplished using the relationships in Table 5.1. 

Because several DSs are linked with each MORs, there are several plausible approaches to 

combining the data:  

• Method One: For each individual specimen, the EDP-damage state pairs are used for all 

of the damages state associated with a specific MOR. This method results in the most 

data points for each MOR, but also results in more dispersion and skews the MOR toward 

higher EDP levels.  

• Method Two: For each individual specimen, the EDP-damage state pair for the lowest 

damages state associated with a specific MOR is used. This method results in no more 

than 21 data points for each MOR. 

• Method Three: Only data for the lowest damage state are used for each MOR. This 

method results in the fewest data for each MOR. 

Figure 6.2 shows the three combination methods for a single EDP, interstory drift. 
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Figure 6.2  MOR versus drift with data combined using three proposed methods 
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6.4 EVALUATION OF THE PROPOSED EDPS 

Given a specific value of an EDP, the ideal family of fragility functions results in identification 

of a single MOR that has a relatively high probability of being met or exceeded with all more 

extensive MORs having a relatively low probability of being met or exceeded. This requires that 

the EDP-MOR data have well-spaced means and low variances. Table 6.1 shows the sample 

mean and coefficient of variation for each of the EDPs, MORs and damage-repair data 

combination methods. Several observations may be made regarding the data in Table 6.1: 

• The functional EDPs result in the least variability of the data for each of the MORs and 

the most uniformly spaced means across the range of methods used to combine the DS 

data into MORs.  

• Of the nonfunctional EDPs (maximum interstory drift, number of load cycles, maximum 

joint shear strain), drift result in the least variability of the data for each of the MORs and 

the most uniformly spaced means across the range of methods used to combine the DS 

data in MORs. 

• Of the three methods proposed for combining the EDP-DS data to create EDP-MOR data 

sets, no single method is substantially superior to the others, though Method Three results 

in one MOR for which no data are available. 

The first of these observations reinforces the visual observations made from the DS-EDP 

plots shown in Figure 6.1. On the basis of these data, combination Method Two was identified as 

the preferred data combination method for use in generating fragility functions. The coefficients 

of variation for Method Two are comparable to those of Method One, and Method Two has the 

advantage that for any specimen and any MOR only data for the lowest DS are used. Also, on the 

basis of the data presented in Table 6.1, three EDPs, maximum interstory drift, F(D,N) as 

defined by Equation 2, and F(γ,N) and defined by Equation 3, are identified as the preferred 

EDPs and fragility functions are developed only for these EDPs. 
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Table 6.1  Characteristics of EDP-MOR data for the three data combination methods 

mean c.o.v. mean c.o.v. mean c.o.v. mean c.o.v. mean c.o.v.
0 0.6 0.33 4.7 0.69 0.25 0.30 9.84E-04 1.34 0.33 0.29
1 1.7 0.61 5.7 1.04 0.41 0.32 1.03E-02 1.03 0.43 0.33
2 3.0 0.38 13.8 0.72 0.65 0.17 2.14E-02 1.02 0.59 0.24
3 3.5 0.33 19.9 0.75 0.75 0.20 2.67E-02 1.07 0.70 0.16
4 3.7 0.26 26.3 0.40 0.83 0.12 4.15E-02 N.A. 0.86 N.A.

max 0.61 max 1.04 max 0.32 max 1.34 max 0.33
ave. 0.38 ave. 0.72 ave. 0.22 ave. 1.11 ave. 0.25

0 0.6 0.38 5.0 0.71 0.25 0.34 5.46E-04 1.05 0.29 0.34
1 1.4 0.54 5.3 1.01 0.37 0.30 1.15E-02 1.11 0.44 0.30
2 2.6 0.39 14.0 0.70 0.61 0.15 1.80E-02 1.08 0.56 0.23
3 3.1 0.28 19.9 0.64 0.72 0.18 2.94E-02 1.03 0.71 0.17
4 3.7 0.26 26.3 0.40 0.83 0.12 4.15E-02 N.A. 0.86 N.A.

max 0.54 max 1.01 max 0.34 max 1.11 max 0.34
ave. 0.37 ave. 0.69 ave. 0.22 ave. 1.07 ave. 0.26

0 0.5 0.53 1.9 1.12 0.18 0.40 1.52E-04 1.41 0.22 0.09
1 1.8 0.57 3.8 1.39 0.41 0.23 5.91E-03 1.03 0.36 0.45
2 2.9 0.50 12.9 0.77 0.62 0.18 2.03E-02 1.02 0.59 0.22
3 2.6 0.34 14.0 0.94 0.61 0.14 N.A. N.A. N.A. N.A.
4 3.7 0.26 26.3 0.40 0.83 0.12 4.15E-02 N.A. 0.86 N.A.

max 0.57 max 1.39 max 0.40 max 1.41 max 0.45
ave. 0.44 ave. 0.92 ave. 0.21 ave. 1.15 ave. 0.25
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6.5 SELECTION OF A STATISTICAL FUNCTION 

The three standard probability functions were calibrated using the method of maximum 

likelihood to fit the EDP-DV data, with EDP-DS data combined following Method Two 

described in the previous section. The standard probability distributions were evaluated using the 

goodness-of fit tests discussed in Section 2.5.2. The results of these tests are shown in  

Table 6.2 Results of χ2 and K-S tests for lognormal, Weibull, and beta distributions for 
the three preferred EDPs and the preferred damage data combination method 

 and 6.3. From the data in these tables, it may be concluded that the beta distribution does not 

provide as good a fit to the data as do the lognormal and Weibull distributions and that there is 

relatively little difference between the Weibull and lognormal distributions with respect to 

goodness of fit. Given these results, and that the lognormal distribution is more commonly used 

relative to the Weibull distribution, and that the Lilliefors test indicates the lognormal 
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distribution to be correct for all but one case, the lognormal distribution was chosen as the 

preferred probability distribution for use in defining the fragility functions.  

 

Table 6.2 Results of χ2 and K-S tests for lognormal, Weibull, and beta distributions for 
the three preferred EDPs and the preferred damage data combination method 

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 11.4 FALSE 0.32 TRUE 2.00 TRUE 0.65 TRUE 2.91 TRUE 0.65 TRUE
1 3.31 TRUE 0.65 TRUE 1.33 TRUE 0.74 TRUE 1.81 TRUE 0.94 TRUE
2 8.39 FALSE 0.61 TRUE 3.06 TRUE 0.87 TRUE 2.10 TRUE 1.00 TRUE
3 2.72 TRUE 0.63 TRUE 5.32 TRUE 0.61 TRUE 1.31 TRUE 0.97 TRUE
4 0.63 TRUE 0.99 TRUE 2.21 TRUE 0.88 TRUE N.A. N.A. N.A. N.A.

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 5.70 TRUE 0.81 TRUE 0.75 TRUE 0.71 TRUE 3.10 TRUE 0.54 TRUE
1 4.42 TRUE 0.48 TRUE 1.89 TRUE 0.36 TRUE 1.02 TRUE 1.00 TRUE
2 7.30 FALSE 0.49 TRUE 1.41 TRUE 0.83 TRUE 2.93 TRUE 0.97 TRUE
3 4.02 TRUE 0.34 TRUE 6.01 FALSE 0.60 TRUE 0.69 TRUE 0.99 TRUE
4 1.03 TRUE 0.98 TRUE 2.70 TRUE 0.59 TRUE N.A. N.A. N.A. N.A.

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 4.91 TRUE 0.48 TRUE 0.32 TRUE 0.79 TRUE 22.5 FALSE 0.46 TRUE
1 2207 FALSE 0.15 TRUE 3.74 TRUE 0.40 TRUE 2.25 TRUE 0.60 TRUE
2 832 FALSE 0.05 FALSE 3.31 TRUE 0.83 TRUE 9.19 FALSE 0.86 TRUE
3 16.20 FALSE 0.64 TRUE 10.11 FALSE 0.29 TRUE 1.88 TRUE 0.90 TRUE
4 1.85 TRUE 0.77 TRUE 6.69 FALSE 0.78 TRUE N.A. N.A. N.A. N.A.

χ2 Test

χ2 Test χ2 Test

K-S Testχ2 Test K-S Testχ2 Test K-S Testχ2 Test

Weibull Distribution

MOR

K-S Test K-S Test K-S Testχ2 Test

Lognormal Distribution

Drift F(D,N) F(γ,N)

K-S Testχ2 Test K-S Test

MOR

Drift F(D,N) F(γ,N)

MOR

Beta Distribution

Drift F(D,N) F(γ,N)
K-S Testχ2 Test

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 11.4 FALSE 0.32 TRUE 2.00 TRUE 0.65 TRUE 2.91 TRUE 0.65 TRUE
1 3.31 TRUE 0.65 TRUE 1.33 TRUE 0.74 TRUE 1.81 TRUE 0.94 TRUE
2 8.39 FALSE 0.61 TRUE 3.06 TRUE 0.87 TRUE 2.10 TRUE 1.00 TRUE
3 2.72 TRUE 0.63 TRUE 5.32 TRUE 0.61 TRUE 1.31 TRUE 0.97 TRUE
4 0.63 TRUE 0.99 TRUE 2.21 TRUE 0.88 TRUE N.A. N.A. N.A. N.A.

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 5.70 TRUE 0.81 TRUE 0.75 TRUE 0.71 TRUE 3.10 TRUE 0.54 TRUE
1 4.42 TRUE 0.48 TRUE 1.89 TRUE 0.36 TRUE 1.02 TRUE 1.00 TRUE
2 7.30 FALSE 0.49 TRUE 1.41 TRUE 0.83 TRUE 2.93 TRUE 0.97 TRUE
3 4.02 TRUE 0.34 TRUE 6.01 FALSE 0.60 TRUE 0.69 TRUE 0.99 TRUE
4 1.03 TRUE 0.98 TRUE 2.70 TRUE 0.59 TRUE N.A. N.A. N.A. N.A.

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 4.91 TRUE 0.48 TRUE 0.32 TRUE 0.79 TRUE 22.5 FALSE 0.46 TRUE
1 2207 FALSE

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 11.4 FALSE 0.32 TRUE 2.00 TRUE 0.65 TRUE 2.91 TRUE 0.65 TRUE
1 3.31 TRUE 0.65 TRUE 1.33 TRUE 0.74 TRUE 1.81 TRUE 0.94 TRUE
2 8.39 FALSE 0.61 TRUE 3.06 TRUE 0.87 TRUE 2.10 TRUE 1.00 TRUE
3 2.72 TRUE 0.63 TRUE 5.32 TRUE 0.61 TRUE 1.31 TRUE 0.97 TRUE
4 0.63 TRUE 0.99 TRUE 2.21 TRUE 0.88 TRUE N.A. N.A. N.A. N.A.

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 5.70 TRUE 0.81 TRUE 0.75 TRUE 0.71 TRUE 3.10 TRUE 0.54 TRUE
1 4.42 TRUE 0.48 TRUE 1.89 TRUE 0.36 TRUE 1.02 TRUE 1.00 TRUE
2 7.30 FALSE 0.49 TRUE 1.41 TRUE 0.83 TRUE 2.93 TRUE 0.97 TRUE
3 4.02 TRUE 0.34 TRUE 6.01 FALSE 0.60 TRUE 0.69 TRUE 0.99 TRUE
4 1.03 TRUE 0.98 TRUE 2.70 TRUE 0.59 TRUE N.A. N.A. N.A. N.A.

Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF Eq. 2.3 correct 
CDF P correct 

CDF
0 4.91 TRUE 0.48 TRUE 0.32 TRUE 0.79 TRUE 22.5 FALSE 0.46 TRUE
1 2207 FALSE 0.15 TRUE 3.74 TRUE 0.40 TRUE 2.25 TRUE 0.60 TRUE
2 832 FALSE 0.05 FALSE 3.31 TRUE 0.83 TRUE 9.19 FALSE 0.86 TRUE
3 16.20 FALSE 0.64 TRUE 10.11 FALSE 0.29 TRUE 1.88 TRUE 0.90 TRUE
4 1.85 TRUE 0.77 TRUE 6.69 FALSE 0.78 TRUE N.A. N.A. N.A. N.A.

χ2 Test

χ2 Test χ2 Test

K-S Testχ2 Test K-S Testχ2 Test K-S Testχ2 Test

Weibull Distribution

MOR

K-S Test K-S Test K-S Testχ2 Test

Lognormal Distribution

Drift F(D,N) F(γ,N)

K-S Testχ2 Test K-S Test

MOR

Drift F(D,N) F(γ,N)

MOR

Beta Distribution

Drift F(D,N) F(γ,N)
K-S Testχ2 Test

 
Notes: (1) For the K-S test, ( )α

nn DDPP ≤= . (2) For all cases of the χ2 test, the sum defined by Equation 6 is 
compared with 992.5,1 =− fc α . 
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Table 6.3  Results of the Lilliefors test for the lognormal distributions for the three 
preferred EDPs and the preferred damage data combination method 

P correct 
CDF P correct 

CDF P correct 
CDF

0.03 FALSE 0.17 TRUE 0.13 TRUE
0.17 TRUE > 0.20 TRUE > 0.20 TRUE
0.16 TRUE > 0.20 TRUE > 0.20 TRUE
0.16 TRUE 0.15 TRUE > 0.20 TRUE

> 0.20 TRUE > 0.20 TRUE N.A. N.A.

Lilliefors TestLilliefors Test Lilliefors Test

Lognormal Distribution

Drift F(D,N) F(γ,N)

 
Notes: ( )α

nn DDPP ≤=  where α
nD  is computed per Lilliefors (1967) 

6.6 FRAGILITY CURVES FOR SELECTED EDPs 

Figure 6.3 shows the theoretical and empirical fragility functions for use in predicting the 

probability that a MOR will, at least, be required given an earthquake demand on the component. 

Table 6.4 provides the lognormal distribution parameters defining the theoretical functions as 

well as the 95% confidence interval on these parameters, normalized with respect to the value of 

the parameter. The confidence interval (Eq. 7.1) is  

St2  (7.1) 

where t is the inverse of the student’s T CDF for the 95% confidence level and S is the diagonal 

of the covariance matrix for the coefficient estimates. The confidence interval was computed 

using the MATLAB function mle. 

Table 6.4  Lognormal distribution parameters for the three preferred EDPs  

MOR value 95% 
C.I. value 95% 

C.I. value 95% 
C.I. value 95% 

C.I. value 95% 
C.I. value 95% 

C.I.
0 -0.562 0.887 0.467 0.809 -1.464 0.282 0.387 0.809 -1.291 0.634 0.329 2.274
1 0.242 2.340 0.491 0.886 -1.025 0.338 0.300 0.886 -0.867 0.551 0.334 1.138
2 0.891 0.386 0.367 0.700 -0.508 0.271 0.147 0.700 -0.603 0.560 0.236 1.138
3 1.103 0.299 0.273 0.934 -0.343 0.650 0.185 0.934 -0.355 0.759 0.175 1.240
4 1.265 0.317 0.261 1.240 -0.188 0.958 0.117 1.240 N.A. N.A. N.A. N.A.

µ σ
Drift F(D,N) F(γ,N)

µ σ µ σ

 
Note: the 95% C.I. is the 95% confidence interval on the parameter, normalized with respect to the value of the 
parameter. 
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(c) EDP defined by Equation 4.6 

Figure 6.3  Theoretical (black) and empirical (grey) fragility functions  

The theoretical fragility functions presented in Figure 6.3 are appropriate for use in 

predicting the probability that a particular MOR will be required, given an earthquake demand as 

defined by one of three EDPs. However, comparison of the theoretical and empirical fragility 

functions as well as evaluation of the confidence interval data in Table 6.4 suggests that there is 

significant uncertainty in the parameters that define these models. This uncertainty is due 

primarily to the sparsity of the data sets used to construct the models. 

6.7 CONCLUSION 

The probability model consists of fragility curves indicating the likelihood of requiring an MOR 

for a given engineering demand parameter. The fragility curves are generated for multiple data 
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sets, distribution functions, and engineering demand parameters, and goodness-of-fit tests 

determine the most appropriate approach for developing the model linking an EDP to a DS and a 

MOR.  

Three methods for grouping DSs with MOR are proposed. These methods produce three 

EDP-MOR data sets. All of the combination methods give approximately the same results; 

although Combination Method Three results in one MOR for which insufficient data are 

available to generate a fragility function. Thus, Combination Method Two is selected because 

this method balances the size of the resulting data set with the skew resulting from the 

introduction of higher DSs. 

Three standard probability distributions are considered for modeling the empirical EDP-

MOR data and thereby generating fragility curves. Evaluation of these distributions using 

standard goodness-of-fit tests suggests that either the lognormal or the Weibull distribution are 

appropriate for use in modeling the data; although it should be noted that only for the lognormal 

distribution is the goodness-of-fit test accurate. The lognormal distribution is chosen as the 

preferred distribution for use in generating the fragility functions because (1) it is a more 

commonly employed distribution than the Weibull distribution and (2) the goodness-of-fit test 

employed with the lognormal distribution is exact. 

Five EDPs are considered for use in predicting joint damage. Maximum historic 

interstory drift, a nonlinear function of drift and number of load cycles and a nonlinear function 

of maximum joint shear strain demand and number of load cycles are identified as the preferred 

EDPs for use in predicting joint damage. These EDPs result in small coefficients of variation on 

the probability distribution parameters and more widely spaced means for the different MORs. 

Maximum joint shear strain demand was expected to be an efficient predictor of joint damage, as 

it defines the deformation demand imposed on the joint, while drift is a function of joint 

deformation as well as beam and column deformation. However, the results of this study do not 

suggest that joint shear strain is a particularly good indicator of damage. This may be in part 

because joint shear strain data were available for only half of the specimens.  
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7 Conclusions 

The previous chapters describe the development of a model for use in predicting the method of 

repair required to restore an older reinforced concrete beam-column joint damaged under 

earthquake loading to original condition. Section 7.1 summarizes the development process. 

Section 7.2 identifies conclusions that can be drawn from this work. Future research needs 

identified as a result of this work are discussed in Section 7.3. 

7.1 SUMMARY 

The research presented in this report uses results from previous research to develop fragility 

functions that define the probability that a reinforced concrete beam-column joint subjected to 

earthquake loading will require a specific type of repair to restore it to pre-earthquake conditions. 

Previous research used to support the current investigation included experimental investigations 

of the earthquake response of reinforced concrete beam-column joints, investigations of the 

repair of reinforced concrete components including beam-column joints, and analytical studies to 

develop fragility functions for other structural components and systems. In Chapter 2, the results 

of previous research are reviewed to assemble a set of 21 experimental joint tests that 

characterizes the response of interior reinforced concrete beam-column joints in two-dimensional 

frames with design details and loads typical of pre-1967 construction on the West Coast of the 

United States. 

The results of this study suggest that the model development process starts with 

identification of damage states specific to beam-column joints. In Chapter 3, the experimental 

tests identified in Chapter 2 are reviewed to develop a series of 13 damage states that 

characterize the progression of damage in beam-column joints subjected to earthquake loading. 

These damage states are defined by damage measures that can be observed in the laboratory and 

in the field: the maximum width and extent of concrete cracking, the extent of concrete spalling 



 62

and crushing, and the joint failure mechanism. These damage states are defined also by damage 

measures that can be observed only in the laboratory: the yielding of reinforcing steel and the 

initiation of lateral strength loss for the joint subassemblage. The results of previous 

experimental investigation provide a basis for linking the proposed damage states with 

earthquake demand, as defined by specific engineering demand parameters. The results of 

previous research and construction to repair components damaged under earthquake loading 

provide a basis for linking these damage states with specific methods of repair.  

Chapter 4 presents a series of engineering demand parameters that are appropriate for use 

in defining the earthquake demand imposed on a beam-column joint. The results of experimental 

testing of beam-column joints suggest that these demand parameters may be used to predict 

damage. It is expected that these demand parameters can be computed using commonly available 

software for nonlinear analysis of structural systems. Five engineering demand parameters are 

considered: maximum historic interstory drift, number of load cycles, maximum historic joint 

shear strain, a nonlinear function of drift and number of load cycles and a nonlinear function of 

shear strain and number of load cycles. Of the nonfunctional demand parameters, only for drift 

and number of load cycles are data provided by all experimental researchers.  

Chapter 5 identifies five methods of repair that are appropriate for use in restoring 

earthquake damaged beam-column joints to pre-earthquake conditions. The results of previous 

experimental investigation of the repair of reinforced concrete components, including beam-

column joints, as well as the experience of structural engineers and contractors who have 

accomplished post-earthquake repair provide a basis for identifying and describing these repair 

methods. The results of previous research and experience also provide a basis for 

deterministically associating a set of damage states with each of the repair methods.  

Chapter 6 describes the process of developing fragility functions that define the 

probability that a joint subjected to a specific level of earthquake demand, as defined by a 

specific value of an engineering demand parameter, will require a specific method of repair to 

restore it to pre-earthquake conditions. The results of the 21 experimental tests identified in 

Chapter 2 are used to develop a series of five data sets of engineering demand parameters versus 

damage state data points. These data are extended to engineering demand parameters versus 

method of repair data using the deterministic relationships between damage and method of repair 

described in Chapter 5. The standard lognormal, Weibull, and beta probability distributions are 

calibrated using the empirical data and the method of maximum likelihood. Finally, confidence 
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intervals on the distribution parameters and statistical goodness-of-fit tests are used to evaluate 

the proposed engineering demand parameters and the probability distributions. The results of this 

evaluation indicate that joint damage is predicted best if earthquake demand is defined by 

maximum historic interstory drift, a nonlinear function of drift and number of load cycles. or a 

nonlinear function of joint strain and number of load cycles. The results of this evaluation 

indicate also that the lognormal distribution may be used to model the empirical data.  

7.2 CONCLUSIONS 

The results of this research support several conclusions that improve understanding of the 

prediction of earthquake risk. 

1. Five engineering demand parameters were identified as being appropriate for use in 

predicting earthquake-induced joint damage: maximum historic interstory drift demand, 

the number of load cycles, a damage index that is a nonlinear function of interstory drift 

and the number of load cycles, maximum historic joint shear strain demand, and a 

damage index that is a nonlinear function of joint shear strain and number of load cycles. 

Of these parameters, drift and the functional damage indexes are the best indicators of 

joint damage.  

2. Earthquake-induced damage sustained by beam-column joints may be described using a 

series of 13 damage states. These damage states characterize damage primarily on the 

basis of the extent and magnitude of concrete cracking, the extent of concrete crushing 

and spalling and failure. These damage states can be associated with specific methods of 

repair.  

3. Three standard probability distributions (lognormal, Weibull, and beta) were considered to 

fit the empirical engineering demand parameter versus required method of repair data. 

Applying standard statistical goodness-of-fit tests to evaluate these distributions indicates 

that lognormal is the best distribution for use in modeling the empirical data.  

7.3 FUTURE RESEARCH NEEDS 

This report describes the initial development of a model that can be used to predict the method of 

repair required to restore a beam-column joint damaged under earthquake loading. The model 
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development process includes several steps, and at each step in the process, there is an 

opportunity to include additional information that will improve the model and reduce the 

uncertainty in the predicted impact of the earthquake damage. The following paragraphs suggest 

ways in which the model may be improved.  

Fragility functions indicating the probability that a joint subjected to earthquake loading 

will require a method of repair can be improved by adding additional experimental data. First, 

the computed confidence intervals on the fragility function parameter indicate that the fragility 

curves are highly uncertain. This uncertainty is directly attributable to the small size of the data 

sets used to generate the functions. More experimental data characterizing the progression of 

damage observed under earthquake loading will reduce the uncertainty inherent in the fragility 

functions. Second, the results of the current study suggest that earthquake demand is defined best 

by maximum interstory drift, a nonlinear function of maximum interstory drift and number of 

load cycles, or a nonlinear function of joint shear strain and number of load cycles. The results of 

this study do not indicate that maximum joint shear strain is a particularly good indicator of 

damage. However, joint shear strain could be expected to be a particularly good predictor of joint 

damage, since, unlike drift, it includes only the deformation demand imposed on the joint. These 

results may be because relatively few researchers provide joint shear strain data, and thus the 

joint strain data set is particularly small. Thus, additional experimental testing to generate joint 

shear strain and damage data is required to improve joint fragility functions using joint shear 

strain as a demand parameter.  

Application of the predictive models developed as part of this project requires the output 

of a nonlinear structural analysis. The analysis output is the engineering demand parameter from 

which the required method of repair is predicted using the proposed fragility functions. Inherent 

in this process is the assumption that the nonlinear response of the structure is predicted 

accurately, including nonlinear joint shear strain. Thus, accurate models are required for use in 

predicting the nonlinear response of structural systems, including joint response.  

The results of this study include fragility functions that predict the method of repair 

required to restore a joint to pre-earthquake conditions. However, for a building owner, the 

economic impact of an earthquake is measured in terms of the total cost required to restore the 

entire structure and its contents to pre-earthquake conditions and the time required to accomplish 

this. Thus, additional research is required to generate cost and downtime information for repair 
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of beam-column joints as well as to develop a comprehensive framework for computing cost and 

downtime for global structural repair.  
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Appendix A: Questions and Answers from 
Personal Interviews 

A.1 QUESTIONS PRESENTED TO INDUSTRY PROFESSIONALS 

A.1.1 Slides Presented to Interviewees 

 
 

 
Research Objective: Predict Earthquake Loss 

 
 

 
The results of structural analysis defines the earthquake demand on 
structural component. Component specific fragility curves have been 
developed to predict the damage state of reinforced concrete 
components given demand. 
 
 
 
Now, we must predict the earthquake loss. 
 
 
Earthquake loss is determined by the cost of restoring the structural 
components to their original condition and structural downtime 
associated with repair. 

 

 
 

 
 

Objectives for Today’s Discussion :  
 
 

1- Confirm the repair techniques are accurately described, most 
commonly used, and are effective at restoring components to 
original capacity. 
 
2- Link the correct repair techniques with each of the damage 
levels. 
 
3- Define the economic loss associated with the repair 
techniques. Loss is a function of the total cost and the total 
repair time. 

 

   

 
Repair Technique: 

 
#0- Cosmetic repair of nonstructural materials. 

 
Description:  
Repair nonstructural material covering structural components. 
 
 
 
 

NOTE: 
All subsequent repair techniques are assumed to require repair 
and/or removal and replacement of architectural finish. These costs 
will need to be included in estimating earthquake loss.  

 

 
 

 

Repair Techniques: 
 

#1a- Epoxy resin injection of cracked concrete. 
 

Description:  
Cracked concrete is appropriate for pressure injection when 
crack widths exceed 0.002in.  
 
0.75 in. is the maximum crack width that is appropriate for epoxy 
resin injection. Shear cracks are not appropriate for epoxy 
injection if crack width exceeds 0.04 in. (Filiatrault, SP160-3)  
 

#1b- Epoxy and aggregate repair of cracked concrete. 
Description: 
Larger cracks require a gap-graded aggregate to be added to the 
epoxy adhesive.  
The aggregate is placed in the crack, and a low or medium 
viscosity epoxy is injected. 
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Repair Techniques: 

 
#1a - Epoxy resin injection of cracked concrete. 
#1b - epoxy injection + aggregate 

 
Description:  
• epoxy inject cracks 
• crack widths may range from 0.002 in. to 0.75 in. 
• practical minimum crack widths for injection 1/32 in. to 1/16 in. 

• epoxy injection with aggregate / low-pressure cementitious 
material 
• if crack width exceeds 0.75 in. graded aggregate may be 

introduced into the crack or cementitious material used. 
 

 
 

 

 
 

Repair Technique: 
 

#3- Damaged concrete is removed and replaced with 
concrete, cement paste or epoxy mortar paste 

 
Description of damage:  
• Spalled concrete exposes reinforcement.  
• Confined concrete is crushed and/or severely cracked.  
 
Repair:  
•  remove damaged concrete as is necessary (chipping / jack 

hammering used) 
•  replace concrete with new concrete, cement paste, mortar 
•  jacketing may be appropriate   
 
Note 
•  This repair will likely require the removal of nonstructural 

elements in the vicinity of the structural component. 

 
 

Damage Level 1: Joint 
 

Description: 
Initial cracks at beam-column interface. 
Initial diagonal cracks within joint area. 

 
Repair: 
#0  
or   
#1a 
 

 

 

 
 

Damage Level 2: Joint 
 

Description:                                                                              Repair 
Initial spalling of joint-region concrete (<30% of area).         #2   
Onset of joint shear resistance deterioration. 

 

 

 

 
Repair Technique: 

#2- Cement or epoxy mortar paste is used to replace spalled concrete.  
 
Description:  
Spalling of the concrete must be limited to a width and depth where the 
reinforcement is not exposed.  
 
Here it is assumed that the depth of spalled concrete is less than 6″; 
thus an epoxy adhesive must be used to bond the new material to the 
original concrete. 
 
If cracks surround the spalled area, repair #1 is also required. 
 
 

 

 
 

Repair Technique: 
 

#4-Removal and replacement of exposed and damaged rebar. 
Correction of residual deformations when necessary. 

 
Description:  
Spalling of the concrete exposes the reinforcement. Confined 
concrete is crushed and little or no bond exists between the 
concrete and the steel.  
 
Removal of the damaged reinforcement and crushed concrete is 
required. Additional concrete may be removed. 
 
Note: 
This repair will likely require the removal of nonstructural 
elements in the vicinity of the structural component. 
 

 

 
 

Damage Level 1: Joint 
 

 
 
Description: 
Beam longitudinal 
reinforcement yields. 
 
Diagonal crack widths grow 
from hairline to 0.02″ to 0.09″. 
 
Repair: 
#1a 
or 
#1b 
 

 

 

 

 
Damage Level 2: Joint 

 
 
 
Description: 
More than 30% of joint area 
concrete has spalled. 
 
Cracks extend into beam 
and/or column. 
 
Repair: 
#2 
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Damage Level 3: Joint 

Description: 
More than 80% of 
joint area concrete 
has spalled. 
 
Crushing of 
concrete extends 
into joint depth. 
 
Corner column rebar 
is exposed. 

 

 

 
Column: 

Ductile Behavior 
Damage Level 1 

Description: 
Flexural (horizontal) cracks. 
Flexural crack width ≤ 0.75″.  
Repair:#1a 

 
Damage Level 2 

Description: 
Onset of spalling. 
Spalling height ≥10% dc 
Repair: #2 

 
Damage Level 3 

Description: 
Initiation of bar buckling.  
Fracture of transverse steel. 
Fracture of longitudinal steel. 
Repair:#3 

 

 
Defining Loss for Repair #0: 

No picture available. 
 
 
 

Unit cost of 
 -Material: Must match aesthetic properties of the existing 
material. 
 
 -Equipment: Removal tools, such as hammers and 
grinders, and mixing and placing tools are needed. 
 
 -Personnel: Experienced personnel with the material 
manufacturer certification when appropriate.  
 
Total Repair Time:  
Estimated time of mobilization, demolition, and replacing 
architectural finish plus the amount of time required for setting of 
new material. 

 

 
Defining Loss for Repair #2: 

Refer to pictures. 
Unit cost of 
 -Material: Cement or 
epoxy mortar paste 
 -Equipment: Hammers, 
grinders, and concrete saws. 
Mixing and placing tools. 
 -Personnel: Experienced 
personnel with the material 
manufacturer certification when 
appropriate.  
 
Total Repair Time:  
Estimated time of concrete 
removal, paste application, and 
surface finishing plus the amount 
of time required for setting of new 
material. 
 

 
 
 

Damage Level 3: Joint 
Description: 
Catastrophic failure defined by buckling of column rebar, 
Or beam pulls away from joint, 
Or embedded rebar pulls out of joint. 
 
 
Repair: 
#3 

 

 

 

 
Column 

Brittle Behavior 
Damage Level 1

Description: 
Diagonal cracks extend over 25% 
dc 
Vertical cracks extend over 10% 
dc  
Crack width ≤ 
0.04″.  
Repair:#1a 
  

Damage Level 2 and 3 
Description: 
Diagonal cracks extend over 67% 
dc  
Vertical cracks extend over 67% 
dc  
Crack width > 0.08″.  
Repair: Previously undefined 

 
Defining Loss for Repair #1a & b: 

Refer to pictures. 
Unit cost of 

-Material: Low viscosity 
injectable epoxy adhesive. Gap-grade 
aggregate for large cracks. Medium 
viscosity injectable epoxy adhesive. 

-Equipment: Pressure injection 
machine. Ports, drills, and sealant. 
Mixing and pressure monitoring 
equipment. 

-Personnel: Experienced 
personnel with material testing skills. 

Total Repair Time:  
Estimated time of surface preparation, 
adhesive injection, and surface 
finishing plus the amount of time 
required for setting of new material. 

 
 

 
Defining Loss for Repair #3: 

Refer to pictures. 
Unit cost of 
 -Material: Rebar and 
mechanical connection device. 
 
 -Equipment: Power tools 
and hydraulic press if needed. 
 
 -Personnel: Experienced 
personnel with consultation of 
device manufacturer when 
appropriate.  
 
Total Repair Time:  
Estimated time of rebar removal 
and placing and securing new 
rebar. 
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Defining Loss for Repairing Residual Deformations 

Associated with Damage Levels 2 and 3: 
 

Unit cost of 
 -Material: No additional materials required. 
 
 -Equipment: Crane or other large machinery. 
 
 -Personnel: Experienced personnel. 
 
Total Repair Time:  
Estimated time of achieving original alignment of 
component plus time acquiring engineer’s assessment. 

 

A.1.2 Questions Regarding Proposed Repair Techniques 

1. Are there additional repair techniques that should be considered? 
2. Residual deformation has been associated with repair techniques #2 and #3 when higher 

levels of damage are anticipated. At what drift level would the residual deformation be 
(a) ignored, (b) corrected, and (c) cause the building to be replaced? 

3. How significantly do the environmental conditions affect material selection for a RC 
component in a building where cladding and other nonstructural elements provide 
protection? 

4. Are these repair techniques appropriate for beam-column joints as well as columns? 
5. Are there subdivisions within the repair techniques listed above that are associated with 

substantially different costs? 
6. A variety of application processes accompany these repair techniques, e.g., vacuum 

versus high-pressure injection. Why would a more expensive process be selected? 

A.1.3 Questions Regarding Linking Repair Technique to Damage in Joints 

1. What damage measures would trigger use of Repair Technique #1 — epoxy injection? 
2. What damage measures would trigger use of Repair Technique #2 — patching? Diagonal 

or vertical cracks ≥ 0.04″ or 0.75″? Onset of spalling?  
3. What damage measures would trigger use of Repair Technique #3 — replacement of 

joint? Onset of significant spalling? Loss of bond strength within the joint? First sign of 
buckling of reinforcing steel?  

4. What damage measure would result in an unrepairable joint? Significant buckling of 
longitudinal reinforcing steel? Fracture of transverse reinforcing steel? Fracture of 
longitudinal reinforcing steel? Fracture of multiple longitudinal reinforcing bars? 
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A.1.4 Questions Regarding Linking Repair Techniques to Damage in Columns 

For the column considered to exhibit a flexural response mechanism: 

1. What damage measures would trigger use of Repair Technique #1 — epoxy injection? 
Horizontal (flexural) cracks ≥ 0.75″? Horizontal (flexural) cracks distributed over a 
height extending 50% of the column cross-section depth?  

2. What damage measures would trigger use of Repair Technique #2 — patching? 
Horizontal (flexural) cracks ≥ 2 mm? Horizontal (flexural) cracks distributed over a 
height extending 50% of the column height? Onset of spalling? Onset of significant 
spalling?  

3. What damage measures would trigger use of Repair Technique #3 — replacement of 
column? First sign of buckling of reinforcing steel? Significant buckling of longitudinal 
reinforcing steel?  

4. What damage measures would result in an unrepairable column? Fracture of transverse 
reinforcing steel? Fracture of longitudinal reinforcing steel? Fracture of multiple 
longitudinal reinforcing bars? 

 

For the column considered to exhibit a brittle (shear or bond-failure) response mechanism: 

1. What damage measures would trigger use of Repair Technique #1 — epoxy injection?  
Visible diagonal cracking? Sources indicate that shear cracks >0.04″ can not be repaired 
using epoxy injection. Is this true for vertical cracks as well?  

2. What damage measures would result in an unrepairable column? What is the appropriate 
repair for the onset of the shear or bond-failure mechanisms? Shear mechanism is defined 
by diagonal cracking over 67% of the column depth and crack width > 0.08″. Bond-
failure is cracks extending vertically over 67% of column depth and crack width > 0.08″. 

A.1.5 Defining Loss Due to Repair 

1. Loss has been defined as the unit cost of material, unit cost of equipment, and the unit 
cost of personnel plus the amount of downtime in terms of days. Is this the same 
definition loss used for estimation in practice? 

2. Is it possible to set up rules to estimate the start-up cost of the repair technique. Start-up 
cost would include mobilization and demolition to the extent required for the level of 
damage. For example, how can I estimate the start-up cost associated with epoxy 
injection of 10 columns versus 100 columns? 

3. Is it possible to estimate the cost of the architectural finish? 
4. What is the per-unit material cost associated with the repair technique? Will this vary 

substantially if the concrete crack widths are 0.05″ versus 0.2″? Or if the height of 
spalling on a concrete column is 12″ versus 24″?  

5. How long will it take to accomplish repair of a single unit and what would be the labor 
rate? Will repair time vary substantially if there are 10 units versus 100 units? 
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6. Can the building be occupied while repair is accomplished?  

A.2 INTERVIEW WITH S. SAVAGE  

A.2.1 Contact Information 

Steve J. Savage, P.E. 
Associate, Coughlin, Porter, and Lundeen 
217 Pine Street 
Suite 300 
Seattle, WA 98101 
Phone: 206-334-0460 
Fax:  
E-Mail: steves@cplinc.com 

A.2.2 Comments Regarding Questions: 

Question 1: Repair methods are complete. 
Question 2: For steel, correction of residual deformation depends on type of system. For 

concrete, correction of residual deformation is not possible. The offset may be within the limits 
of the building code and could be ignored. 

Question 4: Repair methods for columns in addition to those provided are wrapping, i.e., 
jacketing. A combination of epoxy injection and jacketing would be most applicable in damage 
seen in the figure (Hakuto ext.) 

Question 7: When determining the “trigger” damage state for a repair method, analysis of 
capacity is best. If not possible, then repair will be recommended. 

Question 11: Determining “trigger” for repair of flexural response of column requires 
analysis, if available, to determine amount of inelastic response already used. Flexural cracks 
will require less amount of repair. Epoxy resin injection: Lower bound crack width is 1/16″. New 
concrete: Remove damaged joint core by jack-hammering. 

Question 12: Patching of damaged concrete can be used until crushing of concrete occurs. 
No jacketing of flexural response should be required. 

Questions 13 and 14: Enlargement due to concrete crushing repaired with jacket. Must be 
observant of stiffness changes and shear force capacity after repair for future analysis. Cost 
effiency: Jacketing is best if several columns are to be repaired. Replacement is best if only one 
column is damaged. 

Question 15: The “trigger” for replacement or jacketing of brittle response of column is 
when the cracks get into middle third of column. Cracks just at end (seen in figure (Sezen)) 
would require replacing or jacketing.  Cost increases: Replacement of column requires shoring. 
This increases the cost beyond that expected for jacketing. 

Question 17: Cost of repair is determined by contractors. 
Question 18: Developing rules for start-up cost would involve establishing a /ft2 cost 

based on quantity of components. Must specify the following for estimate from general 
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contractor: close environment (office) versus open environment, vintage, quality, type of use, 
partitioning material will drive cost. 

A.3 INTERVIEW WITH H. COFFMAN AND J. KAPUR:  

A.3.1 Contact Information 

Harvey Coffman J Kapur 
Bridge Preservation Engineer Bridge Design Engineer 
WSDOT WSDOT  
Phone: 360-570-2556 Phone: 360-705-7209 
E-Mail: coffmah@wsdot.wa.gov E-Mail: kapurju@wsdot.wa.gov 

A.3.2 Comments Regarding Cost: 

1. Contributing factors to cost 
a. Lack of contractors 
b. Lack of labor 
c. Lack of equipment 

2. Traffic control 
a. High tolerance— allow  work to be done during day 
b. Low tolerance— require work to be done at night at time and a half 

A.3.3 Comments Regarding Repair 

1. Epoxy resin injection 
a. Use when crack width is >1mm (0.025″). 
b. Potential corrosion of rebar 
c. May use if smaller crack lends to reduced capacity. 
d. Lineal ft. of cracks to determine amt./ cost of adhesive 
e. Cost is $10/ft. 

2. Spalling 
a. Paint rebar with epoxy to prevent corrosion. 
b. Place chicken wire after spalled concrete is removed. 

3. Steel jacketing 
a. Square column may be repaired with circular can and filled with grout. 
b. Cost is $1000/ft. 

4. Damage specific to bridge 
a. Little experience with damage caused by EQ in Washington; however may be 

comparable to damage due to scour 
b. Concentrated in superstructure 
c. Shoring is done immediately to prevent additional damage and continue use of 

bridge. 
d. Monitoring of cracks with crack gauges to decide if repair is necessary. 
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e. Restoring residual deformation can be done using jacks and rollers. 
f. Column 

i. cracking at cover indicates cracking through width. 
ii. chip off cover concrete if 

1. core into core to test for internal damage 
2. hammer test yields spalling 

iii. crushing and cracking of core 
1. remove substantial amt. of concrete 
2. replace concrete 

5. Note that our repair method #3 is considered repair level #1 for WSDOT. Prior to that, 
the damage is not severe enough. 
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