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Abstract: 6 

This paper outlines a procedure to support selection of repair strategies for damaged structures 7 

after an earthquake. Under strong shaking, modern, code-compliant, bridges can sustain significant 8 

damage to their ductile members, and failure of sacrificial members. However, there are many 9 

choices of repair strategies, and no clear guidance on their selection. This paper proposes a seismic 10 

performance assessment framework to determine repair costs for reinforced concrete bridges, 11 

considering costs associated with both the initial repair and future expected seismic repairs (which 12 

are based on the performance of the repaired bridge). For initial repair, the paper considers several 13 

common column repair techniques, which are separately evaluated in terms of direct costs. For 14 

future expected repairs, the paper proposes a method to evaluate the effect of each of the repair 15 

strategies on a repaired bridge’s post-repair future seismic performance to quantify the expected 16 

repair costs associated with each strategy over the remaining service life of the bridge. The 17 
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procedure is demonstrated for two conventional concrete bridges, but can be applied to any 18 

concrete bridge or other bridges with some modifications in details. The results show the 19 

importance of considering post-repair performance in choice of repair strategies. Although the 20 

initial seismic repair costs of competing repair strategies are similar, some repaired bridges will 21 

incur higher repair costs in subsequent events. As a result, in cases where the repairs need to be 22 

performed early in the life of the bridge, the service life expected costs of strategies can differ by 23 

a factor of two.  24 

Keywords: Concrete bridges; seismic response; column repair jackets; post-repair 25 

performance; repair costs. 26 
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Introduction 30 

Modern practice in seismic design of bridges aims to prevent collapse and loss of life for 31 

conventional bridges during strong earthquakes (Caltrans 2010). However, during such 32 

earthquakes, these bridges can experience extensive damage to their components. This damage 33 

can produce significant consequences for communities, due to repair costs and bridge closure. For 34 

example, following the 2014 Napa earthquake, Caltrans reported 21 damaged bridges, with total 35 

repair costs exceeding $2.75 million (Caltrans 2014). Once a bridge is damaged, it is inspected, 36 

the type of repairs is selected, and the repair is then designed and constructed (Veletzos et al. 37 

2006). The selection of the repair technique is left to the expertise of the field engineer.  38 

This study enhances the existing performance-based earthquake engineering (PBEE) 39 

framework for bridges, in terms of losses, i.e. repair costs, in several ways. In particular, it 40 

contributes a novel procedure that explicitly accounts for alternative repair methods in terms of 41 

initial direct costs. More importantly, the study subsequently shows how the post-repair 42 

performance of each repair strategy can be established and incorporated in the performance 43 

assessment framework. This approach considers that each strategy may have different implications 44 

in terms of future seismic response and, hence, damage and repair costs. To support the 45 

implementation of the framework, we propose a new set of damage states for modern reinforced 46 

concrete (RC) bridges that are consistent with damage assessment procedures used by field 47 

engineers in California, and tabulate and report associated repair costs. We further investigate and 48 

identify optimal intensity measures (IM) for 3D models of RC bridges.  49 

In this paper, the proposed framework is applied to two prototype bridges representing modern 50 

conventional California highway overpass bridges. The bridges are subjected to incremental 51 

dynamic analysis (IDA) to simulate seismic demand, which serves as the input to damage 52 
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assessment and estimation of repair costs. Repairs are designed for different damage levels for 53 

abutments, superstructure and columns. For column repairs, we consider multiple, competing 54 

strategies. The bridges repaired with each of the techniques are then reanalyzed via IDA to examine 55 

the effect of the repairs on the post-repair performance, and to examine how the selected repair 56 

strategy impacts service-life economic impacts of repair costs. These results for the first time show 57 

general trends in repair costs and their distribution between different bridge components based on 58 

the bridge geometry, considering post-repair performance, and demonstrate the effect of each 59 

repair strategy on the initial stiffness, and strength and displacement capacity, and consequently 60 

on the repair cost outcomes. This study thus shows the necessity of including post-repair 61 

performance of the bridges in the selection of the repair methods.  62 

Background 63 

State of Practice  64 

The design of conventional concrete bridges in seismic areas in the U.S. is governed by 65 

AASHTO (2011), while several states additionally have their own codes, such as Caltrans’ (2013) 66 

Seismic Design Criteria for California. According to the philosophy of these documents, bridges 67 

are designed with ductile substructures (bridge piers/columns), sacrificial elements (shear keys, 68 

backwalls, bearings) and capacity-protected elements (superstructure, foundation, 69 

wingwall/stemwall). These design provisions intend to concentrate damage in parts of the bridge 70 

that are easily accessible for assessment and repairs after an earthquake. If a bridge is damaged in 71 

an earthquake, Caltrans has adopted a step-by-step guide (Veletzos et al. 2006) for determining 72 

damage and estimating the remaining capacity of bridge components. This method is based on 73 

visual inspection and the original performance of the bridge components, and aims to reduce 74 

variation among damage assessments from engineer to engineer.  75 
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The usual repair method for minor damage to RC columns is epoxy injection and patching of 76 

areas with spalled concrete. When columns experience more severe damage, RC jackets have been 77 

shown to successfully restore strength capacity (Lehman at al. 2001), and are often used (Caltrans, 78 

2017b). Other repair options for damaged columns are steel or prestressed concrete jackets (Buckle 79 

et al. 2006), and, recently, fiber reinforced polymer (FRP) jackets (Vosooghi and Saiidi 2013; 80 

Yang et al. 2015). Experimental work has shown that all of these repairs can restore the flexural 81 

and shear strength of the columns to the as-built state, but the deformation capacity and stiffness 82 

may not be fully restored (Yang et al. 2015).  83 

Seismic Performance Assessment  84 

The PBEE methodology has been previously used to assess vulnerability of bridges in high 85 

seismic areas (Mackie et al. 2011; Yang et al. 2009; Kaviani et al. 2014). These studies showed 86 

that damage tends to concentrate in the abutments and columns. Mackie et al. (2011) also estimated 87 

repair costs and repair time under certain damage scenarios for some bridges. For example, for a 88 

5-span RC relatively narrow bridge, abutment-related repairs represented the largest contribution 89 

to repair costs for major damage scenarios, and column repairs were the largest contributor in 90 

situations of minor damage. The PBEE methodology has also been applied to compare different 91 

bridge designs (e.g. Lee and Billington 2011; Jeong et al. 2008).  92 

A number of studies have also specifically examined bridge retrofit and repair assessments. 93 

Herein, the term “retrofit” refers to changes that aim to enhance the performance of a seismically-94 

deficient bridge prior to an earthquake, while the term “repair” defines procedures that aim to 95 

restore performance of bridges damaged during an earthquake. Padgett and DesRoches (2008) 96 

presented a methodology for developing fragility curves of retrofitted bridges, which was 97 

subsequently employed to compare retrofit methods. That work showed the effectiveness of 98 
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different retrofit measures to be a function of bridge type and damage state (Padgett and 99 

DesRoches 2009). Billah et al. (2013) analytically developed fragility curves for a multi-column 100 

bridge bent retrofitted by different methods. They concluded that engineered cementitious 101 

composite materials and carbon (C) FRP jackets were the most effective retrofitting techniques for 102 

reducing the fragility of that bent. Tapia and Padgett (2016) proposed a multi-objective 103 

optimization method to select structural retrofit and repair decisions for bridges to minimize initial 104 

economic costs. Illustrating the framework with a multi-span continuous steel girder bridge, the 105 

authors showed that 2.5% of all the combinations (most of which involved retrofitting steel 106 

bearings to elastomeric and installing seat extenders and shear keys) were near-optimal, i.e. 107 

resulting in lowest costs, but their optimization did not consider performance of the repaired 108 

bridges.  109 

Jeon et al. (2016) used a “time-dependent” element to investigate differences in performance 110 

of damaged unrepaired and repaired (using CFRP and steel jackets) pre-1971 bridges. This “time-111 

dependent” element activated repair members (i.e., jackets) for aftershock assessments, while 112 

maintaining the damage that was already sustained by the column. They found that bridges with 113 

columns repaired with steel jackets are slightly less damaged than bridges with columns repaired 114 

with CFRP jackets and that the unrepaired bridges performed worst. Deco et al. (2013) introduced 115 

a tool to perform a pre-event probabilistic comparison of the outcomes of different repair scenarios 116 

in terms of both direct and indirect costs. Their study defined a repair scenario as a set of repairs 117 

for all damage states (i.e. a scenario is a vector that consists of one repair for DS1, one repair for 118 

DS2, etc.). The study then calculates costs of the repair scenarios considering the likelihood of 119 

each damage state being experienced by the original bridge.  120 
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Framework for seismic performance assessment of bridges considering multiple repair 121 

strategies   122 

The present study builds on previous work to propose a framework for seismic performance 123 

assessment of bridges that explicitly considers multiple repair strategies and their post-repair 124 

performance. The proposed framework consists of separate PBEE assessment of the original and 125 

repaired bridges, with the assessment being performed for all repair strategies of interest. The 126 

outline of the framework is shown in Fig. 1.  127 

 128 

Fig. 1. Framework overview, showing the consideration of the ith repair strategy 129 

The PBEE framework consists of four main components: a hazard model, a demand model, a 130 

damage model, and a decision model (Deierlein et al. 2003). The hazard model represents the 131 

likelihood that an intensity measure (IM) will exceed a certain level. The demand model relates 132 

IMs to engineering demand parameters (EDPs) using structural analysis. The damage model 133 

connects EDPs to damage states (DSs); DSs occur when an EDP exceeds a threshold defining the 134 

onset of that DS for a particular component. The decision model associates a DS with a decision 135 

variable (DV), which can be expressed as repair cost ($), repair time (days), or other metrics of 136 
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interest. Mackie et al. (2008) extended the decision model by separating it into a repair model and 137 

a cost model (shown in Fig. 1). The repair model determines quantities (Q) of materials, labor, and 138 

equipment that are needed to repair an element in a given DS. These quantities are economically 139 

evaluated in the cost model. The final result of a PBEE evaluation is the mean annual frequency 140 

of occurrence of the DV. This study focuses on a single DV, repair costs (sometimes referred to 141 

as “direct economic losses”), which are assessed for two prototype bridges. Our damage model 142 

considers damage to all major bridge components, and the effect of competing repair strategies for 143 

columns. 144 

As highlighted in Fig. 1, the proposed framework then repeats the PBEE procedure to model 145 

and assess the bridge(s) with the one of the various repair strategies to quantify future seismic 146 

performance of the repaired bridge. Contrary to Jeon et al. (2016), we do not propose to use time-147 

dependent elements or “back-to-back” dynamic assessment, but rather a separate analysis of the 148 

repaired structure under the same set of motions. This approach is more convenient for practicing 149 

engineers and reduces computational time, but some parts of the damage may not be fully captured 150 

by the model of the repaired bridge (see discussion below). The assessment of the repaired bridge 151 

is a novel contribution here (unlike Deco et al. (2013), Tapia and Padgett (2016) and others) 152 

because it incorporates post-repair performance, which can significantly affect the expected costs 153 

over the bridge’s remaining service life, into the framework. Hence, this framework can be readily 154 

used to select the repair strategy with the lowest initial or projected service-life cost.  155 

The PBEE methodology accounts for uncertainty in each of the models. The record-to-record 156 

variability in structural response is captured by simulating EDPs in multiple motions at a given IM 157 

level (FEMA 2012; Mackie et al. 2008); this uncertainty can be expanded to incorporate modeling 158 

uncertainty (e.g., Liel et al. 2009; Padgett and DesRoches 2007). The uncertainty in DS observed 159 
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for a given EDP is expressed by establishing the onset threshold of a DS as a distribution (FEMA 160 

2017; Mackie et al. 2008). The uncertainty in the repair model arises from uncertainties in 161 

quantities of material needed due to uncertainty in materials needed for construction or the extent 162 

of damage. Lastly, the variation in unit costs, which are used in the cost model, is due to competing 163 

material producers, seasonal demand of materials, distance to manufacturers, etc.  164 

Bridge design and simulation model 165 

Selection and design of prototype bridges 166 

The proposed framework is applied to two bridges for which plans are available. These bridges 167 

are representative of post 2000 construction in California. “Representativeness” is evaluated with 168 

respect to the 2015 National Bridge Inventory (FHWA 2015), from which the authors identified 169 

trends in recent bridge construction in California, as discussed in Section S3.  170 

Two bridges are selected for this study (more details in Table S3). Prototype bridge 1 (PB1) is 171 

model bridge No. 3a from Ketchum et al. (2004), while prototype bridge 2 (PB2) is the La Veta 172 

Avenue Overcrossing located in Orange, CA. The elevations and superstructure cross-sections of 173 

each bridge are shown in Fig. 2 and Fig. S2, respectively. PB1 is a 5-span post-tensioned concrete 174 

box girder superstructure bridge with four monolithic columns with a design PGA of 0.49 g. PB2 175 

was designed with a design PGA of 0.40 g (ATC 1996) and constructed in 2001. This bridge has 176 

a 2-span RC box girder superstructure and a single pier with two columns. Where needed, the 177 

authors updated the design to satisfy recent design requirements (AASHTO 2011). The two 178 

bridges represent a range of geometric properties; PB1 has a relatively large number of columns 179 

with small superstructure cross-section and small abutments, while PB2 has small number of 180 

columns, but large superstructure cross-section and abutments. Both bridges are assumed to be 181 

located in Orange, CA. 182 
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The authors designed abutments for both bridges based on the current state of practice and 183 

specifications (Caltrans 1994a, 1994b, 2013), with design details provided in Section S3.  184 

 185 

Fig. 2. Bridge elevations: (a) PB1 and (b) PB2 186 

Nonlinear simulation models 187 

The bridges are modeled in three dimensions in OpenSEES (McKenna et al. 2000) as a spine 188 

model. This approach represents the bridge superstructure and columns with beam-column (line) 189 

elements connected along the central axis of the members. Mass is lumped at multiple nodal 190 

locations along each span to capture dynamic behavior. Geometric nonlinearities are considered 191 

via the corotational transformation. Stiffness-proportional damping of 2% is assigned to the last-192 

committed and initial stiffness (in a ratio of 3:2), an approach which has been observed to provide 193 

good predictions of residual drifts without significantly altering maximum drifts (Jeong et al. 2008; 194 

Tazarv and Saiidi 2013).  195 

A schematic of the bent model for PB2 is shown in Fig. 3 (the model for PB1 is similar). The 196 

columns are modeled using a single gradient inelastic (GI) flexibility-based beam-column element 197 

(Sideris and Salehi 2016; Salehi and Sideris 2017) for the clear height of the column and rigid 198 

links to connect the top of the column with the centroid of the superstructure. Each GI column 199 

element is comprised of several fiber sections over its length. These sections consist of fibers for 200 

the confined core, fibers for the unconfined concrete, and fibers for the longitudinal steel 201 
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reinforcement (using a computationally-efficient material model that can capture both bar fracture 202 

and buckling). More information on the nonlinear model and the steel model developed by the 203 

authors is provided in Section S4.  204 

 205 

Fig. 3. OpenSEES model of PB2 bridge bent, showing configuration of foundation springs, GI elements, 206 

and masses 207 

The soil-structure interaction for both bridges is modeled using translational and rotational 208 

linear springs that consider the foundation design (see Section S3). The superstructure is modeled 209 

using linear-elastic elements. The abutments are modeled using combinations of nonlinear zero-210 

length springs (Fig. S6). Additional rotational springs at the bottom and top of each column are 211 

considered to simulate bar slip. More information on modeling can be found in Section S4. 212 

In addition, the bridges are re-modeled with each of the repair strategies. For the sake of clarity 213 

of the procedure, this modeling approach is described in a separate section below. 214 
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Demand model 215 

To develop a demand model, the 3D nonlinear models of the bridges are analyzed using IDA. 216 

In IDA, the model of a structure is subjected to seismic excitation represented by a suite of ground 217 

motions, with each ground motion incrementally scaled up until collapse (Vamvatsikos and 218 

Cornell 2002). In this study, the model of each bridge is subjected to a set of 39 far-field ground 219 

motions (Haselton and Deierlein 2008). The analysis uses both horizontal components of each 220 

motion.  221 

We adopt an IM based on the average spectral acceleration, Saavg (Eads et al. 2015), defined in 222 

Equation 1: 223 

𝑆𝑎𝑎𝑣𝑔,𝑇 𝑜𝑟 𝐿(0.8𝑇1,𝑇 𝑜𝑡 𝐿 , … ,1.5𝑇1,𝑇 𝑜𝑟 𝐿) = (∏ 𝑆𝑎(𝑎𝑖𝑇1,𝑇 𝑜𝑟 𝐿)

𝑁

𝑖=1

)

1/𝑁

 (1) 

Saavg is the geometric mean of Sa computed over the given period range. We consider Saavg in the 224 

range of 0.8T1 to 1.5T1 in the transverse (T) and longitudinal (L) directions, with N being the number 225 

of 0.01 s increments in the period range; each period considered is denoted aiT1.  We use the 226 

arithmetic mean of Saavg in the two orthogonal directions, denoted  Saavg̅̅ ̅̅ ̅̅ ,: 227 

𝑆𝑎𝑎𝑣𝑔
̅̅ ̅̅ ̅̅ ̅̅ = (𝑆𝑎𝑎𝑣𝑔,𝑇 +  𝑆𝑎𝑎𝑣𝑔,𝐿)/2 (2) 

Saavg avoids problems with the elastic Sa(T1) IM because it quantifies the spectral shape of each 228 

motion in proximity to its fundamental period, and captures the effect of period elongation as the 229 

structure enters the nonlinear range. The analysis conducted to select the IM is described in Section 230 

S1.  231 

The damage model considers damage to all major bridge components. For each component, a 232 

set of DSs is defined, which may be defined based on several different EDPs. After dynamic 233 

analysis of the structure is performed, the joint distribution of EDPs for each IM level is quantified. 234 
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Subsequently, Monte Carlo Simulation (MCS) is utilized, and many (appropriately correlated) 235 

EDP realizations per IM level are generated, as described in Section S2. The randomly generated 236 

EDPs are compared with the randomly generated onset of each DS (described below) to determine 237 

the extent of the damage and design the repair for each component of the bridge.  238 

Damage states 239 

DSs are stablished for each component from field and experimental observations, as well as 240 

engineering judgment. Likewise, the EDP used to define the DSs are based on experimental results 241 

and engineering judgment. Regardless of the associated EDP, the onset of a DS is assumed to 242 

follow a lognormal distribution. The procedure to calculate the values of median and logarithmic 243 

standard deviation follows recommendations from FEMA P-58 (FEMA 2012). The onset of the 244 

DS is treated as uncertain in the MCS. 245 

Column damage states 246 

Several researchers have tested and defined DSs for ductile columns (Lehman et al. 2001; 247 

Vosooghi and Saiidi 2013; Yang et al. 2015). The DSs are usually described qualitatively 248 

(“extensive spalling”, etc.). In this study, the qualitative DS descriptions provided by Vosooghi 249 

and Saiidi (2010) are adopted and associated with six quantitative damage states, as reported in 250 

Table 1. DS6 is subdivided into DS 6a and 6b; these DS can be triggered by rebar buckling or 251 

fractured, respectively, but their consequence is the same, and they can occur separately or 252 

together. The choice of EDP associated with each DS is taken from the Caltrans damage inspection 253 

guideline (Veletzos et al. 2006). The DS threshold medians and logarithmic standard deviations 254 

are calculated from data sets or equations that are presented in the relevant references.  255 

 256 

 257 
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Table 1. Column damage states 258 

DS Qualitative 

description 

EDP Median 

threshold 

Logarithmic (ln) 

std. dev. of 

threshold 

Reference 

DS1 Flexural cracks Cover tensile strain at the 

ends of the column 

0.008 0.40 Goodnight et al. 

(2016) 

DS2 First spalling Cover compressive strain 

at the ends of the column 

0.00381 0.25 Mattock et al. 

(1961) 

DS3 Extensive 

spalling 

Cover compressive strain 

at distance of 0.1D* from 

the column ends 

0.00381 0.25 Mattock et al. 

(1961) 

DS4 Visible 

transverse 

and/or 

longitudinal 

rebar 

Cover compressive strain 

at distance of 0.5D* from 

the column ends  

0.00381 0.25 Mattock et al. 

(1961) 

DS5 Start of core 

failure 

Core strain at the ends of 

the column 

** Calculated 0.34 Mander et al. 

(1988); 

Saatcioglu and 

Razvi (1992) 

DS6a Bar buckling Compressive strain in 

rebar at the ends of the 

column 

** Calculated 0.41 Mander et al. 

(1994); Bayrak 

and Sheikh 

(2001); Bae et al. 

(2005); Dhakal 

and Maekawa 

(2002) 

DS6b Bar fracture Tensile strain in rebar at 

the ends of the column 

0.146 0.17 Bournonville et 

al. (2004) 

*   D refers to column diameter 259 
** Calculated from cross-section geometry and properties of transverse and longitudinal reinforcement for each 260 
cross-section 261 

 262 

Abutment damage states 263 

Damage to abutments designed to the latest Caltrans specifications is concentrated in bearings, 264 

in shear keys in the transverse direction, and in backwall and backfill in the longitudinal direction. 265 

All of these are referred as “sacrificial elements”. Details about the DS definitions are provided in 266 

Table S4. Other abutment components, such as stemwall, wingwall or foundation, are capacity 267 

protected and, hence, unlikely to get damaged. 268 

Steel-reinforced elastomeric bearings have three different failure modes based on their 269 

slenderness (Konstantinidis et al. 2008): slipping, i.e. failure due to friction force between the 270 

bearing and concrete being exceeded, “roll-over” and “roll-off” (see Section S5). For the selected 271 
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bridges, the authors determined that slipping is the limiting failure mode and occurs at median 272 

shear strains of 250% (PB1) and 240% (PB2) (Caltrans 1994a). Failure due to slipping is the only 273 

DS defined for the bearings. 274 

In the transverse direction, the shear keys are designed to shear off before the capacity of 275 

wingwall or abutment foundation is reached (Bozorgzadeh et al. 2006). The shear key DSs are 276 

based on our engineering judgment, as a percentage of the shear key displacement capacity (refer 277 

to Section S5 and Fig. S5a).  278 

The backwall DSs are based on experimental work (Bozorgzadeh 2007). That study observed 279 

that the peak resisting force of backwall and backfill occurs at 1.5% drift ratio of backwall 280 

(measured as maximum lateral displacement of the top of the backwall over the height of the 281 

backwall), and the residual strength around 4.5% of drift ratio (refer to Section S5 and Fig. S5b).  282 

Superstructure damage states 283 

Although the superstructure is a capacity-protected element and is expected to remain 284 

essentially elastic, some minor damage may occur. First, surface damage may occur due to impact 285 

between the superstructure and shear keys and/or backwall, when the gaps close. This damage is 286 

already captured in the DS (and repairs) of abutment elements. The second type of damage is 287 

associated with strains in superstructure due to longitudinal loads and moments, and consequent 288 

crack formation. Thus, two simultaneous DS associated with flexural cracks and compressive 289 

microcracks are defined in Table S5.  290 

Global damage states 291 

The column DSs in Table 1 do not explicitly consider residual drift. At a certain level of 292 

residual drift, it is too difficult to reset the structure to its original position (Kawashima and Unjoh 293 

1997). This paper follows Lee and Billington (2011), who proposed that columns with residual 294 
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drift larger than 1% may require replacement, and that all columns with residual drift of 1.5% and 295 

larger require replacement. A linear function was adopted as a fragility curve between these limits. 296 

If the residual drift DS occurs together with one of DS1-6, the repair solution for the residual drift 297 

DS governs. 298 

Collapse of the bridges is defined here as instability of the bridge and/or unseating of the 299 

superstructure in the longitudinal direction. Unseating occurs when the longitudinal displacement 300 

of the superstructure exceeds the seat width of the abutments; seat widths are reported in Section 301 

S5. After the superstructure unseats, collapse occurs from failure of the girders due to extensive 302 

negative moments above the bent closest to the abutment. Collapse due to instability occurs when 303 

P-delta effects cause the displacement of the superstructure to continue to increase after the ground 304 

motion ends. 305 

Repair strategies and costs 306 

Despite Caltrans sponsoring several projects to evaluate CFRP and other repair methods (e.g.,  307 

Saini and Saiidi (2013) or Vosooghi and Saiidi (2013)), there is a lack of standards or guides to 308 

inform design of repairs for bridges after an earthquake. However, Caltrans does provide retrofit 309 

specifications for steel and FRP jackets (Caltrans 2008, 2011). In this paper, repairs are designed 310 

based on recent research on repair methods and these retrofit specifications.  311 

Column repairs 312 

Repair methods for the columns are summarized in Table 2. The repairs for DS1 and 2 are 313 

nonstructural and are performed for durability reasons. For DS3 through 5, we consider four 314 

jacketing techniques, considering jackets made of RC, steel (Caltrans 2011), CFRP (Vosooghi and 315 

Saiidi 2013), and prestressed (post-tensioned) concrete (Buckle et al. 2006). If DS6 occurs, the 316 

column is replaced (Lehman et al. 2001).  317 
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Table 2. Column repair methods 318 

DS Repair Reference 

DS1 Epoxy injections Lehman at al. (2001), Goodnight et al. (2016) 

DS2 Patching Lehman at al. (2001), Goodnight et al. (2016) 

DS3 Concrete replacement, Construction of jacket 

(RC, Steel, CFRP, Prestress) 

 

Caltrans (2011, 2013); Vosooghi and Saiidi 

(2013); Buckle et al. (2006) 

 
DS4 

DS5 

DS6 (a,b) Column replacement Lehman et al. (2001) 

 319 

The jackets designed for DS3 through 5, illustrated in Fig. 4, are intended to restore shear 320 

strength that was lost from yielding of the transverse reinforcement and from cracking of concrete, 321 

and to restore confinement needed to provide flexural strength and deformation capacity. In order 322 

to compare the performance of different jackets, all jackets are designed to the minimum 323 

dimensions and confinement requirements of retrofit standards. In the case of RC jackets, a target 324 

confinement pressure is implicitly considered by requirements for the minimum transverse 325 

reinforcement ratio (Caltrans 2013). However, this may lead to the confining pressure provided by 326 

the RC jacket to be lower than for the rest of the repair jackets. For the other repair jackets, the 327 

minimum target confinement pressure is 2 MPa (300 psi) as recommended in retrofit and repair 328 

contexts (Buckle et al. 2006; Caltrans 2008, 2011; Vosooghi and Saiidi 2013). The height of the 329 

jackets is equal to the plastic hinge region height (as per Caltrans retrofit guidelines). Vosooghi 330 

and Saiidi (2013) provide estimates of losses in shear strength capacity of the original cross-section 331 

based on the DS the column experienced, which informs the shear strength design of all the repair 332 

strategies.  333 
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 334 

Fig. 4. Cross-sections of columns repaired with: (a) RC, (b) steel, (c) prestressed, and (d) CFRP jackets 335 

Abutment repairs 336 

The repair of abutment involves repairs of bearings, shear keys, and backwall (including joint 337 

seals and backfill). These repairs are summarized in Table S6. The bearings have only one DS 338 

(failure), the occurrence of which implies that bearings need to be replaced. For the shear keys, the 339 

repair for DS1 consists only of cleaning and patching of the superstructure and shear key surface 340 

damaged by pounding. DS2 requires further repair of the surface area, re-centering of the shear 341 

key, and patching/grouting of the shear plane. DS3 and 4 require replacement of the shear key. 342 

The vertical reinforcement of the new shear key is doweled into the existing stemwall to ensure 343 

sufficient displacement capacity.  344 

In the longitudinal direction, damage to the abutment occurs in the joint seals (or joint seal 345 

assembly), backwall and backfill. The repair for DS1 requires replacing the joint seal. During DS2, 346 

the repair involves additional cleaning and patching concrete chipped by pounding between 347 

superstructure and backwall. The repair of DS3 consists of excavation and new backfill of half of 348 

the slip zone (Fig. S7), and patching of the backwall. For DS4, the entire backfill is excavated and 349 

filled, and the backwall and approach slab are replaced.  350 
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Other studies looking at bridge repair costs (e.g., Mackie et al. (2011)) explicitly reported costs 351 

due to bearing repairs, shear keys repairs, etc. This study, however, adds these element repair costs 352 

together and reports them as abutment repair costs. 353 

Superstructure repairs 354 

The repair of DS1 consists of applying a sealing resin on 30% of the superstructure surface. 355 

DS2 is treated with epoxy injections applied on 30% of the surface, summarized in Table S7. This 356 

surface percentage is based on estimates of others (Mackie et al. 2011). 357 

Repair cost estimation 358 

The unit costs of all repair materials and processes are estimated from data of all bids awarded 359 

by Caltrans between the first quarter of 2014 and the first quarter of 2017 (Caltrans 2017). The 360 

unit costs (in 2017 dollars) for repairs include material cost, as well as labor and equipment cost 361 

that are associated with placing that material.   362 

The consequence functions employed here are trilinear models of unit cost versus quantity, as 363 

recommended by FEMA P-58 (FEMA 2012), with the parameters determined using the segmented 364 

regression method (Ryan and Porth 2007), based on the collected data. For example, the authors 365 

found that concrete was used for approach slabs in 38 projects during this time period. The authors 366 

collected the quantity and unit cost from each of these projects and used the data points to create 367 

consequence function, as shown in Fig. 5. For all the unit costs, the parameters are provided in 368 

Table S8.  369 
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 370 

Fig. 5. Consequence function model developed by the authors for unit costs for concrete used for 371 

approach slabs, showing regression superimposed on observed data (collected by authors). 372 

Incorporating Seismic Performance of Repaired Bridges  373 

Modeling of repaired bridges 374 

The post-repair performance of each alternative column repair strategy is investigated by 375 

creating nonlinear simulation models of the repaired bridges and subjecting them to the seismic 376 

performance assessment. The model of the repaired bridges assumes that the repair jackets are 377 

constructed around all column plastic hinges; this is a reasonable assumption given the high 378 

correlations between plastic hinging at the top and bottom of a given column and among different 379 

columns. The columns are then modeled using separate GI elements for the repaired and 380 

unrepaired parts of the column, as shown in Fig. S8.  381 
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The material constitutive models in the repaired part of the column are adjusted to account for 382 

both previous damage and the change in confinement due to the repair jackets. Specifically, the 383 

stiffness of longitudinal steel (i.e., existing rebar) model is reduced using recommendations by 384 

Vosooghi and Saiidi (2013) to account for previous yielding. The concrete material confined by 385 

RC, steel, and prestressed jackets follows Mander et al. (1988)’s model, while the concrete 386 

material confined by CFRP jacket follows an average of the models proposed by Jiang and Teng 387 

(2007) and Spoelstra and Monti (1999), as illustrated in Fig. S4. The unrepaired part of the column 388 

assumes the same material properties as the original column, as damage in those parts is assumed 389 

to be insignificant. This approach differs from Jeon et al. (2016), who uses back-to-back analysis, 390 

and hence can capture the damage in middle part of the column, but the effects are not expected to 391 

be substantial. 392 

For both bridges, the design of the each repair jacket for DS3 through 5 is governed by 393 

minimum thickness or confinement requirements (Buckle et al. 2006; Caltrans 2008, 2011, 2013) 394 

and thus, the dimensions and properties of each jacket type for all three DS are the same. As a 395 

result, only four simulation models (one per repair strategy) are analyzed for post-repair 396 

performance. Each of these models represent the bridge as repaired with one of the repair jacket 397 

strategies after any of DS3-5; the steel material model stiffness for longitudinal rebar 398 

conservatively assumes occurrence of DS5. If in fact the bridge experienced DS3 or DS4, this 399 

assumption will slightly underestimate the stiffness (<2% difference) of the bridge.  400 

Damage states and repair actions for repaired columns 401 

The columns repaired with RC and prestressed jackets are assumed to have the same DS set as 402 

defined for RC columns in Table 1. However, in the case of steel and CFRP jackets, a new set of 403 

DSs for each repair strategy is needed, detailed in Table 3. Experimental tests on columns 404 
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retrofitted or repaired with steel and CFRP jackets showed that only minimal damage is observed 405 

until extensive yielding or buckling of the steel jacket (Priestley et al. 1994), or rupture of the 406 

CFRP jacket (Vosooghi and Saiidi 2013). This damage requires replacement of the jackets in either 407 

case. The minimum thickness of steel jacket prevents the buckling of the jacket and hence it is not 408 

considered here.  It is assumed that the entire column will be replaced if rebar buckling or fracture 409 

occurs. We are not concerned about the rebar buckling DS in the case of steel jackets, because 410 

even the yielded jacket can provide enough confinement to restrict the longitudinal rebar from 411 

buckling. 412 

For the sake of clarity of comparisons, we assume that if the repaired columns need extensive 413 

repairs in subsequent seismic events, they would be repaired with the same type of repair jackets. 414 

Table 3. Damage states of columns repaired with steel and CFRP jackets 415 

DS Qualitative 

description 

EDP Median of 

threshold 

Log. (ln) std. 

dev. of 

threshold 

Reference 

Steel jacket 

DS1 Extensive 

yielding of the 

jacket 

Compressive and tensile 

strain in the jacket at the ends 

of the column 

0.05 0.4 Priestley et al., 

(1994) 

DS2 Bar fracture Tensile strain in rebar at the 

ends of the column 

0.15 0.17 Bournonville et 

al. (2004) 

CFRP jacket 

DS1 Fracture of the 

jacket 

Compressive strain in the 

jacket at the ends of the 

column 

* Calculated  Vosooghi and 

Saiidi (2013) 

DS2a Bar buckling Compressive strain in rebar at 

the ends of the column 

** Calculated 0.41 Mander et al. 

(1994); Bayrak 

and Sheikh 

(2001); Bae et 

al. (2005); 

Dhakal and 

Maekawa 

(2002) 

DS2b Bar fracture Tensile strain in rebar at the 

ends of the column 

0.15 0.17 Bournonville et 

al. (2004) 

*   Calculated from the mechanical properties of the CFRP and number of layers in the jacket 416 
** Calculated from geometry and properties of transverse and longitudinal reinforcement for each cross-section 417 

 418 

 419 
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Post-repair performance assessment 420 

To compare the impacts of repair decisions and post-repair performance over the service life 421 

of the bridge for different repair strategies, we propose decision curves that quantify the present 422 

value of expected repair costs over the service life of the bridge (75 years). In this framework 423 

(shown in Fig. 6), the present value of the total repair cost over the service life of the bridge (CT) 424 

comes from two sources: the costs of repairing the bridge during an initial earthquake (CI), and the 425 

costs of repairing the repaired bridge due to future seismic hazard over the remaining service life 426 

(CE) after the initial earthquake. The initial earthquake shaking is assumed to be strong enough 427 

that it warrants column repair by the jacket repairs being compared here (i.e., putting columns in 428 

DS3 - 5). In essence, we choose to condition our decision curves on an initially damaging event, 429 

because it brings to light differences in post-repair behavior, while providing a “level playing 430 

ground” for investigation of the repair strategies; however, the assessment is not strictly hazard 431 

consistent. 432 

 433 

Fig. 6. Outline of method to calculate decision curves proposed for comparing service life impact of 434 

different repair strategies 435 

To create the decision curve for a given repair strategy, we first assume and vary the year when 436 

the first earthquake (TI), causing initial damage, strikes. The remaining service life (r) then depends 437 
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on TI. The total repair costs (CT) then consist of summation of repair costs at the time of the initial 438 

earthquake (CI), and the expected repair costs over the remaining service life if future 439 

earthquake(s) occurs, causing damage to the already-repaired bridge (CE). To obtain CI, a 440 

distribution of total repair costs for the original bridge associated with column DSs 3-5 is created. 441 

This lognormal distribution comes from the repair cost assessment for the original bridge. To 442 

determine CE, first, each of the repaired bridge models is subjected to IDA and the repair costs are 443 

assessed using the same procedure employed for the original bridge. Then, annualized losses 444 

(ALCE) for each repaired bridge are calculated by convolving the repair costs curve and hazard 445 

curve (FEMA 2012). The hazard curve is treated deterministically (Section S8 provides details on 446 

construction of hazard curve in terms of Saavg
̅̅ ̅̅ ̅̅ ), while the cost curve is treated probabilistically 447 

(see Section S9). The value of CE at time TI, considering the remaining service life of the bridge 448 

and accounting for the real interest rate (k), assumed to be 3% (Zerbe and Falit-Baiamonte 2001),  449 

is determined according to Equation 3: 450 

𝐶𝐸 =  
1 − 𝑒−𝑘𝑟

𝑘
𝐴𝐿𝐶𝐸 (3) 

A realization of the present value (year 0) of total repair costs over the remaining service life is 451 

calculated according to Equation 4: 452 

𝐶𝑇 = (𝐶𝐼 +  𝐶𝐸)(1 + 𝑘)−𝑇𝐼 (4) 

The framework employs MCS to generate 5000 realizations of CI and CE for different values 453 

of T1. The hazard assessment is Poissionian or time-independent (meaning the initial earthquake 454 

does not affect the shaking intensity of future events). For simplicity, this study does not consider 455 

deterioration with time. 456 

 457 
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Seismic performance assessments with competing repair strategies 458 

Expected repair costs for original bridges 459 

The expected repair costs for columns for the original bridges are shown in Fig. 7 as a function 460 

of the IM level normalized by the design value (designated as DSaavg
̅̅ ̅̅ ̅̅ ̅̅ ) for each bridge. This 461 

normalization is carried out in order to compare results for bridges with different design values. 462 

Repair costs are normalized by costs of new construction for each bridge (Caltrans 2015; Ketchum 463 

et al. 2004) (see Section S7) and converted to 2017 dollars.   464 

 465 

Fig. 7. Expected column repair costs, normalized by the total replacement cost of the bridge, for: (a) PB1 466 

and (b) PB2 467 

Three distinct regions of response can be identified:  468 

1) A low intensity shaking region: here, the differences in expected repair costs among different 469 

repair strategies are minimal. Damage to columns is not extensive, and repairs consist mostly 470 

of epoxy injections and patching.  471 

2) A medium intensity shaking region: the damage in this region is significant enough to require 472 

jacketing. In this region, the repair costs associated with the CFRP jackets are the largest 473 
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because of the larger unit costs of the CFRP material and its application. The most cost-474 

efficient strategies are RC jackets for PB1 and steel jackets for PB2. The design of the steel 475 

jackets is governed by the minimum thickness of the jacket (10 mm = 0.4 in) based on Caltrans 476 

(2011)’s retrofit design aid. However, this thickness is greater than that needed to satisfy the 477 

confinement and shear demands. Hence, when the diameter of the column increases (from PB1 478 

to PB2), the jacket material increases only by the column surface area that needs to be covered 479 

(proportional to square of the column diameter). Conversely, in the case of the RC jacket, the 480 

design is governed by the transverse reinforcement requirements. Hence, when the diameter 481 

increases, the transverse reinforcement amount is increased both by the column surface area 482 

that needs to be covered as well as by higher amount of reinforcement needed to confine the 483 

larger diameter (proportional to cube of the column diameter). As a result, the steel jacket is 484 

more cost-effective for the larger diameter columns (as in PB2).  485 

3) A high intensity shaking region: here, the damage to columns is extensive, due to buckling or 486 

fracture of the longitudinal rebar, or large residual displacements. As a result, the differences 487 

in expected repair costs among different repair strategies are again minimal, because the most 488 

likely outcome is that columns are replaced. 489 

Although there are differences associated with the column repair strategies (Fig. 7), these are 490 

not significant when the repair costs of the entire bridge are considered. Thus, for simplicity, the 491 

total repair costs in Fig. 8 are shown only for the bridges repaired with CFRP and steel jackets.  492 

Fig. 8 shows contributions of repair costs from different elements for the steel jacket case, 493 

which are very similar to the other repaired strategies. The results show that the goal of non-494 

collapse even during large seismic events is satisfied, with very small probability of collapse 495 

during the design earthquake. The costs associated with superstructure repair are insignificant for 496 
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both bridges, as expected based on the superstructure being a capacity protected element.  497 

 498 

Fig. 8. Expected bridge repair costs, normalized by the total replacement cost of the bridge, and their 499 

breakdown for: (a) PB1 and (b) PB2 500 

For PB1, the column repair costs have a higher contribution than abutment repair costs (totaling 501 

shear key, bearing, and backwall costs) at low IM values (up to about 0.5 times the design value), 502 

but at greater shaking intensities the abutment repairs have the highest contribution. At low IM 503 

values, the abutment components are “protected” by the gap between the superstructure and shear 504 

keys / backwalls. For PB2, the abutment repair costs have the highest contribution even at low IM 505 

levels. This important contribution occurs due to the larger size of the abutment, which increases 506 

the amount of material needed to repair the abutment components relative to PB1. In general, 507 

abutment repair costs will be most critical for bridges with a few long spans (due to increase in the 508 

height of the superstructure to limit the deflections under gravity loads) and with wide 509 

superstructures (e.g., PB2). The contribution of column repair costs tends to increase with the 510 

number of spans/columns.  511 

 512 
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Post-repair performance 513 

Results of pushover analysis of the original (undamaged) and repaired bridges, illustrated in 514 

Fig. 9, offer the first insight into the post-repair behavior of the repaired bridges. In the case of 515 

PB1, all repair strategies, except RC jackets, provide greater displacement capacity and flexural 516 

strength than the original columns (Fig. 9a). The CFRP, steel and prestressed jackets are designed 517 

explicitly to 2MPa (300 psi) confining pressure, while in the design of original bridge and RC 518 

jacket repair, the confining pressure is implicitly considered in the minimum shear reinforcement 519 

(Caltrans 2013). For these two cases, the actual confining pressure may be lower, explaining the 520 

lower deformation capacity. Conversely, the minimum thickness of the steel jacket required by 521 

Caltrans (2011) more than provides sufficient confinement and shear strength, resulting in 522 

significant increases in the deformation capacity and ultimate strength of the column. The analysis 523 

indicates that the initial stiffness of bridges repaired with RC and prestressed jackets is slightly 524 

increased due to the increased dimensions of the jackets relative to the original column (and 525 

because these models neglect the effects of previous cracking in the non-repaired part of the 526 

column).                                                                                       527 

Fig. 9b shows, in the case of PB2, that only the steel jacket enhances the displacement capacity 528 

of the columns. The steel jacket is effective because the minimum thickness requirement still 529 

governs, but by smaller margin than in the case of PB1. The prestressed and CFRP jackets manage 530 

to essentially restore the flexural and displacement capacities of the original bridge. The RC jacket 531 

restores neither the displacement nor the moment capacity. When examining initial stiffness of 532 

PB2, unlike PB1, none of the repair strategies manages to restore it to the original value (Fig. 9b). 533 

The thickness of the repair jackets remains the same regardless of the diameter of the original 534 

column and, hence, for columns with larger diameter (e.g., PB2), the jackets will add relatively 535 
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less stiffness; eventually, as the diameter of the column increases, the jackets cannot restore the 536 

stiffness. Large scale tests have confirmed that RC jackets can restore stiffness for tested diameters 537 

(e.g. Lehman et al. (2001)), but these columns are not as large as those considered here. CFRP 538 

jackets have been shown to not fully restore stiffness even for the small diameters (Vosooghi and 539 

Saiidi 2013). 540 

 541 

Fig. 9. Pushover results for: (a) PB1 and (b) PB2 542 

The performance of each of the repair methods can be also examined by quantifying the 543 

seismic repair costs of the repaired bridge as a function of IM. These results, shown in Fig. 10, 544 

confirm the pushover analysis conclusions. The initial stiffness and element repair cost 545 

contribution govern the costs at lower IMs. Damage of bridge elements is related to the 546 

displacements of the superstructure and, hence, more flexible bridges experience, in general, 547 

higher damage and repair costs. At higher IM levels, the performance depends primarily on the 548 
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likelihood of collapse, which is inversely correlated with deformation capacity. Hence, bridges 549 

with higher displacement capacities have lower expected repair costs in this range of response. 550 

When a bridge does not collapse, the repair costs are always relatively low (because the most 551 

expensive component, the superstructure, does not need to be replaced). 552 

In the case of PB1, the steel jacketed bridge has lower expected repair costs compared to the 553 

rest of the jacketing strategies, as shown in Fig. 10a. Steel jackets are followed by CFRP, 554 

prestressed, and RC jackets at high IM levels, confirming the dependence on deformation capacity 555 

in this regime. The CFRP-jacketed bridge has the lowest initial stiffness, which is exhibited with 556 

highest repair costs at low IMs, due to abutment damage. On the other hand, the repair costs at low 557 

IMs for RC and prestressed jacketed bridges, which are stiffer, come from minor damage to 558 

columns due to cracking and spalling. The original bridge has relatively high repair costs, because 559 

it is not as stiff. 560 

Fig. 10b shows that, for PB2, the steel jacket has generally lower repair costs than the rest of 561 

the repair methods, followed by prestressed, CFRP, and RC jackets. Due to similar deformation 562 

capacities of the prestressed, CFRP and original bridges, the repair cost curves are similar in the 563 

high IM level region. The original bridge has the best performance for lower IM levels, due to its 564 

stiffness. The CFRP repaired bridge again shows the highest repair costs at low IMs.  565 
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 566 

Fig. 10. Expected repair cost curves for repaired bridge alternatives for: (a) PB1 and (b) PB2 567 

Service-life repair costs 568 

To facilitate comparison of repair strategies, decision curves based on expected repair costs 569 

over the entire service life of the bridge are calculated, as illustrated in  Fig. 6, with results plotted 570 

in Fig. 11.  571 

 572 

Fig. 11. Present value of expected repair costs over the service life considering the occurrence of a strong 573 

earthquake causing initial damage at different times in the service life for: (a) PB1, and (b) PB2 574 
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Results above show that, for the selected bridges, the costs of each of the repair strategies are 575 

relatively similar after the first earthquake (Fig. 8). Hence, differences in expected repair costs 576 

over the service life of the bridge are driven by the post-repair performance, i.e. the performance 577 

of the repaired bridge in subsequent earthquake(s). For the selected site, the future repair costs are 578 

governed by the low intensity events (which have high frequency of occurrence). As a result, the 579 

repair strategies with worse performance at the low IMs have higher service life repair costs 580 

compared to strategies with better performance at low IMs. The lowest service life repair costs are 581 

predicted for the steel jacket repairs for PB1, and RC jackets for PB2.  582 

Most importantly, this study documents the implications of accounting for the post-repair 583 

performance of the bridge. If repair strategies are selected solely on the basis of the repair costs 584 

after the first earthquake (Fig. 8), RC and steel jackets would be the selected strategy for PB1 and 585 

PB2, respectively. When the post-repair performance is considered, the most desirable strategy 586 

swaps between the two bridges. In the post-repair context, initial stiffness plays a great role, and 587 

its effect is amplified by the dimensions of abutments. The strategy that most affects stiffness 588 

depends on the material and size of jackets relative to columns.   589 

Conclusions 590 

This paper presents a comprehensive seismic performance assessment framework for RC 591 

bridges that accounts for competing repair strategies and their seismic performance. The 592 

framework has two parts. In the first part, it compares the initial costs of each repair strategy. 593 

However, the main novelty comes in the second part of the framework, where it provides a 594 

procedure for explicitly accounting for differences in seismic performance of the repaired bridges. 595 

As a result, projected repair costs that consist of the initial costs and the future seismic repair costs 596 

of the repaired bridge are determined. This step is of particular importance because previous 597 
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experimental studies at the component level have shown that the competing repair strategies do 598 

not have the same performance. 599 

In addition, we offer some detailed methodological improvements to facilitate this framework.  600 

To minimize the uncertainty in the results, the study introduces an optimized intensity measure for 601 

3D nonlinear models of reinforced concrete bridges. This intensity measure is selected based on 602 

its low dispersion and high correlation with demand parameters of several major bridge 603 

components. Furthermore, to allow for direct comparison between damage observed in the field 604 

and during numerical simulations, this study presents definition of damage states for all bridge 605 

components that are consistent with recommendations for post-earthquake visual assessment of 606 

real structures, but are also readily available from results of numerical simulations. A database of 607 

repair costs is also developed and tabulated for use by other researchers. 608 

The proposed framework is then applied to two RC bridges. The results demonstrate that the 609 

seismic performance of the bridges repaired with these strategies can be quite different. Hence, the 610 

expected repair costs over the service life of the bridge are driven by the post-repair performance. 611 

Indeed, in the cases shown here, a decision based on the repair costs after the first earthquake does 612 

not minimize estimated service-life repair costs. As a result, this analysis demonstrates the 613 

importance of selecting repair strategies considering the future seismic performance of the bridge.  614 

In addition, although the selected bridges do not characterize an entire class of bridges, some 615 

general conclusions and recommendations can be drawn from the results. The examples show that 616 

the difference in repair costs in a given earthquake associated with competing column repair 617 

strategies is relatively small (about 2% of the costs of a new bridge). As a result of this low 618 

difference in cost, there is potential for the post-repair performance to play a significant role in 619 

repair strategy selection process. RC and steel jackets are shown to have the lowest initial repair 620 
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costs, with steel jackets being more cost effective for columns with larger diameters. In addition, 621 

the studies show that abutment repair costs have a greater contribution to total repair costs than 622 

column repair costs even in the least favorable configuration (large number of columns and small 623 

dimensions of the abutment), and the contribution increases with the size of the superstructure (and 624 

consequently of abutment elements). This observation is important because it helps to select repair 625 

strategies that reduce projected future repair costs. Repairs that can better restore initial stiffness 626 

will often result in lower future repair costs, because the higher stiffness postpones the abutment 627 

damage. Lastly, especially for small diameter columns, the design of the column repair jackets is 628 

often driven by minimum dimensions requirements. This can lead to a significant improvement in 629 

performance. As the column diameter enlarges, other factors start to govern the design and the 630 

degree of overdesign, and, with it, the relative improvement in performance decreases. 631 
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