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ABSTRACT 

Advanced Seismic Assessment Guidelines, applicable to utility buildings, were developed by 

Stanford University (Bazzurro et al. 2004) as part of the PEER Lifelines Program, Building 

Vulnerability Studies (Project Task Number 507).  The subject project, Task 508, applies these 

state-of-the-art guidelines in a detailed fashion to two example buildings, each with differing 

features and functions within the electric and gas utility network. 

The first building studied is a three-story steel moment-frame building.  The second 

building is an older type of utility structure of composite concrete and steel (mill building) 

construction.  Rutherford & Chekene has also used the Guidelines to evaluate five additional 

buildings for Pacific Gas & Electric. 

The objectives of the test applications are the following:  
• Identify potential difficulties that Structural Engineers would encounter in using the 

procedures described in the Advanced Seismic Assessment Guidelines. 
• Recommend possible revisions to the procedure to address any identified difficulties. 
• Identify and make recommendations on other issues related to assessing the seismic 

reliability of utility structures and systems. 

The conclusions of this report summarize the applicability of the Advanced Seismic 

Assessment Guidelines, key assumptions in implementation, and specific recommendations for 

engineers applying the Guidelines. 
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1 Introduction 

1.1 BACKGROUND 

An important aspect of reducing the potentially costly and destructive impacts of earthquakes to 

society is to improve the earthquake resistance of utility and transportation networks, or 

“lifelines.”  Protecting these infrastructure networks requires understanding the seismic 

vulnerability of each of the components of the networks, understanding the most effective ways 

to reduce their seismic vulnerability, and understanding the interrelated importance of the 

components. 

For many utility and transportation networks, buildings are key components.  Predicting 

the post-earthquake functionality of utility buildings is a crucial step in evaluating the likelihood 

that a distribution network will be able to provide electricity, gas, water, or communication 

services to the residents of an earthquake-affected area. 

A rational and practical approach to evaluating or reducing the seismic vulnerability of an 

infrastructure network starts with developing fragility curves for all components of the network.  

Recent research has led to improved methods of establishing fragility curves for utility buildings. 

Advanced Seismic Assessment Guidelines were developed by Stanford University (C. 

Allin Cornell, Paolo Bazzurro, Charles Menun, Maziar Motahari) as part of the PEER Lifelines 

Program, Building Vulnerability Studies (Project Task Number 507).  When the Guidelines are 

applied to a building, the final product is a set of fragility curves for structural limit states 

directly related to post-earthquake building occupancy status, namely green, yellow, or red 

tagging. 

The subject project, Task 508, applies these guidelines in a detailed fashion to two 

example buildings.  Two utility buildings, with differing properties, are chosen for the test 

applications. 
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1.2 OBJECTIVES 

The objectives of the test applications are the following:  
• Identify potential difficulties that Structural Engineers would encounter in using the 

procedures described in the Advanced Seismic Assessment Guidelines. 
• Recommend possible revisions to the procedure to address any identified difficulties. 
• Identify and make recommendations on other issues related to assessing the seismic 

reliability of utility structures and systems. 

1.3 SCOPE 

The scope of the project includes test applications, examining two real buildings, of the 

Advanced Seismic Assessment Guidelines.  The first building studied is a three-story steel 

moment-frame building.  The second building is an older type of utility structure of composite 

concrete and steel (mill building) construction.  The scope includes developing specific 

performance predictions for the two structures, and identifying and commenting on, from the 

practicing engineer’s perspective, issues related to the Advanced Seismic Assessment Guidelines 

and the broader objectives of assessing the reliability of lifeline systems affected by building 

seismic vulnerability.   

For each test building the scope includes the following topics:  
• Nonlinear static (NSP) analysis of the undamaged building 
• NSP analyses of the damaged building 
• Conversion of NSP analysis to incremental dynamic analysis (IDA) 
• Occupancy status of the damaged building 
• Ground motion level associated with each structural limit state 
• Computation of fragility curves 

The detailed evaluations using the Guidelines have also led to study of integral technical issues 

including the following: 
• Computer modeling issues for steel moment-frame and concrete wall structures 
• Applicability of analysis approaches ranging from “hand” adjustments on elastic models 

to fully computerized modeling of damaged structures 
• Estimating residual drift and its effect 
• Including the effect of building period shift 
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• Post-earthquake occupancy (tagging) criteria 
• Post-earthquake inspection 

Throughout the project, Rutherford & Chekene worked closely with the Project 507 

researchers to ensure that our interpretations and use of the Guidelines were correct, and to 

ensure that our recommendations complemented the intentions of the Guidelines. 

1.4 OUTLINE OF THE REPORT 

Section 2 presents the first of two test applications featured in this report: a three-story steel 

moment-frame building.  Section 3 examines the effects of varying several analysis assumptions 

used in Test Application 1.  Section 4 presents the second test application: a one-story mill 

building.  Section 5 examines the finite element modeling assumptions used in Test Application 

2.  Section 6 briefly describes five additional PG&E buildings for which Rutherford & Chekene 

has performed seismic evaluations using the Advanced Seismic Assessment Guidelines.  Section 

7 discusses two key technical issues for which R&C determined that further examination and 

definition of procedures would be useful.  Section 8 summarizes the findings and 

recommendations of this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 Test Application 1:  Steel Moment-Frame 
Building 

This section presents the first of two test applications of the Advanced Seismic Assessment 

Guidelines featured in this report.  It includes a description of the structure in Section 2.1, 

followed by Sections 2.2–2.6, which discuss the major parts of the Advanced Seismic 

Assessment process for this building: evaluation of the intact structure, evaluation of the 

damaged structure, determination of dynamic behavior, definition of post-earthquake tagging 

limit states, and computation of fragility curves.  Section 2.7 presents the assessment in a step-

by-step format citing key equations. 

2.1 DESCRIPTION OF THE STRUCTURE  

Test Application 1 examines a service center and operations building designed in 1988.  The 

building is three stories tall with steel moment-resisting frames as the seismic-force-resisting 

system (Fig. 2.1).  The rectangular plan measures 98 feet by 217 feet and the total floor area is 

62,600 sq ft.  Figure 2.2 shows a plan of typical floor framing for the building. 

The floors and roof of the structure consist of lightweight concrete fill over metal deck.  

Composite steel beams and girders span between steel columns.  The columns bear on a 

foundation consisting of precast concrete piles and reinforced concrete pile caps, which are 

interconnected by concrete grade beams.  Table 2.1 shows the building dead loads, floor masses, 

and story heights. 

As shown in Figure 2.2,  the steel moment frames are located around the building 

perimeter, with an additional two transverse frames bordering a two-story atrium near the 

building center. Figure 2.3 shows elevations of the moment frames analyzed, including member 

sizes.  Moment-frame beams are Grade 36 steel, while columns are A572 Grade 50 steel.  Table 
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2.1 shows expected yield strengths for each material, based on the recommendations of FEMA 

356 (FEMA 2000). 

The building has a regular configuration, with no soft or weak stories, nor any other 

code-identified irregularities.  It houses a communications facility that is used during storms and 

other emergencies.  The call center is intended to be operational following an earthquake, so the 

building was designed as an essential facility, using an importance factor of 1.5.  As a result, the 

structural frame is 50% stiffer and stronger than a typical non-essential steel moment frame from 

the same era. 

The building’s steel moment frames are designed and specified to “pre-Northridge” 

standards, meaning that the beam-column connections may be susceptible to fracture near the 

welds of beam flanges to columns. 

The building is located on a site of high seismicity.  The short period design spectral 

acceleration, for a ground motion with a 5% probability of exceedance in 50 years, is 1.69g, as 

shown in Table 2.1.  The building is on a Type D soil profile.  At the building period of 0.78 

seconds, the short period plateaus of the design spectra govern design spectral acceleration. 

 

 

Figure 2.1  Photo of the building exterior 
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Table 2.1  Building loads and properties 

Building Dead Load  
Ceiling & Mech. 6 psf 
Partitions 10 psf 
4 ½″ LWC over 3″ Metal Deck 44 psf 
Beams 8 psf 
Columns 3 psf 
Total 71 psf 
  
Exterior Walls (2nd & 3rd stories) 15 psf 
  
 

Floor Story Ht. 
(ft) 

Area 
(ft2) 

Floor DL 
(K) 

Floor Mass 
(k-s2/ft) 

Floor LL 
(K) 

Roof 14′ 21266 1638 50.9 851 
3rd 14′ 21266 1638 50.9 2127 
2nd 15.5′ 20146 1431 44.4 2015 

  Totals 4707 146.2 4993 
 
Estimated Material Properties 
Columns A572 Grade Sc Fy=55ksi 
Beams A36 Fy=51ksi 
 
Site Seismicity Data   From USGS National Seismic Hazard Maps 
 PGA Ss (g) S1 (g) Sa (g) * 
10% / 50 yr. 0.61 1.28 0.67 1.28 
5% / 50 yr. 0.75 1.69 0.92 1.69 
2% / 50 yr. 0.96 2.04 1.25 2.04 
MCE    1.50 
DBE    1.00 
 *At building period = 0.78s 
 Soil Type D 

2.2 SEISMIC EVALUATION OF THE INTACT STRUCTURE 

In accordance with the Guidelines, the seismic evaluation of the intact structure includes 

nonlinear static (pushover) analyses.  This test application analyzes the building’s transverse plan 

direction using the computer structural analysis program SAP 2000.  Since a similar lateral-force-

resisting system exists in the building’s longitudinal direction, the structure is expected to exhibit 

similar behavior in that direction, so an evaluation of that direction is not included in this study. 
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2.2.1 Computer Analysis Model 

The building’s regular symmetrical configuration allows a two-dimensional analysis to 

appropriately capture structural behavior. Half of the building’s weight and half of the lateral-

force-resisting frames are modeled as indicated in Figures 2.2–2.3.  In addition to the moment 

frames shown in Figure 2.3, the gravity-framing members on building lines B and C are also 

included in the model. 

Figure 2.4 depicts the two-dimensional in-line modeling of parallel moment frames on 

lines A and D, plus gravity frames on Lines B and C.  Foundation springs represent the rotational 

stiffness of the piles and pile cap foundations beneath each column.  Assigned spring constants 

account for the stiffness of the concrete foundation elements and as well as their expected 

movement in the supporting soil under seismic forces. 

The nonlinear static analysis applies story forces in an inverted triangular pattern 

proportional to that prescribed in the Uniform Building Code (UBC) (ICBO 1997). 

A study was carried out on the effects of several of the analysis assumptions using 

variations of the analysis model.  Section 3.1 describes and evaluates variations on the above 

assumptions. 

Moment Frame Gravity Frame

Foundation 
Spring

 
Figure 2.4  Analysis model including gravity frames 

2.2.2 Nonlinear Components 

All beams and columns are modeled with potential plastic hinge locations at each end.  Plastic 

hinges in moment-frame beams and columns are assigned flexural strength equal to that of their 
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steel sections.  Plastic hinges in gravity beams are assigned flexural strength equal to that 

estimated for their shear-tab connections. 

Nonlinear force-deformation behavior for steel columns and beams follows the modeling 

recommendations of FEMA 356. Figure 2.5 depicts a generic force-deformation relationship for 

steel elements, and Table 2.2 displays the values a, b, and c which define this relationship for 

each steel beam.  For example, the a values show that the W33 and W30 floor beams sustain a 

plastic rotation of 0.8% to 1.3% before flange fracture (the first capacity drop) occurs.  Given the 

length, plastic moment strength, and elastic stiffness of each beam, the yield rotation, θB, is 

calculated, which leads to the rotational ductility values at points C and E, shown in Table 2.2.  

These ductility values, along with flexural yield strengths, comprise the input for plastic hinge 

definitions in the SAP model. 

A similar procedure computes the expected nonlinear force-deformation behavior for 

columns.  By FEMA 356, columns achieve significantly larger plastic rotations than beams do 

before the occurrence of flange fracture and strength degradation.  At the displacement demands 

imposed in this evaluation, columns yield but do not degrade. 

 

B

D E

C

a
b

c

1.0

Q
Qy

(RADIANS)

A
1.0 θ/θy

 
Figure 2.5  Generalized force-deformation relation for steel elements or components 
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Table 2.2  Beam hinge properties, determined using FEMA 356 Table 5-6 

Size Lb (ft) a (radians)  b (radians) c QC/QB θC/θB θE/θB 
W33x118 30.71 0.008 0.023 0.2 1.036 2.20 4.39 
W33x118 25.92 0.008 0.023 0.2 1.043 2.42 5.02 
W30x90 29.21 0.013 0.025 0.2 1.052 2.74 4.48 
W30x90 28.92 0.013 0.025 0.2 1.053 2.76 4.52 
W24x76 30.71 0.020 0.029 0.2 1.064 3.15 4.09 
W24x76 29.21 0.020 0.029 0.2 1.068 3.26 4.25 
W24x76 28.92 0.020 0.029 0.2 1.068 3.28 4.28 
W24x76 25.92 0.020 0.029 0.2 1.076 3.54 4.66 

2.2.3 Analysis Results 

Performing a nonlinear static analysis with the model described above generates the force-

displacement response plot of Figure 2.6.  The structure reaches a peak base shear of 2000 kips 

at a roof drift (roof displacement divided by building height) of 1.7%.  After this peak, strength 

degrades as a result of beam flange fracturing.  When roof drift reaches 4%, the lateral strength 

drops to approximately 400 kips. 

2.3 SEISMIC EVALUATION OF THE DAMAGED STRUCTURE 

Using the methodology of the Guidelines, damage states are defined at roof drifts where 

significant losses in lateral-force-resisting capacity occur, labeled “DS1”–“DS4” on the intact 

structure force-displacement curve of Figure 2.6.  Damage states are chosen to capture the range 

of damage that affects the resulting levels of post-earthquake risk (from green tag to red tag).  

For each damage state, a “damaged-structure” force-displacement curve characterizes expected 

behavior in an aftershock (Figs. 2.7–2.9). 

Beyond the roof drift that causes each damage state, the corresponding damaged-structure 

force-displacement curve takes the same shape as that of the intact structure.  However, plastic 

deformations and flange fractures associated with each damage state result in residual roof drift 

and reloading behavior that differs from that of the intact structure. 

The reloading portion of each damaged-structure force-displacement curve is estimated 

based on the extent of damage and the cyclic moment-rotation behavior of steel moment 

connections.  Figures 2.10–2.11 relate the cyclic moment-rotation behavior of steel moment 
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connections to the static force-deformation relationship for these connections.  From Figure 2.10 

as long as flanges do not fracture, the reloading stiffness is the same as the intact initial stiffness; 

however, from Figure 2.11, after flanges have fractured, stiffness and strength decrease 

significantly.  Also, in both figures the dynamic residual rotation θrd is smaller than the static 

residual rotation θrs, a result of load reversal. 

Relating this element behavior to the damaged-structure behavior (Fig. 2.13), the 

damaged-structure initial stiffness, Ki is calculated by modifying the stiffness of elements with 

fractured flanges in the SAP model and then performing an elastic analysis.  The damaged-

structure hardening stiffness, Khi is estimated by multiplying the intact structure hardening 

stiffness by the ratio of remaining unfractured moment connections to total moment connections.  

The dynamic residual drift Δrd of Figure 2.13 is calculated as 0.3 times the static residual drift Δrs 

of Figure 2.12.  Section 7 of this report provides further discussion and recommendations for 

estimating dynamic residual drift. 
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Figure 2.6  Nonlinear static force-displacement curve for the intact structure 
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Figure 2.7  Nonlinear static force-displacement curve for DS2 
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Figure 2.8  Nonlinear static force-displacement curve for DS3 
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Figure 2.9  Nonlinear static force-displacement curve for DS4 
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Figure 2.10  Assumed unloading and cyclic behavior of connections whose flanges have 

not fractured 
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Figure 2.11 Assumed unloading and cyclic behavior of connections whose flanges have 

fractured 
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Figure 2.12  Assumed global unloading stiffness from damage state DSi 
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Figure 2.13 Assumed global reloading of a structure that has been subjected to damage 

state DSi 

Kh1 



 17

2.4 INFERRED DYNAMIC BEHAVIOR (SPO2IDA) 

From the nonlinear force-displacement plots of Figures 2.6–2.9, the SPO2IDA program 

(Vamvatsikos 2002) is used to compute the relationship between spectral acceleration and global 

ductility demand for each damage state.  Figure 2.14 presents an example SPO2IDA spreadsheet 

with the input interface displayed on the left and the output acceleration-ductility curves graphed 

on the right. 

The SPO2IDA program takes as input a fundamental period of vibration and a 

quadralinear force-displacement plot.  Overlaid on Figures 2.6–2.9 are the quadralinear 

approximations of force-displacement response used for input into SPO2IDA. Table 2.3 displays 

the fundamental period of vibration for the structure at each damage state, obtained from the 

modified SAP models mentioned in the previous subsection. 

Figures 2.15–2.18 display the normalized graphical output from SPO2IDA, and Figures 

2.19–2.22 present the same data in terms of spectral acceleration and roof drift.  Noted on each 

of these latter plots are the 10%-in-50-year, 5%-in-50-year, and 2%-in-50-year spectral 

acceleration values from Table 2.3.  Response spectra, fundamental periods, and resulting 

spectral acceleration values for all damage states are presented graphically in Figure 2.23. 

The SPO2IDA program accounts for variability in nonlinear displacement response by 

plotting three different confidence levels of maximum roof drift.  For example, for a given peak 

spectral acceleration, the maximum roof drift will be less than that marked by the IDA-84% line 

in 84 out of 100 ground motions. 

Figure 2.24 plots the median (IDA-50%) curves for each damage state, normalized by the 

spectral acceleration from the 10%-in-50-year response spectrum at the fundamental period 

associated with that damage state.  This figure indicates that some damage to the structure may 

actually increase its collapse capacity because the damage lengthens the building’s fundamental 

period of vibration, which in turn reduces spectral acceleration demand.  Figure 2.25 shows the 

seismic hazard curve for the building site, which indicates that the return period for spectral 

acceleration to collapse the intact or damaged structure (Sa/Sa10/50 are all greater than 2.0 from 

Fig. 2.24) is greater than 2500 years. 

From the intact structure SPO2IDA plot, the spectral acceleration expected to cause each 

damage state is determined (Table 2.4).  The tabulated acceleration values correspond to points 

on the median (IDA-50%) curve at which the structure reaches the roof drifts that define each 
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damage state.  Next, from each of the damaged-structure SPO2IDA plots, the median spectral 

acceleration values Sa(cap) expected to cause collapse in an aftershock are determined.  The values 

in Table 2.4 form the basis for defining post-earthquake tagging limit states. 

 

 

 
Figure 2.14  Example of SPO2IDA spreadsheet 

Table 2.3  Spectral acceleration for damage states 

DSi Period(sec) Sa 10/50 Sa 5/50 Sa 2/50 
Intact 0.81 1.25 1.69 2.04 
DS2 0.88 1.15 1.58 2.04 
DS3 0.99 1.02 1.40 1.90 
DS4 1.03 0.98 1.35 1.82 
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Figure 2.15  Normalized IDA for intact structure 
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Figure 2.16  Normalized IDA for DS2 
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Figure 2.17  Normalized IDA for DS3 
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Figure 2.18  Normalized IDA for DS4 
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Figure 2.19  Intact IDA 
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Figure 2.20  DS2 IDA 
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Figure 2.21  DS3 IDA 
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Figure 2.22  DS4 IDA 



 23

0.00

1.25

1.69

2.04

0.00

1.15

0.000.00

0.98

1.35

1.82

2.04

1.58

1.02

1.90

1.40

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25

Spectral Displacement, Sd (in)

Sp
ec

tra
l A

cc
el

er
at

io
n,

 S
a 

(g
)

2% In 50 Yr.
5% in 50 Yr.
10% in 50 Yr.
T Intact
T DS2
T DS3
T DS4
10%/50 yr
5%/ 50yr
2%/ 50 yr

 
Figure 2.23  Response spectrum of the intact structure and damage states 
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Figure 2.24  IDA, roof drift vs. Sa/Sa(10/50) for the intact structure and damage states 
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Figure 2.25  Seismic hazard curve for the building site, Sa vs. return period 

2.5 POST-EARTHQUAKE TAGGING LIMIT STATES 

This evaluation uses Tagging Criteria C of the Guidelines, which is described in detail in Section 

7.2 of this report.  Tagging Criteria C defines the onset of yellow tag as the median main-shock 

acceleration for which an aftershock of the same acceleration will cause collapse in 50 out of 100 

ground motions.  The onset of red tag is the median main-shock acceleration for which an 

aftershock having 75% of this acceleration will cause collapse in 50 out of 100 ground motions. 

From the data in Table 2.4 the expected tagging for each damage state is determined by 

plotting Sai, the spectral acceleration to cause each damage state, versus Sa(cap) the spectral 

acceleration to collapse the damaged structure.  However, first Sa(cap) is normalized to account for 

the fact that the damaged structure has a longer fundamental period of vibration than does the 

intact structure.  From Table 2.3, the 2%-in-50-year response spectrum plateaus at 2.04g for the 

intact and DS2 periods, but then it decreases for the periods associated with DS3 and DS4.  In 

order to normalize aftershock accelerations with respect to main-shock accelerations, Sa(cap) 

values are scaled up by the ratio of the 2%-in-50-year spectral acceleration at the intact structure 

period to the acceleration at the damaged-structure period.  The resulting quantities Sa(cap-φ) are 

plotted with respect to Sai in Figure 2.26. 
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If Sa(cap-φ) / Sai is less than 0.75, the damaged structure receives a red tag; if Sa(cap-φ) / Sai is 

between 0.75 and 1.0, a yellow tag; if greater than 1.0, a green tag.  The main-shock spectral 

acceleration to cause each tagging limit state is determined by plotting lines with slopes 1.0 and 

0.75 that pass through the origin in Figure 2.26.  The points A and B, where these lines cross the 

arc defined by the damage state points, mark the transitions between tagging limit states.  The 

spectral accelerations and corresponding roof displacements at these limit states are listed in 

Table 2.5. 

Table 2.4  Tagging criteria 

DSi Roof Drift % Sa to get to DSi Sa(cap) Sa(cap-φ) 
Intact 0.00 0.00 2.44 2.44 
DS2 1.98 1.27 2.55 2.55 
DS3 3.25 1.76 2.30 2.47 
DS4 4.04 1.87 2.03 2.28 

Collapse 7.50 2.44 0.00 0.00 
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Figure 2.26  Main shock vs. aftershock to cause collapse, Tagging Criteria C 

Table 2.5  Median roof drifts and median Sa corresponding to structural limit states 

Structural 
Limit State 

Onset of 
Damage 

Onset of 
Yellow 

Onset of 
Red 

Collapse 

Median Roof Drift 1.38% 5.20% 5.80% 7.50% 
Median Sa 0.86g 1.95g 2.05g 2.44g 
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Table 2.6  Uncertainty values 

Structural 
Limit State 

Onset of 
Damage 

Onset of 
Yellow 

Onset of Red Collapse 

βu 0.30 0.60 0.60 0.50 
βr 0.00 0.25 0.27 0.33 
β 0.30 0.65 0.66 0.60 

2.6 FRAGILITY CURVES 

Based on uncertainty measures for the randomness of nonlinear response in ground motions and 

the uncertainty of structural capacity (βR and βU in Table 2.6), structure fragility curves (Fig. 

2.27) provide a probabilistic assessment of spectral acceleration capacity.  The quantity βR 

measures the variability of nonlinear response in earthquake ground motions and is output by 

SPO2IDA for each roof drift value.  As roof drift increases, βR increases, reflecting the greater 

uncertainty that is present at large drifts.  βU measures the uncertainty of structural capacity and 

is dependent on the type of building being analyzed.  The uncertainty values β used to compute 

fragility curves are calculated by taking the square-root sum-of-squares of βR and βU for each 

limit state. 

Fragility curves plot probabilities of entering into each tagging state, given a peak 

spectral acceleration.  They assume a lognormal relationship between limit state exceedance 

probabilities and spectral acceleration.  For example, from Figure 2.27, in a ground motion with 

peak spectral acceleration 2.0g, there is a 52% probability that the building will sustain at least 

enough damage to receive a yellow tag (48% probability of green tag).  For the same peak 

spectral acceleration, there is a 49% probability that it will reach the onset of red tag, and there is 

a 38% probability that it will exceed the assumed collapse displacement. 
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Figure 2.27  Fragility curves 

2.7 SUMMARY OF STEPS 

This section summarizes the steps used in applying the Guidelines to the structure of Analysis 

Run 120.  For a description of other analysis runs, see Section 3.1. 

Step 1:  Nonlinear static procedure of the intact building 

1.1 Model the structure using SAP 2000 nonlinear. 

1.2 Model beam hinges according to FEMA 356 Section 5.5.2.2.2.  See Figure 2.5 and Table 

2.2 for beam hinge properties.   

1.3 Obtain SPO for the intact structure. 

1.4 Define damage states based on points where a significant loss of lateral-force-resisting 

capacity occurs.  

Step 2:  NSP curves for the damaged building 

2.1 Determine the unloading stiffness Ki using a linear model of the damaged structure in 

damage state DSi.  The building is assumed to unload linearly (Fig. 2.12).  Construct the 



 28

damaged model by reducing the stiffness of damaged beams.  For beams whose end 

connections remain within the elastic or hardening region of the moment-rotation curve 

(Fig. 2.10), the beam stiffness remains unchanged.  For beams whose end connections 

have “fractured” or gone past point D on the moment-rotation curve (Fig. 2.11), the 

stiffness decreases to approximate that of a beam with fractured flanges.  For a beam that 

fails on one end, reduce the moment of inertia to 2/3 I; for a beam that fails on both ends, 

1/3 I. 

2.2 Estimate the dynamic residual displacement Δrd.  The residual deformation resulting from 

SPO unloading is Δrs as shown Figure 2.12. The dynamic residual displacement, Δrd, is 

estimated to be 0.3*Δrs for this steel moment-frame building.  

Δrd = γ1*Δrs 

(γ1=0.3) 

2.3 Determine the effective loss of deformation capacity Δre, which is a function of αi.  See 

Table 7.2 for γ2 values for each damage state. 

Δre = γ2*Δrd = γ1γ2*Δrs 

2.4 Determine the hardening stiffness, Khi, for the damaged structure based on the ratio of the 

number of fractured connections to the total number of connections. 

Khi=(1-Nf/Nc)*Kh1. 

2.5 The SPO of the damaged structure meets the SPO of the intact structure at the defined 

DSi point and then follows the SPO of the intact structure.  Given the two points, DSi 

and Δre, and the two slopes Ki and Khi, create the SPO curves for the damaged structure 

(Fig. 2.13).  

Step 3:  Inferring dynamic response from static response, SPO2IDA 

3.1 Approximate the SPO results from Step 2 into quadralinear curves  

(Figs. 2.6–2.9). 

3.2 Shift the quadralinear approximation for the damaged structure to account for the effect 

of residual deformation.  Subtract Δre from all deformation capacities on the SPO. 

3.3 Normalize the SPO by Δy and Vy.  

R = V/Vy  μ = Δ/Δy    

3.4 Input the SPO approximation into the SPO2IDA spreadsheet in terms of R and μ. See 

(Fig. 2.14) for an example of the SPO2IDA spreadsheet interface.  
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3.5 For the remainder of these steps, use the IDA curves representing the median (50%) for 

each damage state from SPO2IDA output (Figs. 2.15–2.18).  

3.6 “De-normalize” the IDA output to plot Roof Drift vs. Sa (Figs. 2.19–2.22).  

Sa = RVy/Wα  Roof Drift = μΔy  

3.7 To compare the IDA results for the intact structure and each of the damage states on the 

same graph, normalize the ordinate (Sa) values by Sa(10/50) (Fig. 2.24).  The SPO for each 

damage state has a slightly different initial stiffness; therefore it has a different 

fundamental period of vibration T and results in different Sa(10/50) values.  The Sa(10/50) 

values are determined for each damage state using the response spectrum for the site.  

Spectral values for 0.2s and 1.0s are taken from USGS National Seismic Hazard 

Mapping Project website (http://geohazards.cr.usgs.gov/eq/index.html).  Soil profile type 

B is used.  Sa(cap)/Sa(10/50) is taken as the point on the 50% IDA plot where the curve 

becomes horizontal.  

Step 4:  Occupancy status of the damaged building (Tagging Criteria C) 

4.1 Using the SPO for the intact structure (Fig. 2.6), determine the displacement at which 

each of the damage states occurs. 

4.2 Using the intact IDA curve (Fig. 2.19) and the displacement values from step 4.1, 

determine the corresponding Sai for each damage state DSi.  

4.3 Determine Sa(cap-φ)i for each damage state by scaling up Sa(cap) values by the ratio of the 

2%-in-50-year spectral acceleration at the intact structure period to the acceleration at 

the damaged-structure period. 

   Sa(cap-φ)i = Sa(cap)i (Sa(2/50)intact / Sa(2/50)i) 

4.4 Determine tagging states based on the structure’s ability to sustain an aftershock 

proportional to the main shock. 
• Green, if Sa(cap-φ)i/ Sai > 1.0 
• Yellow, if 0.75 < Sa(cap-φ)i/ Sai < 1.0 
• Red, if Sa(cap-φ)i/ Sai  < 0.75 

4.5 Plot Sa(cap-φ) vs. Sa and label tagging limit states (Fig. 2.26). 

Step 5:  Ground motion level associated with each structural limit state 

5.1 Onset of damage is taken as the first significant point of yielding. 
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5.2 Determine the Sa and roof drift levels associated with each structural limit state using the 

tagging criteria of Figure 2.26 and the intact SPO2IDA plot of Figure 2.19. 

5.3 From the intact SPO2IDA spreadsheet, extract the aleatory variability values, βr, 

corresponding to the roof drift at each tagging limit state.  The epistemic uncertainty 

values, βu, are taken from Table 2e of the Advanced Seismic Assessment Guidelines. The 

term β is calculated as the square root sum of the squares of βu and βr for each tagging 

limit state (Table 2.6). 

Step 6:  Computation of fragility curves  

6.1 Create fragility curves for each tagging limit state using the spectral accelerations and 

dispersion values β obtained in Step 5 (Fig. 2.27).  Fragility curves are plotted for the 

probability values below, using the relationship described in the Guidelines. 

Sa = Saiexβ 

x = {-1.65, -0.67, 0.0, 0.67, 1.65} 

p = normal distribution(x) = {0.05, 0.25, 0.5, 0.75, 0.95}



 

3 Study of Analysis Assumptions for Test 
Application 1 

The evaluation of Test Application 1, reported in Section 2, is based on a series of analysis 

assumptions considered to be most appropriate.  Several variations in analysis assumptions were 

considered leading up to the selection of assumptions used for the final analysis (identified as 

Analysis Run 120).  The following subsections first examine the effects of varying modeling 

assumptions in the intact structure, and second examine the effects of varying properties in the 

damaged structure. 

3.1 VARIATION OF ASSUMPTIONS FOR THE INTACT STRUCTURE 

For the nonlinear static (pushover) analysis of the intact structure, the evaluation considers 

variations in foundation stiffness modeling, the vertical distribution of forces used in pushover 

loading, and the inclusion or exclusion of gravity framing in the analysis model.  Table 3.1 

summarizes four of the analysis runs used to investigate these variations. 

Analysis Runs 120 and 122 are considered the most accurate and appropriate of the 

variations tested.  The remainder of the analysis, described in Section 2, draws on results from 

Analysis Run 120, which applies story forces in an inverted triangular pattern proportional to 

that prescribed in the Uniform Building Code. 

Table 3.1  Assumptions used in the nonlinear static (pushover) analysis 

Analysis run number 104 110 120* 122 
Foundation model: Fixed Modeled Modeled Modeled 
Vertical distribution of forces:  UBC UBC UBC Uniform 
Gravity framing included: No No Yes Yes 
* Used for the final analysis     
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3.1.1 Foundation Modeling 

Analysis Run 104 models moment-frame columns as fixed-base and does not include gravity 

framing in the model.  These simplifying assumptions are appropriate for an initial analysis run. 

Analysis Run 110 improves on the fixed-base assumption by including the rotational 

flexibility of the piles and pile cap foundations underneath each column.  Spring elements 

represent the stiffness of the concrete foundations and their expected movement in the supporting 

soil under seismic forces. 

Figure 3.1 compares the force-displacement response of Analysis Runs 104 and 110.  

Run 110 exhibits decreased stiffness in the elastic range because it accounts for foundation 

flexibility.  The increase in elastic displacement is 22%.  This corresponds to a 10% increase in 

effective initial period.  Strength degradation in the inelastic range tends to occur at a slightly 

higher displacement for the case where foundation flexibility is modeled.  However, as 

displacement increases, the difference in response for the two cases becomes less pronounced. 

3.1.2 Inclusion of Gravity Frame 

Analysis Run 120 includes gravity framing in the computer analysis model.  As mentioned in 

Section 2.2, plastic hinges modeled in gravity beams have flexural strength equal to that 

estimated for their shear-tab connections. 

Figure 3.2 compares the force-displacement response of Analysis Runs 110 and 120.  

Run 120 exhibits greater stiffness in the elastic range than Run 110 does.  Also, Run 120 exhibits 

residual strength at high roof drifts because the gravity frames continue to provide lateral force 

resistance after beam flanges in the moment frames have fractured. 

3.1.3 Vertical Distribution Pattern of Seismic Forces 

Analysis Run 122 applies a uniform distribution of story forces rather than the UBC’s inverted 

triangular pattern applied in previous runs.  Typically in a nonlinear static analysis, the uniform 

distribution is more likely to concentrate deformations in the lower stories of the structure 

because it applies relatively smaller lateral forces to the upper levels of the structure. 
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Figure 3.3 compares the force-displacement response of Analysis Runs 120 and 122.  

Run 122 exhibits smaller roof drifts than does Run 120 because the uniform force distribution 

causes smaller story drifts in the upper stories.  Columns are sufficiently strong with respect to 

beams that neither force distribution results in a concentration of nonlinear deformation in a 

single story. 
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Figure 3.1  Comparison of intact structure force-displacement curves showing the effect 

of foundation flexibility 
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Figure 3.2  Comparison of intact structure force-displacement curves showing the effect of 

the gravity frame 
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Figure 3.3  Comparison of intact structure force-displacement curves showing the effect of 

the vertical distribution pattern of lateral forces 

3.2 VARIATION IN ASSUMPTIONS FOR THE DAMAGED STRUCTURE 

The analysis of the damaged structure reported in Section 2 assumes, from FEMA 356 

component properties and the nonlinear static analyses, that the post-fracture plateau strength of 

the structure at large displacements is 46% of the yield strength (Figs. 2.6–2.9).  Limited test data 

on steel moment frames at large displacements make it difficult to judge the accuracy of this 

assumption.  The analysis further assumes that the effective residual drift is equal to 0.3 times the 

static residual drift — that which results from unloading the structure statically from its peak 

drift.  The randomness of earthquake ground motions make this quantity difficult to predict.  

(See Section 7.1 for further discussion of residual drift.)  To assess the significance of these 

assumptions, analyses are carried out with varying values of post-fracture plateau strength and 

effective residual drift.  The following parameter studies assess the effects and significance of 

each quantity on the building’s inferred dynamic behavior. 



 35

3.2.1 Post-Fracture Plateau Strength 

Little scientific testing data exist to document structural performance at very large drifts.  In this 

analysis, the residual plateau strength depends on whether or not gravity frames are modeled, the 

modeled strength of gravity frame components, and the post-fracture strength assigned to 

moment-frame connections. 

Based on Analysis Run 120, the analysis predicts a post-fracture plateau strength equal to 

46% of the DS2 yield strength (Fig. 3.4).  Also plotted in Figure 3.4 are three alternative force-

displacement curves with post-fracture plateau strengths of 60%, 20%, and 10% of the DS2 yield 

strength. 

Figure 3.5 compares the inferred dynamic behavior from SPO2IDA for each input force-

displacement relationship from Figure 3.4.  As expected, greater values of post-fracture plateau 

strength require greater spectral acceleration to cause collapse.  For example, changing the post-

fracture plateau strength from 10% to 60% of the structure yield strength increases the spectral 

acceleration required to cause collapse by 24%. 

3.2.2 Effective Residual Drift 

Residual drift and its effect on damaged-structure performance depend on the randomness of 

earthquake ground motions and whether or not aftershock accelerations act in the same direction 

as the structure’s residual drift from the main shock.  Since earthquakes shake structures back 

and forth rather than applying force in only one direction, dynamic residual drifts tend to be 

smaller than static residual drifts for the same peak base shear.  Section 7.1 discusses residual 

drift in further detail. 

The analysis presented in Section 2 assumes that the structure’s effective dynamic 

residual drift is 0.3 times the static residual drift. Figure 3.6 plots the DS2 force-displacement 

curve used in Section 2 along with three alternative curves that assume effective dynamic 

residual drifts of 0.1, 0.5, and 0.7 times the static residual drift. 

Figure 3.7 compares the inferred dynamic behavior from SPO2IDA for each input force-

displacement relationship from Figure 3.6.  The output does not exhibit a clear trend relating 

effective residual drift to collapse potential in an aftershock.  This result arises because, 

following the methodology described in Section 2.3, decreasing the assumed residual drift also 
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decreases the assumed yield base shear of the damaged structure as shown in Figure 3.6.  

Increasing the total displacement capacity is expected to increase the spectral acceleration 

required to cause collapse, while decreasing the yield base shear will decrease the spectral 

acceleration required to cause collapse.  Therefore, when both of these two variables change, 

their effects on spectral acceleration capacity partially offset one another.  Within the range of 

effective residual drifts examined, the resulting spectral acceleration capacities are all within 

10% of one another. 
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Figure 3.4  Force-displacement curves for damage state DS2, with different estimates of 

post-fracture plateau strength 
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Figure 3.5  Incremental dynamic analysis (IDA) results as influenced by post-fracture 

plateau strength
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Figure 3.6  Force-displacement curves for damage state DS2, with different estimates of 

effective residual drift Δre 
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Figure 3.7  Incremental dynamic analysis (IDA) results as influenced by effective residual 

drift Δre 



 

4 Test Application 2:  Mill Building 

This section presents the second of the two test applications of the Advanced Seismic Assessment 

Guidelines featured in this report.  Similar to Section 2, this section includes a description of the 

structure (4.1), followed by subsections (4.2–4.6) that discuss the major parts of the Advanced 

Seismic Assessment process for this building: evaluation of the intact structure, evaluation of the 

damaged structure, determination of dynamic behavior, definition of post-earthquake tagging 

limit states, and computation of fragility curves. 

Because the structural system assessed in Test Application 2 is different from that of Test 

Application 1, the analysis methods applied here differ from those used for Test Application 1.  

Both cases illustrate compatibility between the methodology of the Guidelines, the building 

types being assessed, and the analysis methods used. 

4.1 DESCRIPTION OF THE STRUCTURE  

The second example is a substation building, designed in 1921, of a type referred to as a mill 

building.  The building has an open interior framed with exposed steel columns and trusses, 

which provide gravity support.  The exterior walls of the building are cast-in-place concrete and 

provide the building’s resistance to seismic forces. 

The drawings that describe the original building, provided by PG&E, are listed in Table 

4.1. The building has a regular configuration with a rectangular plan measuring 94 feet by 42 

feet, as shown in Figure 4.1.  The building was designed so that a 37-foot-long addition could be 

constructed at each end, which would have increased the building size to 168 feet by 42 feet.  

The additions were never built.  (New equipment at the substation has generally been added 

outdoors, so new building space was not needed.)  Figure 4.2 shows the exterior and part of the 

interior of the building. 
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Table 4.1  Construction drawings for the mill building of Test Application 2 

Topic Drawing Numbers Date 

Structural steel framing plans and details 34768, 34769 8 October 1920 

Foundation plan 34697 23 August 1921 

Plans, elevations, sections, and details 34746–34754 17 September 1921 

Reinforcement plan for walls 41179 24 September 1921 

4.1.1 Steel Framing 

The left half of Figure 4.1 shows the steel framing that forms a hip roof.   Roof trusses span 

across the short direction of the building and support hip trusses and 8-inch I-beam purlins.  The 

truss members are typically double angles connected with gusset plates, stitch plates, and rivets.  

The rivets are ¾″ diameter installed in 13/16″ diameter holes.  Most of the rivets are shop 

installed, which the drawings indicate with open circles.  At the field splices of the steel 

assemblies, the drawings show filled circles to indicate field rivets. 

The roof framing allows an open interior, with columns on the building perimeter.  

Twelve main columns support the roof trusses.  The columns are built-up sections approximately 

10 inches square, consisting of a 10″ x 5/16″ web plate riveted to four 5″ x 3½″ x 5/16″ angles.  

See Figure 4.2(c).  Each column is has four anchor bolts at the base, 1″ diameter by 2′-6″ long.  

Three additional columns, 8″ wide-flange sections, support the 15″ deep I-beams at the north and 

south eaves of the building.  Two columns are at the south end and one column is at the north 

end.  These columns have two anchor bolts each. 

At the east and west eaves, in the building longitudinal direction, trusses span between 

the columns forming “sway frames.”  The end bays in the longitudinal direction also have angle 

bracing in a chevron configuration, with 2½″ x 2″ x ¼″ single angles, as shown in Figure 4.3.  

Along the ridge of the building, a “ridge sway frame” is created with trusses connecting between 

the building transverse trusses. 
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4.1.2 Foundation 

The building foundation consists of spread footings under each column, connected by a 

continuous 12″ x 18″ grade beam around the building perimeter.  The grade beam has 

longitudinal reinforcement consisting of four 7/8″ square bars.  The footings have tapered sides 

so that they form a truncated pyramid shape.  No reinforcement is shown for the footings.  There 

is a 4″ slab on grade, presumably unreinforced and not connected to the foundation.  

4.1.3 Roof 

The steel roof purlins support a 5″ thick concrete roof slab reinforced with 4″ x 16″ #6/10 

“Clinton Fabric” (i.e., welded wire reinforcement.)  For gravity loads, the roof slab spans one 

way between purlins, apparently with 6-gage wires (area 0.029 in2) at a 4-inch spacing parallel to 

the span, and 10 gage wires (area 0.014 in2) at a 16-inch spacing perpendicular to the span.  The 

roof is topped with clay tile, and two skylights in the western slope of the roof penetrate the 5″ 

slab. 

4.1.4 Walls 

The building’s exterior walls are 6-inch-thick reinforced concrete.  The reinforcement is 

specified as square “corrugated bars.”  The walls are typically reinforced with a single curtain of 

3/8″ square bars at a spacing of 12 inches in each direction.  The walls connect to the perimeter 

grade beam with ½″ x 3′-0″ dowels at a 2′-0″ spacing.   

The concrete mix is specified as “1-2-4” apparently specifying the relative amounts of 

cement to sand to gravel.  This indicates that cement represents 1/7, or 14%, of the total volume 

of dry ingredients.  For comparison, in current construction a typical 5-sack mix with design 

strength 3000 psi contains cementitious material (cement plus fly ash) that represents 9% of the 

total dry volume. 
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4.1.5 Connections between Concrete and Steel Elements 

The apparent construction sequence of the structure was to first build the foundation, then erect 

steel framing, and then construct the concrete walls and roof.  Portions of the steel framing, 

including the outer column flanges are embedded in the concrete walls.  The inside face of the 

concrete wall is approximately flush with the inside of the outer column flange.  The longitudinal 

trusses connect to each column at this outer flange, and thus one angle of each double-angle 

member is embedded in the concrete wall.  The single-angle chevron braces are also embedded 

in the concrete wall.  Because of the embedded steel members, full composite action between the 

steel framing and the concrete walls is expected, meaning that the steel members can be assumed 

to act like reinforcement in the walls.  

4.1.6 1996 Seismic Retrofit 

The building was retrofitted in 1996 with the following items: 
• steel bracing members at the roof that strengthen the roof diaphragm 
• steel braced frames at the two short walls of the building, which provide lateral force 

resistance for earthquake shaking in the building transverse direction 
• horizontal steel members between columns that support the existing concrete walls out of 

plane 

The retrofitting addressed the principal seismic deficiencies of the building, which were 

generally related to transverse direction earthquake forces.  The evaluation described in this 

document assesses the seismic performance for longitudinal direction seismic forces. This 

performance is governed by the in-plane behavior of the longitudinal walls, which was not 

affected by the 1996 retrofit work.  (As indicated in Section 4.6, the results of this evaluation 

verify that retrofit work for the building longitudinal direction is not required.) 
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Figure 4.1  Roof framing, foundation, and floor plan of the building 
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Figure 4.2  Photos of the building: (a) exterior; (b) interior showing existing steel framing, 

added horizontal steel beam for wall out-of-plane support, and added steel 

members for roof diaphragm bracing; (c) close up of existing steel column 

made up of four angles riveted to a web plate. 

 

(a)

(b) (c)



 45

Steel Brace: 1Lx2.5x2x0.25

Steel Column: 
4Lx5x3.5x0.3125 + PL10x0.3125

Steel Truss Chord: 2Lx3.5x2.5x0.25
Steel Truss Diagonal: 1Lx2.5x2x0.25

CL

232"

Grade Beam W12"xH18"

288"

111" 111" 111"

6" Reinforced Concrete Wall

Typical Reinforcement: 
one curtain 3/8" square at approx. 12" spacing each way

 

Figure 4.3  Summary of structural design and dimensions (RAM Perform model) 

Table 4.2  Expected material strength properties (year of construction =1921) 

Material Expected Strength Basis 

Structural Steel fy = 30.8 ksi From FEMA 356 tables 5-2 and 5-3: 28ksi*1.1 
Concrete f'c = 3750 psi From FEMA 356 tables 6-3 and 6-4: 2500psi*1.5 
Reinforcing Steel fy = 41.3 ksi From FEMA 356 tables 6-1 and 6-4: 33ksi*1.25 

 

4.2 SEISMIC EVALUATION OF THE INTACT STRUCTURE 

For simplicity in this example, the analysis examines the building’s resistance to seismic shaking 

only in the longitudinal (north-south) direction.  In a complete seismic evaluation, a similar 

procedure would be applied to the transverse (east-west) direction. 

The building’s rectangular plan and symmetrical wall configuration allow us to capture 

the structure’s global performance in the longitudinal direction by analyzing the lateral-force-

resisting behavior of one wall line, loaded with half of the building’s suspended mass.  Two 
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different two-dimensional computer analysis models were used (programs SAP 2000 and RAM 

Perform) to evaluate the structure’s expected behavior under seismic forces. 

4.2.1 SAP 2000 Nonlinear Static Analysis Using Sequential Elastic Analyses 

A series of elastic analyses were carried out using the program SAP 2000 to produce an initial 

estimate of the sequence of yielding under lateral forces.  The SAP model, shown in Figure 4.4, 

consists of shell elements representing the concrete wall, and frame elements representing the 

steel columns and braces.  The model sits on no-tension foundation springs.  Figure 4.5 

summarizes the loads and element properties that are input into the model as well as the 

calculated strengths of each concrete element.  Shear strength calculations follow the 

methodology described in FEMA 306 (ATC 1999a), which, based on the work of Priestley et al., 

considers the degradation of shear strength as a function of ductility and includes the beneficial 

effect of axial compression on shear strength.  For sliding shear, the ACI 318 (ACI 2005) 

equations for shear friction are used. 

To determine a yielding sequence, lateral force is increased on the elastic model until an 

element reaches its yield strength or the foundation begins to uplift.  When one of these events 

occurs, the lateral force and displacement is noted.  The stiffness properties of the yielding 

element are then modified and the process is repeated until a plastic mechanism forms.  Figures 

4.6–4.7 document the results of this procedure.  This type of analysis was performed only for the 

intact structure. 

 

Steel BraceSteel ColumnConcrete Wall  

Figure 4.4  SAP 2000 computer analysis model 
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Figure 4.5  Summary of dead load and strength calculations for the mill-building example

 
Model: 

Weight (1/2 of bldg): 
Roof displacement(1g): 

Stiffness: 
Period: 

f’c: 
fy: 

SAP Planar shell element model on non-tension foundation 
360(k) 
0.054(in) 
6679(k/in) 
0.074(sec) 
3750(psi) 
30.8(ksi) 

 

 

X 

Z 

P 

288” 

114k 114k101.5k 101.5k101.5k101.5k

222” 222” 222” 222” 222” 
Non-tension foundation support

 
 

-Hand Calculations for strength- 
 

A) Concrete wall pier without steel column (3 total): 
- DL assuming concrete wall pier taken roof load 
- MCR(cracking strength) 
- Mn(flexural strength at DL=23.0k) 
- V*(shear corresponding to Mn) 
- Shear strength in diagonal tension (DL=33.8k): 

Low ductility 
High ductility 

- Sliding shear strength 
- (Ec)eff = (EI)eff / Igross 

= 23.0(k) 
= 715(k-in) 
= 59(k-ft)= 710(k-in) 
= 28.1(k) 
 
= 38.0(k) 
= 20.4(k) 
= 23.4(k) 
= 589(ksi) 0.3EcIg 

 
B) Concrete wall pier with steel column (2 total): 

- DL assuming concrete wall pier taken roof load 
- Mn(flexural strength at DL=50.0k) 
- V*(shear corresponding to Mn) 
- Shear strength in diagonal tension (DL=33.8k): 

Low ductility 
High ductility 

- Sliding shear strength 
- (Ec)eff = (EI)eff / Igross 

= 50.0(k) 
= 307(k-ft)= 3680(k-in) 
= 45.5(k) 
 
= 82.0(k) 
= 25.8(k) 
= 152(k) (limit 650psi) 
= 1880(ksi) 0.6EcIg 

 

 
C) Concrete wall segment 20’-long with steel column and brace: 

- DL assuming concrete wall pier taken roof load 
- Mn(flexural strength at DL=81.4k) 
- V*(shear corresponding to Mn) 
- Shear strength in diagonal tension (DL=81.4k): 

Low ductility 
High ductility 

- Shear strength in diagonal tension (Ne=146k ): 
Low ductility 
High ductility 

- Shear strength in diagonal tension (Ne=-117k ): 
Low ductility 
High ductility 

- Sliding shear strength 
- (Ec)eff = (EI)eff / Igross 
- First foundation uplift 
- Uplift of entire end wall 

= 81.4(k) 
= 9320(k-ft)= 112000(k-in) 
= 1380(k) 
 
= 535(k) 
= 248(k) 
 
= 650(k) 
= 364(k) 
 
= 443(k) 
= 156(k) 
= 936(k) (limit 650psi) 
= 0.6EcIg 
= 48.6(k) 
= 113, 369(k) 

 
D) Concrete roof diaphragm (5”): 

At a section through skylights 
- Shear strength in diagonal tension: 

Low ductility 
High ductility 

- Sliding shear strength 
- Diaphragm shear demand at 1g lateral force 
 
At Wall 
- Shear strength in diagonal tension: 

Low ductility 
High ductility 

- Sliding shear strength 
- Diaphragm shear demand at 1g lateral force 

 
 
= 580(k) 
= 177(k) 
= 679(k) 
= 116(k) 
 
 
 
= 1090(k) 
= 331(k) 
= 1272(k) 
= 296(k) 

 
E) Concrete spandrel (6”): 

- Shear strength in diagonal tension: 
Low ductility 
High ductility 

- Sliding shear strength 
- Flexural strength(Mu) 
- VMu 

 
= 130(k) 
= 55.5(k) 
= 257(k) (limit 650psi) 
= 14840, 5770(k-in) 
= 286(k) 
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Force D istribu tion  on  N on-tension foundations

Latera l load Δ (in) Force d istribution(k ip) Shear force(k ip)
 a t zero  uplift Kn(k /in ) EW 1 EW 2 W P1 W P2 W P3 W P4 W P5 SP1 SP2 SP3 SP4 SP5
360k(1.0g) 0.054 169 169 3.4 6.1 3.4 6.1 3.4

(100% ) (6679) (47% ) (47% ) (0.9% ) (1.7% ) (0.9% ) (1.7% ) (0.9% )
376k 0.063 168 183 4.0 6.3 3.9 6.5 4.0

(100% ) (5997) (44% ) (47% ) (1.8% ) (1.7% ) (1.7% ) (1.7% ) (1.8% )
587k 0.111 233 311 7.1 10.9 6.7 10.9 7.1

(100% ) (4340) (40% ) (53% ) (1.2% ) (1.9% ) (1.1% ) (1.9% ) (1.2% )
700k 0.139 271 375 8.9 13.6 8.3 13.6 9.1

(100% ) (4026) (39% ) (54% ) (1.3% ) (1.9% ) (1.2% ) (1.9% ) (1.3% )
1146k 0.256 416 632 17.0 24.6 14.1 24.4 17.6

(100% ) (3835) (36% ) (55% ) (1.5% ) (2.2% ) (1.2% ) (2.1% ) (1.5% )
1174k 0.372 421 653 17.6 24.9 14.2 24.7 18.2

(100% ) (242) (36% ) (56% ) (1.5% ) (2.1% ) (1.2% ) (2.1% ) (1.5% )F
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Figure 4.6  Force-displacement curve developed from the linear SAP 2000 model neglects spandrel degradation 
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Figure 4.7  Foundation reaction forces from SAP 2000 model 
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4.2.2 RAM Perform Nonlinear Static Analysis 

As a more sophisticated alternative to the analysis described above, a nonlinear static analysis 

using the program RAM Perform generates a nonlinear force-displacement response (pushover) 

plot for the structure.  The RAM Perform model consists of finite elements representing the 

concrete wall, and frame elements representing the steel columns and braces.  Unlike the SAP 

model’s shell elements, finite elements in the RAM Perform model have the capability of 

modeling nonlinear stress-strain behavior. Table 4.3 summarizes the element properties input 

into the model, and Figure 4.8 depicts the nonlinear stress-stain “backbone” curves assigned to 

each structural material.  Shear strength calculations again follow FEMA 306, and no-tension 

foundation springs again represent soil stiffness while allowing for uplift. 

Performing a nonlinear static analysis with this model generates the deflected shapes for 

the structure as shown in Figure 4.9.  Figure 4.10 displays the nonlinear force-displacement 

curve from the analysis, along with a comparison of hand-calculated element strengths to peak 

values obtained from computer analysis.  Figure 4.11 graphs the foundation reaction forces 

corresponding to several different roof drifts.  The foundation forces shown in this diagram 

indicate that foundation rocking of the solid end walls ultimately governs the wall behavior. 

 

Table 4.3  Concrete wall RAM Perform input properties  

Reinforcing Steel K0 = 29,000 ksi (= Es) 
FU = 41.3 ksi (= fy) 

Inelastic Concrete Material K0 = 3,491 ksi (= Ec) 
FU = 3.75 ksi (= f'c) 
DL = 0.003 
DR = 0.006 
FR/FU = 0.2 

Inelastic Shear Material K0 = 580 ksi(= Geff = 0.17Ec = 10ρEs) 
FU = 0.75 ksi (= 12.2√f'c) 
DL = 0.0075 (μ = 5.8) 
DR = 0.0085 (μ = 6.6) 
FR/FU = 0.4 

Diagonal Compression 
Material 

Same as inelastic concrete material 

 



 51

 
 

Figure 4.8  Ram Perform input properties for the intact structure 



 52

 
 

 
 
Figure 4.9  Nonlinear finite element model using RAM Perform at (a) 0.5% roof drift and 

(b) 2.0% roof drift 

(b) 

(a) 
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Stractural Member Structure Section Governed by Hand Calc Roof Drift when 
Peak Occurs

Peak Vertical 
Capacity of Roof 

Spandrel
Section 1 Shear Strength in 

Diagonal Tension 130 k 0.30%

Peak Vertical 
Capacity of Floor 

Spandrel
Section 2 - - 0.90%

Peak Vertical 
Capacity of Roof 

Spandrel
Section 3 Shear Strength in 

Diagonal Tension 130 k 0.80%

Peak Vertical 
Capacity of Floor 

Spandrel
Section 4 - - 0.37%

Section 5 41 k 158 k 0.83%
Section 5A 40 k 145 k 0.73%
Section 5B 50 k 196 k 0.80%

Section 6 0.45%

Section 6A 0.63%

Peak Lateral Capcity 
of End Wall Section 7 Foundation Uplift 369 k 0.31%

Peak Lateral Capcity 
of End Wall Section 8 Foundation Uplift 113 k 0.32%192 k

Peak Value from Ram 
Perform

210 k

149 k

176 k

78 k

Horiz
ontal

Vertic
al

61 k

65 k

Peak Lateral Capcity 
of Wall Pier without 

Steel Column

Flexure (Mn) at top 
and bottom 28 k

571 k

Peak Lateral Capcity 
of Wall Pier with Steel 

Column

Flexure (Mn) at top 
and bottom 45 k
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Figure 4.10  Forces at key structure section cuts, by computer analysis and hand 

calculation, and points on the force-displacement curve when peak strength 

of each section is reached
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Figure 4.11  Foundation reaction forces from RAM Perform nonlinear static model 



 55

4.3 SEISMIC EVALUATION OF THE DAMAGED STRUCTURE 

Using the methodology of the Guidelines, damage states are defined at various roof drifts, 

labeled “DS2” and “DS4” on the intact structure force-displacement curve of Figure 4.10.  For 

each damage state, a revised RAM Perform model is created by changing the properties of certain 

structural elements based on the damage they sustain.  For example, concrete shear strength 

degrades at high levels of ductility, as shown in Figure 4.14. Figure 4.15 shows how this 

degradation translates into a “damaged-component” stress-strain backbone curve applied to 

concrete in the affected regions.  Table 4.4 documents the roof drifts and component damage that 

define each damage state, and Figure 4.12 depicts the locations of these degraded components. 

Damage to components changes the strength and stiffness of the structure.  The periods 

of vibration of the damaged structure are estimated based on the change in initial stiffness, as 

presented in Table 4.5.  Performing nonlinear static analyses on each of the “damaged-structure” 

models generates damaged-structure force-displacement curves to characterize expected 

behavior in an aftershock (Fig. 4.13).  Figures 4.16–4.18 plot shear force in various elements as a 

function of global roof drift. 

 

Table 4.4  Modeling of each damage state in RAM Perform 

Damage State Roof Drift Components modeled with damaged properties 

Intact 0 None 

DS2 0.3 % Section 1: Spandrel 

DS4 0.9 % 

Section 1: Spandrel 
Section 2: Grade Beam 
Section 3: Spandrel 
Section 4: Grade Beam 
Section 5, 5A, 5B: Wall Pier without Steel Column 
Section 6, 6A: Wall Pier with Steel Column 
Section 9: Grade Beam 
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Degraded element properties

Damage State DS2

Damage State DS4

Degraded element properties

 

Figure 4.12  Modeling of each damage state 

 
 
 

Table 4.5  Assumed fundamental period of vibration 

Damage State Roof Drift at 400kips 
Lateral Force Stiffness/Intact T (sec) 

Intact 0.040% 1.00 0.20 
DS2 0.054% 0.74 0.23 
DS4 0.069% 0.58 0.26 
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Figure 4.13  Force-displacement curves for the intact structure and for damage states DS2 

and DS4 
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Figure 4.14  Concrete shear strength behavior by FEMA 306 
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Figure 4.15  Component material properties in RAM Perform for undamaged and 

damaged concrete 
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Figure 4.16  Spandrel 1 section strength for the intact structure and for damaged 

structures DS2 and DS4 

Spandrel 3
0

50

100

150

200

0 0.005 0.01 0.015 0.02
Roof Drift

S
he

ar
 F

or
ce

 (k
)

Intact

DS4

DS2

 

Figure 4.17  Spandrel 3 section strength for the intact structure and for damaged 

structures DS2 and DS4 
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Figure 4.18  Pier 5A section strength for the intact structure and for damaged structures 

DS2 and DS4 

4.4 INFERRED DYNAMIC BEHAVIOR (SPO2IDA) 

From the nonlinear force-displacement plots of Figure 4.13 the SPO2IDA program is used to 

compute the relationship between spectral acceleration and global ductility demand for each 

damage state.  The SPO2IDA program takes as input a fundamental period of vibration and a 

quadralinear force-displacement plot of the building’s global response.  Figure 4.19 displays the 

quadralinear approximations of force-displacement response used for input into SPO2IDA.  

Table 4.6 specifies this input numerically. 

Figures 4.20–4.22 display the normalized graphical output from SPO2IDA, and Figures 

4.23–4.25 present the same data in terms of spectral acceleration and roof drift.  A comparison of 

Figures 4.23–25 indicates that for the damage states examined in this example, the DS2 response 

has similar collapse acceleration to that of the intact structure, and the DS4 response shows 

collapse at a reduced level of acceleration. 

From the intact structure SPO2IDA plot, the spectral acceleration expected to cause each 

damage state (Table 4.7) is determined.  The tabulated acceleration values correspond to points 
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on the median (IDA-50%) curve at which the structure reaches the roof drifts of Table 4.4.  Next, 

from each of the damaged-structure SPO2IDA plots, the spectral acceleration expected to cause 

collapse in an aftershock (Table 4.8) is determined.  The values in Table 4.8 form the basis for 

defining post-earthquake tagging limit states. 
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Figure 4.19  Force-displacement curves and linear approximations for the intact structure 

and damaged structures DS2 and DS4 
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Table 4.6  SPO2IDA input 

Yield Point Peak Strength Beginning of 
Plateau SPO2IDA Input Dama

ge 
State Roof 

Drift V/W Roof 
Drift V/W Roof 

Drift V/W Harde
ning μ 

Hardenin
g Slope 

Softening 
Slope 

Residual 
Plateau 

Fractu
ring μ 

Period 
T 

Intact 0.0013 1.97 0.0035 2.62 0.0116 1.83 2.7 19.5% -6.4% 0.93 23.1 0.2 

DS2 0.0015 1.88 0.0054 2.24 0.0120 1.78 3.6 7.4% -5.6% 0.95 20.0 0.23 

DS4 0.0012 1.43 0.0100 1.63 0.0200 1.63 8.3 1.9% 0.0% 1.14 25.0 0.26 
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Figure 4.20  SPO2IDA intact (R vs. μ) 



 63

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0

Global Displacement Ductility, μ

R
 =

 S
A

/S
A

y

Static PO IDA-16% IDA-50% IDA-84% capacity

 
Figure 4.21  SPO2IDA DS2 (R vs. μ) 
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Figure 4.22  SPO2IDA DS4 (R vs. μ) 
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Figure 4.23  SPO2IDA intact (Sa vs. roof drift) 
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Figure 4.24  SPO2IDA DS2 (Sa vs. roof drift) 
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Figure 4.25  SPO2IDA DS4 (Sa vs. roof drift) 

Table 4.7  Spectral acceleration to cause each damage state (from Fig. 4.23) 

Damage State Sa (g) 
DS2 
DS4 

Collapse 

3.7 
6.1 
9.5 

 

Table 4.8  Spectral acceleration to collapse the structure in an aftershock 

Damage State IDA 50% Sa (g) IDA 84% Sa (g) Source 
Intact 
DS2 
DS4 

9.5 
9.8 
7.2 

5.6 
5.9 
4.2 

Figure 4.2 
Figure 4.2 
Figure 4.2 

 

4.5 POST-EARTHQUAKE TAGGING LIMIT STATES 

Plotting the median (IDA-50%) main-shock spectral acceleration to cause each damage state 

(Table 4.7) versus the aftershock acceleration to collapse the damaged structure (Table 4.8), 

main-shock spectral accelerations are identified at which different post-earthquake tagging limit 
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states are expected to occur.  Figures 4.26–4.27 depict two different proposed criteria for 

predicting the onset of yellow tag and the onset of red tag. 

Tagging Criteria C (Fig. 4.26) defines the onset of yellow tag as the median main-shock 

acceleration for which an aftershock of the same acceleration will cause collapse in 50 out of 100 

ground motions.  The onset of red tag is the median main-shock acceleration for which an 

aftershock having 75% of this acceleration will cause collapse in 50 out of 100 ground motions. 

Tagging Criteria D (Fig. 4.27) is more conservative and defines yellow tag by the same 

criteria as red tag, except with improved confidence based on variability estimates from the 

SPO2IDA program.  Tagging Criteria D defines the onset of red tag as the median main-shock 

acceleration for which an aftershock of the same acceleration will cause collapse in 50 out of 100 

ground motions.  (For comparison, this same point defines the onset of yellow tag under Criteria 

C.)  The onset of yellow tag is the median main-shock acceleration for which an aftershock of 

the same acceleration will cause collapse in 16 out of 100 ground motions. 

Both sets of tagging criteria described above use probabilistic methods to define tagging 

decisions that post-earthquake inspectors will make based on visual evidence.  These 

probabilistic estimates are correlated to structural displacement and response events (which can 

often be related to visible damage) by marking the onset of yellow tag and onset of red tag on the 

force-displacement response plot (Fig. 4.28).  The marked limit state displacements correspond 

to main-shock spectral accelerations at points A and B of Figure 4.27 (Tagging Criteria D). 
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Figure 4.26  Main shock vs. aftershock to cause collapse, Tagging Criteria C 
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Figure 4.27  Main shock vs. aftershock to cause collapse, Tagging Criteria D 
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Figure 4.28  Tagging limit states, per Criteria D, on the force-displacement curve of the 

intact structure 
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4.6 FRAGILITY CURVES 

Based on uncertainty measures for the randomness of nonlinear response in earthquake ground 

motions and the uncertainty of structural capacity (βR and βU in Tables 4.9–4.10), structure 

fragility curves (Fig. 4.29) provide a probabilistic assessment of spectral acceleration capacity.  

For example, from Figure 4.29, in a ground motion with peak spectral acceleration 5.0g, there is 

a 44% probability that the building will sustain at least enough damage to receive a yellow tag 

(56% probability of green tag).  For the same peak spectral acceleration, there is a 37% 

probability that it will reach the onset of red tag, and there is a 21% probability that it will exceed 

the assumed collapse displacement.  This information is also provided in Table 4.11, which 

indicates that for this example the onset of yellow tag will be exceeded with 5% probability if 

spectral acceleration exceeds 1.79g, with 25% probability if spectral acceleration exceeds 3.49g, 

with 50% probability if spectral acceleration exceeds 5.51g, and so on.  The evaluation indicates 

that the structure will suffer significant damage only at very high accelerations.  The structure 

meets PG&E’s performance goals without retrofitting in the building longitudinal direction. 

Table 4.9  βR values taken from the intact structure SPO2IDA results, and Sa(cap) values 

Damage State Roof Drift μ βR Sa(cap) (g) 

Onset of Damage 0.003 2.31 0.16 3.67 

Yellow 0.006 4.81 0.32 5.51 

Red 0.012 8.85 0.39 6.35 

Collapse 0.030 23.1 0.52 9.45 

 
 

Table 4.10  Uncertainty values for fragility curves 

Uncertainty 
Value 

Onset of 
Damage 

Onset of 
Yellow 

Onset of 
Red Collapse Basis 

βU 0.40 0.60 0.60 0.60 Mill-type building, improved 
(Bazzurro 2003) 

βR 0.16 0.32 0.39 0.52 From SPO2IDA 

β 0.43 0.68 0.72 0.79 SRSS of βU and βR 
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Figure 4.29  Fragility curves 

 

Table 4.11  Spectral acceleration values (g) for fragility curves 

FS(Sa) x Onset of 
Damage Onset of Yellow Onset of Red Collapse 

0.05 -1.65 1.80 1.79 1.95 2.55 

0.25 -0.67 2.75 3.49 3.93 5.55 

0.5 0 3.67 5.51 6.35 9.45 

0.75 0.67 4.90 8.69 10.26 16.09 

0.95 1.65 7.47 16.92 20.68 35.03 
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5 Study of the Finite Element Modeling 
Assumptions for Test Application 2 

A key step in the Advanced Seismic Assessment procedure is the assembly of individual 

building components into a model that reflects overall building performance.  Computer 

modeling represents one method for achieving this.  Ideally, for nonlinear static analysis, 

modeled behavior should match true structural behavior in terms of initial stiffness, peak 

strength, strength degradation, and failure mode.  (For nonlinear dynamic analysis, a match of 

hysteresis loop shape is also desirable.)  This section examines finite element properties in the 

RAM Perform computer analysis program used in Test Application 2 and attempts to replicate 

performance observed in an experimental test of a reinforced concrete wall. 

5.1 ATTEMPTED CALIBRATION OF FINITE ELEMENT MODEL 

To evaluate the accuracy of current state-of-the-art computer modeling tools, an applicable test 

specimen is selected, and an attempt to model its behavior is carried out using a computer 

structural analysis program.  The behavior mode being examined, in-plane wall shear failure, is 

one that is considered particularly difficult to model (Dr. Graham Powell pers. comm. 2004).  

The modeling techniques evaluated here are similar to those used in the mill building structural 

analysis of Section 4.  The modeling parameters are varied to assess their effects on the accuracy 

of the model’s initial behavior as well as the model’s damaged-structure behavior. 

5.1.1 Test Specimen 

Barda (1976) tested a reinforced concrete wall subjected to cyclic static in-plane lateral loading 

(Fig. 5.2).  The wall aspect ratio is square, with clear height and clear length of 75 inches each.  
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Floor slabs and flanged boundary elements confine the wall in-plane on all edges.  The wall is 4 

inches thick with two curtains of #3 reinforcement at approximately 11 inches on center in each 

direction.  Barda tested the specimen to a final lateral displacement of 3.0 inches, or 4% drift.  

Figure 5.3(a) shows the visual condition of the specimen at ultimate load and at the conclusion of 

loading.  Figure 5.2 plots the envelope of hysteresis loops from the test. 

5.1.2 Computer Analysis Model 

The computer analysis model (Fig. 5.1) uses the program RAM Perform to attempt to replicate 

the performance of the test specimen.  In the analysis, multi-layer finite elements represent 

inelastic steel (reinforcing) material, inelastic concrete material, inelastic shear material, and 

diagonal compression material in the wall.  Bar elements along the top and sides represent the 

floor slab and boundary elements confining the specimen.  Nodes along the bottom edge of the 

model are all fixed against translation. 

Table 5.1 summarizes the input properties for 12 different analysis runs using the RAM 

Perform model.  Figure 5.4 graphically displays the material input properties used in one of the 

analysis runs.  Properties for the concrete material are specified and adjusted considering 

research recommendations such as those shown in Figure 5.5. 

The last four rows of Table 5.1 indicate our comparison between computer analysis 

output and test specimen results.  For example, in Figure 5.3 colored areas denote damaged finite 

elements from Run 4 for comparison with the failure pattern in the test specimen photo above.  

Figure 5.2 plots hysteresis loops from the same analysis run overlaid on the envelope of test 

specimen hysteresis loops.  From the hysteresis loops the model’s initial stiffness, peak strength, 

and strength degradation are compared to those of the test specimen. 

5.1.3 Results and Recommendations 

Of the analysis runs presented in Table 5.1 no single run closely matches all four categories of 

specimen performance.  For example, Run 4 exhibits reasonable matches of initial stiffness and 

peak strength, and a fair match of strength degradation, but the pattern of failure is nearly the 

opposite of that exhibited in the test specimen. 
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This degree of modeling accuracy is sufficient for limited purposes.  For example, for the 

computational purposes of the Advanced Seismic Assessment method, matching failure patterns 

within walls is not necessarily critical to the analysis, as long as the resulting envelope of 

hysteresis loops or force-displacement curves accurately reflect the elements’ structural 

performance.  However, achieving accurate output through inaccurate means in one particular 

wall model does not guarantee that a model of a different wall would achieve comparably 

accurate output. 

The engineering research and structural software communities should perform further 

studies of this type to calibrate computer structural analysis programs used in practice to 

experimental results. 

 

4" concrete
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Figure 5.1  Calibration to concrete wall test specimen, RAM Perform analysis model 

ρL=0.041 

ρ=0.005 
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Figure 5.2  Concrete wall test specimen (Barda 1976) and calibration of RAM Perform 

cyclic pushover (Run 4) 

 
 

 
 
 
 



 75

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.3  (a) Photo of damaged test specimen (Barda 1976); (b) finite element model  

(Run 4)

(b) 

(a) 
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Table  5.1  Concrete wall calibration to test specimen: RAM Perform input properties 

 Run # 0 1 2 3 4 5 6 7 8 9 10 11 Note 
Inelastic Steel 
Material 

Shape 
K0 (ksi) 
FR (ksi) 
FU (ksi) 
DU 
DL 
DR 
FR/FU 

E-P-P 
29000 
71 
- 
- 
0.1 
0.11 
0.05 

E-P-P 
29000 
71 
- 
- 
0.1 
0.11 
0.05 

E-P-P 
29000 
71 
- 
- 
0.1 
0.11 
0.05 

E-P-P 
29000 
71 
- 
- 
0.1 
0.11 
0.05 

E-P-P 
29000 
71 
- 
- 
0.1 
0.11 
0.05 

E-P-P 
29000 
71 
- 
- 
- 
- 
- 

E-P-P 
29000 
71 
- 
- 
- 
- 
- 

Trilinear 
29000 
71 
92.3 
0.05 
0.033 
0.036 
0.05 

Trilinear 
29000 
71 
92.3 
0.05 
0.033 
0.036 
0.05 

Trilinear 
29000 
71 
92.3 
0.05 
0.033 
0.036 
0.05 

Trilinear 
29000 
71 
81.7 
0.03 
0.033 
0.036 
0.05 

E-P-P 
29000 
71 
- 
- 
- 
- 
- 

 
29000 = Es 
71 = Fy 
92.3 = 1.3 Fy, 
81.7 = 1.15Fy 

Inelastic 
Concrete 
Material 

K0 (ksi) 
FU (ksi) 
DL 
DR 
FR/FU 

3300 
4.08 
0.003 
0.006 
0.1 

3300 
4.08 
0.003 
0.006 
0.1 

3300 
4.08 
0.003 
0.006 
0.1 

3300 
4.08 
0.003 
0.006 
0.1 

3300 
4.08 
0.003 
0.006 
0.1 

3300 
4.08 
0.003 
0.006 
0.1 

2310 
3.4 
0.002 
0.006 
0.01 

2310 
3.4 
0.002 
0.006 
0.01 

2310 
3.4 
0.002 
0.006 
0.01 

2310 
3.4 
0.002 
0.006 
0.01 

2310 
4.08 
0.002 
0.006 
0.01 

3300 
3.4 
0.003 
0.006 
0.2 

2310 = 2/3 Ec 
3.4 = f'c,4.08 = 
1.2 f'c 
See note 1 

Inelastic Shear 
Material 

K0 (ksi) 
FU (ksi) 
DL 
DR 
FR/FU 

50 
0.64 
0.0256 
0.064 
0.2 

50 
0.64 
0.0256 
0.064 
0.4 

50 
0.64 
0.0154 
0.0384 
0.4 

50 
0.64 
0.0154 
0.032 
0.5 

50 
0.64 
0.0154 
0.0256 
0.5 

50 
0.64 
0.0154 
0.0256 
0.5 

50 
0.64 
0.0154 
0.0256 
0.5 

50 
0.64 
0.0154 
0.0256 
0.5 

145 
0.204 
0.003 
0.007 
0.5 

145 
0.204 
0.003 
0.007 
0.17 

145 
0.7 
0.005 
0.007 
0.17 

560 
0.71 
0.0075 
0.0085 
0.4 

145 = ρEs 
0.204 = 3.5√f'c 
 
0.17 = 0.6/3.5 
(FEMA 306) 

Diagonal 
Compression 
Material 

K0 (ksi) 
FU (ksi) 
DL 
DR 
FR/FU 

3300 
4.08 
- 
- 
- 

3300 
4.08 
- 
- 
- 

3300 
4.08 
- 
- 
- 

3300 
4.08 
- 
- 
- 

3300 
4.08 
- 
- 
- 

3300 
4.08 
- 
- 
- 

(Same as 
Inelastic 
Concrete 
Material) 

(Same as 
Inelastic 
Concrete 
Material) 

(Same as 
Inelastic 
Concrete 
Material) 

(Same as 
Inelastic 
Concrete 
Material) 

(Same as 
Inelastic 
Concrete 
Material) 

(Same as 
Inelastic 
Concrete 
Material) 

 

Match of Initial 
Stiffness  OK OK OK OK OK OK Fair Fair Good Good Good Poor 

 

Match of Peak 
Strength  OK Good OK OK OK OK Fair Fair Poor Poor Poor Fair 

 

Match of 
Strength 
Degradation 

 OK Poor Fair OK Fair Poor Poor Poor Poor Poor Fair Poor 
 

Match of Failure 
Pattern  - - - - Poor Fair OK OK Fair Fair Poor Poor 

 

Note 1: Value of DL=0.002 and DR=0.006 corresponded to Park and Pauley (1975) 
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Figure 5.4  RAM Perform input properties for calibration to test specimen (Run 4) 
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Figure 5.5  Stress-strain curve for concrete confined by rectangular hoops (Park and 

Paulay 1975) 

 
 
 



6 Other Applications of the Guidelines 

In addition to the two test application buildings included in the original scope of this project, 

Rutherford & Chekene has applied the evaluation methodology of the Guidelines to several other 

buildings.  Pacific Gas & Electric engaged R&C and SGH to apply the methodology to an eight-

story steel moment-frame building, and PG&E engaged R&C to apply the methodology to four 

additional buildings.  The buildings are listed in Table 6.1.  For each building summarized in this 

section, the reference listed in Table 6.1 provides further information on the seismic assessment.  

These examples demonstrate the variety of structures and analysis approaches that can be used 

with the Guidelines.  Depending on the characteristics and expected nonlinear behavior of each 

building, a suitable analysis approach is selected and applied within the context of the 

Guidelines.  This section discusses unique aspects associated with the application of the 

Guidelines to each of these buildings. 

6.1 EIGHT-STORY STEEL MOMENT-FRAME BUILDING  

The application of the Guidelines to an eight-story steel moment-frame building differs from the 

first two test applications not only in terms of the height of structure analyzed but also in terms 

of the analysis method employed.  While the first two test applications use nonlinear static 

analyses and the SPO2IDA program to produce plots of spectral acceleration versus roof drift, 

this application uses actual nonlinear response history analyses to perform incremental dynamic 

analyses of the intact structure and the damaged structure.  Higher mode effects may influence 

the building’s dynamic behavior in ways that the SPO2IDA program does not capture.  Nonlinear 

static analyses are performed and the SPO2IDA program is used to compare the results of the 

two analysis procedures. 
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Table 6.1  Applications of the Advanced Seismic Assessment Guidelines 

Building description 
(primary reference) Section Key behaviors Analysis method(s) 

3-story steel moment 
frame 

(this report) 
2 Beam-column 

connection fracture 

2-D nonlinear static with frame elements; elastic 
analyses of damaged structure to estimate re-

loading stiffness; SPO2IDA 
2-D nonlinear static with finite elements using 

sequential elastic analyses 1-story mill building 
(this report) 4 Wall and spandrel 

shear Also, 2-D nonlinear static with finite elements; 
adjustment of nonlinear properties of concrete in 

the damaged structure; SPO2IDA 
2-D nonlinear response history with frame 

elements; modeled cyclic behavior of beam-
column connections with fracturing; incremental 

dynamic analysis 
8-story steel moment 

frame 
(R&C, SGH 2004) 

6.1 Beam-column 
connection fracture 

Also, 2-D nonlinear static with frame elements; 
SPO2IDA 

1-story mill building 
with 2-story rear 

portion (R&C 2005a) 
6.2 Discontinuous wall, 

wall shear 

2-D nonlinear static for each wall line using 
plastic mechanism spreadsheet and force levels 

from tributary mass; SPO2IDA 
2-D nonlinear static using plastic mechanism 

spreadsheet; SPO2IDA 3-story pier-and-
spandrel building with 

concrete frame 
(R&C 2005b) 

6.3 

Wall pier and 
spandrel shear, 

interior column shear, 
diaphragm expansion 

joint opening 

Also, 3-D nonlinear static with frame elements 
(stiffness calibrated to equivalent shell element 
models) and semi-rigid diaphragm; SPO2IDA 

1-story plus basement 
and mezzanine with 

steel frame and 
concrete walls 
(R&C 2006a) 

6.4 

Precast concrete 
panel connections, 
diaphragm shear, 

discontinuous walls 

2-D elastic dynamic to obtain vertical 
distribution of earthquake forces; 

2-D (plan) nonlinear static using spreadsheet 
sequential elastic analyses; SPO2IDA 

1-story mill building 
with flat roof and 

skylights 
(R&C 2006b) 

6.5 Diaphragm shear, 
wall shear 

2-D (plan) nonlinear static with finite element 
diaphragm and nonlinear horizontal springs at 

wall locations; SPO2IDA 

 

6.1.1 Building Description 

The eight-story welded steel moment-frame building was constructed in 1974.  As in the first test 

application building, the steel moment frames are designed and specified to “pre-Northridge” 

standards, meaning that the beam-column connections may be susceptible to fracture near the 

welds of beam flanges to columns.  Lightweight precast concrete panels clad the perimeter steel 

frames as shown in Figure 6.1. 
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Figure 6.1  Eight-story moment-frame building (R&C, SGH 2004) 

6.1.2 Computer Analysis Model 

A key aspect of modeling the dynamic behavior of this “pre-Northridge” steel moment-frame 

structure is the modeling of nonlinear hysteretic component properties of beam-to-column 

connections.  In order to accurately represent expected component behavior, each beam-to-

column connection in the model includes a group of fiber elements that capture the effects of 

beam yielding, column panel zone yielding, and connection fracture.  The properties of these 

fiber elements are calibrated to match the hysteretic performance of an experimental test 

specimen of a pre-Northridge-type steel moment-frame connection tested as part of the SAC 

program (Anderson 1995). Figure 6.2 compares hysteretic behavior of the connection as modeled 

to that of the test specimen.  Applicable laboratory tests were halted after flanges fractured but 

before gravity collapse by shear tab failure.  Based on engineering judgment, gravity collapse is 

assumed to occur at a drift of 7% as shown in Figure 6.3. Figure 6.4 displays an example of how 

this detailed component modeling technique facilitates monitoring damage within the structure. 
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RAM Model SAC_14:  Force vs. displacement
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Figure 6.2  Hysteretic behavior of model component (a) and test specimen (b) of beam-

column connections (R&C, SGH 2004) 
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Figure 6.3  Assumed force-deformation relationship for beam-to-column connections 

(R&C, SGH 2004) (Photo courtesy of David Bonowitz and taken from SAC 

Program UCBPN3 test (Popov et al., 1996)) 
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Figure 6.4  Selected member rotations for damage state DS4 (FN-L-3x0.75) at  

4% roof drift during aftershock +FN-S-2x1.5 (R&C, SGH 2004) 
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6.1.3 Incremental Dynamic Analysis 

An incremental dynamic analysis of the intact structure is performed to simulate damage caused 

by a main-shock earthquake.  Then three damage states are defined and incremental dynamic 

analyses are performed for each of the damage states to simulate response in an aftershock. 

Each incremental dynamic analysis consists of a series of nonlinear response history 

analyses using five different earthquake records.  Each of these earthquake records is run at four 

different scales and the drifts caused by each scaling are recorded. Figure 6.6 displays the 

resulting IDA curves for the intact structure.  For main-shock analysis of the intact structure, a 

suite of five ground motions is applied with a 2,500-year recurrence interval, and each ground 

motion is incrementally scaled to amplitudes of 60%, 75%, 100%, and 125% of the 2,500-year 

hazard; for aftershock analysis of the damaged structure, a different suite of five ground motions 

is applied with a 200-year recurrence interval, and each ground motion is incrementally scaled to 

amplitudes of 50%, 100%, 125%, and 150% of the 200-year hazard.  If, at a certain scaling, the 

roof drift exceeds 10% or the analysis becomes unstable, it is determined that that particular 

ground motion and scaling will cause collapse. 

For each nonlinear response history analysis within the aftershock IDA, two sequential 

ground motions are run: a main-shock ground motion and an aftershock ground motion.  Figure 

6.5 displays several example response histories for damage state DS4.  One main-shock ground 

motion is selected to run for all damage states, but that ground motion is scaled differently for 

each damage state such that the main shock causes the amount of damage that characterizes the 

damage state in question.  Within each damage state IDA, a constant main-shock scaling is 

maintained while incrementally increasing the aftershock scale, as described above.  Since the 

direction of residual drift caused by the main shock may affect aftershock response, each 

aftershock record is run in both the positive and negative directions. 

6.1.4 Results 

As an example of output data, Figure 6.5 depicts roof drift response histories for the main shock 

to cause damage state DS4 followed by several examples of incrementally scaled aftershocks in 

each direction.  This plot, analyzed in conjunction with output and comparable plots for other 
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damage states, illustrates several points regarding results of the main shock plus aftershock 

incremental dynamic analyses: 
• Within the ten aftershocks (and even within the five in one direction), there is a large 

variability between the record with the lowest scale factor needed to cause collapse and 

the record with the highest scale factor. 
• The applied direction of the aftershock is critical. 
• There is a consistent relationship between maximum roof drift and maximum beam 

rotation. 
• For the low levels of damage such as DS2, large aftershocks are necessary in order to 

cause collapse. 

6.1.5 Comparison of IDA and SPO2IDA 

For comparison of analysis methods, nonlinear static analyses of the damaged structure are also 

performed, and the SPO2IDA program is used to generate IDA curves.  To reach each damage 

state, the structure is first subjected to the same main-shock record, scaled as in the incremental 

dynamic analysis of the damaged structure.  Then nonlinear static (pushover) loading is applied,  

force-displacement curves are generated, and these curves are input into SPO2IDA. 

Table 6.2 compares IDA and SPO2IDA results of spectral accelerations required to cause 

each damage state.  Figure 6.7 depicts this information graphically, where the median IDA curve 

from Figure 6.6 is shown on the same plot with the SPO2IDA results.  Compared to the response 

history results, SPO2IDA predicts lower spectral accelerations to achieve the same roof drift. 

Table 6.3 compares IDA and SPO2IDA results of spectral accelerations required to 

collapse the damaged structure.  Again, the SPO2IDA predicts lower spectral acceleration values 

than do the response history runs.  As mentioned above, this discrepancy may be partially due to 

the fact that higher mode effects can influence the response of an eight-story building in ways 

that SPO2IDA does not necessarily capture. 

Figure 6.8 applies Tagging Criteria D to the SPO2IDA results to calculate spectral 

accelerations to cause the onset of yellow- and red-tag classifications. Table 6.4 presents the 

spectral accelerations and roof drifts expected to cause each limit state.  Roof drifts at each limit 

state are similar for IDA and SPO2IDA results.  However, as a result of the difference between 
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intact IDA curves shown in Figure 6.7, the SPO2IDA method predicts lower spectral 

accelerations to cause these roof drifts. 
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Figure 6.5  Roof drift vs. time, damage state DS4 main shock + aftershocks (R&C, SGH 

2004) 



 87

 

 

0.764

1.019

0.933

0.89

0.3

0.5

0.7

0.9

1.1

1.3

1.5

0.000 0.010 0.020 0.030 0.040 0.050
Maximum Main Shock Roof Drift Ratio

PS
A

 a
t P

er
io

d 
= 

1.
32

 s
 

FN-L-1

FN-L-2 (not used)

FN-L-3

FN-L-4

FN-L-5

Median

DS2

DS3

DS4

"Local Beam Collapse"

DS2 DS3 DS4
"Local Beam 
Collapse"

 

Figure 6.6  IDA from nonlinear response history analyses for intact structure (R&C, SGH 

2004) 

 

Table 6.2  Spectral acceleration (g) to cause each damage state, comparison of SPO2IDA 

and nonlinear response history estimates (R&C, SGH 2004) 

Damage State Median of 4 Nonlinear 
Response Histories Median SPO2IDA 

DS2 0.76 0.39 
DS3 0.89 0.54 
DS4 0.93 0.72 

Collapse 1.02 0.93 
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Figure 6.7  SPO2IDA for intact structure (R&C, SGH 2004) 

Table 6.3  Spectral acceleration (g) to cause collapse in an aftershock, comparison of 

nonlinear response history and SPO2IDA estimates (R&C, SGH 2004) 

 
Nonlinear Response History  

 
SPO2IDA 

 

 
Damage State 

Median – 
Std. Dev. 

Median Median + Std. 
Dev. 

Median – 
Std. Dev. 

Median Median + Std. 
Dev. 

Intact –– 1.03* –– 0.59 0.93 1.38 

DS2 0.78 1.15 1.46 0.52 0.87 1.33 

DS3 0.67 0.99 1.49 0.44 0.78 1.20 

DS4 0.55 0.83 1.50 0.36 0.62 0.95 
*Spectral acceleration is that at T=1.32 seconds.  For the intact structure response history run, this is based on the 
2500-year suite of records; for the other response history runs, it is based on the 200-year suite. 
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Figure 6.8  Main shock vs. aftershock to cause collapse, Tagging Criteria D using SPO2IDA 

results (R&C, SGH 2004) 

 

Table 6.4  Tagging limit states, comparison of SPO2IDA and nonlinear response history 

analysis (R&C, SGH 2004) 

NLRH SPO2IDA 
Damage 

State Spectral 
Acceleration Roof Drift Spectral 

Acceleration Roof Drift 

Onset of 
Yellow 0.76 1.4% 0.48 1.7% 

Onset of Red 0.89 2.2% 0.67 2.4% 

Collapse 1.02 4.0% 0.93 4.0% 
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6.2 ONE-STORY MILL BUILDING WITH TWO-STORY REAR PORTION 

The mill building shown in Figure 6.9 has a steel frame, concrete walls, and a concrete roof 

supported by steel trusses.  The front of the building is a single-story high-bay portion with a 

hipped roof, and the rear is a shorter two-story portion with a flat roof.  Both the front and back 

portions are rectangular in plan, but the back portion is slightly smaller in plan than the front.  

Each wall line has a unique configuration of solid walls, piers, and columns. 

The building’s geometry lends itself to a case-by-case analysis of each wall line. Figure 

6.10 displays the estimated nonlinear force-displacement behavior at each wall line.  The elastic 

stiffness of each wall line is estimated using hand and spreadsheet calculations, and it is assumed  

that roof and floor diaphragms distribute lateral forces to walls according to tributary mass.  

Spreadsheets are used to perform plastic mechanism analyses in order to determine the lateral 

strength and governing mode of failure for each wall line.  Based on the governing mode of 

failure, post-yield behavior is estimated such that modeled component behavior is consistent 

with applicable research results.  From the force-displacement relationships of Figure 6.10, 

SPO2IDA is used to compute the relationship between spectral acceleration and ductility 

demand. 

The results of our analysis indicate that retrofitting to mitigate a discontinuous shear wall 

on Line B in the two-story rear portion will allow the building to achieve PG&E’s desired 

seismic performance goals.  This represents a reduced scope of retrofitting compared to that 

required by a FEMA 356 analysis of the building. 

 
Figure 6.9  One-story mill building with two-story rear portion (R&C 2005a) 
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Figure 6.10  Summary of estimated nonlinear force-displacement behavior at each wall line 

(R&C 2005a) 
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6.3 THREE-STORY PIER-AND-SPANDREL BUILDING WITH CONCRETE 
FRAME 

The three-story structure shown in Figure 6.11 has a concrete pier-and-spandrel system around 

the entire perimeter and an interior grid of concrete columns, beams, and girders.  The building is 

L-shaped in plan, and expansion joints in two plan locations on each floor level have been 

retrofitted in the past to provide some lateral force transfer between diaphragms on either side of 

the joints. 

Two complementary analyses of this structure are performed: a two-dimensional plastic 

mechanism analysis using spreadsheets and a three-dimensional nonlinear static analysis using 

the program SAP 2000.  The spreadsheet analysis determines likely behavior modes for typical 

pier-spandrel and beam-column configurations. It allows quick manipulation of member 

properties to investigate how different retrofit schemes affect the governing mode of nonlinear 

response.   It assumes rigid diaphragm behavior and neglects plan torsion.  The computer 

analysis model shown in Figure 6.12 captures initial stiffness, plan torsion, force demands at 

diaphragm expansion joints, and variations in pier-spandrel and beam-column configurations.  

Frame elements are used to represent all piers, spandrels, beams, and columns, but the pier-and-

spandrel frame element stiffness properties are first calibrated to match those of a shell element 

model of the same pier-and-spandrel configuration as shown in Figure 6.13.  The 3-D model is 

used to perform nonlinear static analyses in each plan direction of the building, and the resulting 

force-displacement response curves are input into SPO2IDA to compute the relationship between 

spectral acceleration and ductility demand. 

The results of these analyses demonstrate that a retrofit scheme consisting of fiber-

composite column jacketing, strengthened concrete wall piers, and steel gravity supports will 

allow the building to achieve PG&E’s seismic performance goals.  This represents a reduced 

scope of retrofitting compared to previous design proposals. 
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Figure 6.11  Three-story pier-and-spandrel building with concrete frame (R&C 2005b) 

 
Figure 6.12  3-D computer structural analysis model (R&C 2005b) 

 
Figure 6.13  Calibration of frame elements in structural analysis model to match shell 

element properties (R&C 2005b) 
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6.4 ONE-STORY PLUS BASEMENT AND MEZZANINE CONCRETE AND STEEL 
BUILDING 

The building shown in Figure 6.14 is rectangular in plan and consists of a basement, ground 

floor, mezzanine level, low roof level, and a high roof level.  Reinforced concrete beams and 

columns support the ground floor.  Above the ground floor, steel framing encased in concrete 

and plaster fireproofing supports the mezzanine and roof levels.  Cast-in-place concrete walls 

provide lateral force resistance.  Some of these walls are discontinuous from the ground floor to 

the basement, and some walls do not connect directly to the roof diaphragm above.  Precast 

concrete panels clad the building exterior. 

To address the building’s irregular configuration and connection details, the structure is 

analyzed using a spreadsheet analysis to calculate elastic force demands at a given base shear 

and then create nonlinear force-displacement response curves based on element force capacities, 

connection force capacities, and expected ductility capacities.  For each of the two plan 

directions of the building, a simplified two-dimensional computer structural analysis model (Fig. 

6.15) calculates the existing building’s initial stiffness, fundamental period of vibration, and 

pattern of lateral-force distribution over the building’s height. (R&C 2006a) 

Two potential retrofit schemes that differ in cost, disruption, and seismic performance are 

considered.  Nonlinear static force-displacement relationships are estimated for each retrofit 

scheme, and SPO2IDA is used to calculate the relationship between spectral acceleration and 

ductility demand.  Using Tagging Criteria D, accelerations expected to cause each tagging limit 

state are then computed.  Figure 6.16 overlays expected tagging limit states for each of the two 

considered retrofit schemes on the site specific response spectra for the building. 

 
Figure 6.14  One-story plus basement and mezzanine composite building (R&C 2006a) 
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Figure 6.15  2-D computer structural analysis model, longitudinal plan direction (R&C 

2006a) 

G
re

en

0.3

Y
el

lo
w

R
ed

S
ch

em
e 

1

0.4

G
re

en
Y

el
lo

w
R

ed
S

ch
em

e 
2

0.000

0.500

1.000

1.500

2.000

2.500

0 0.5 1 1.5 2 2.5 3

Period (s)

Sp
ec

tra
l A

cc
el

er
at

io
n 

(g
)

2% in 50 years, A&S '97

5% in 50 years, A&S '97

10% in 50 years, A&S '97

50% in 50 years, A&S '97

 
 
 

Figure 6.16  Median spectral accelerations to cause each tagging limit state; results for two 

different retrofit schemes overlain on site-specific response spectra (R&C 

2006a) 
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6.5 ONE-STORY MILL BUILDING WITH FLAT ROOF AND SKYLIGHTS 

The one-story mill building shown in Figure 6.17 is rectangular in plan with a steel frame, 

concrete walls, and a flat concrete roof supported by steel trusses.  The roof diaphragm contains 

several large openings for skylights, vents, and mechanical ducts.  As in the mill building of 

Section 6.2, each wall line has a unique configuration of solid walls, piers, and columns.  

Original structural drawings for the building and field investigations indicate the presence of 

little to no continuous reinforcement connecting the roof to walls or the walls to foundations for 

in-plane lateral force transfer. 

The building’s perforated roof diaphragm necessitates a detailed examination of the stress 

distribution in this element and its ability to transfer lateral forces to walls below.  A two-

dimensional model of the roof diaphragm is created using shell elements in the program SAP 

2000 as shown in Figure 6.18.  The strength and stiffness of each wall line are calculated by 

hand, and nonlinear horizontal springs are added to the diaphragm model to represent these 

walls.  Therefore, the two-dimensional diaphragm model effectively represents the three-

dimensional behavior of the one-story building.  Nonlinear hinges in the horizontal spring 

elements model the post-yield behavior of each wall line according to the line’s governing 

mechanism: overturning, flexure, diagonal shear cracking, sliding shear at the roof-to-wall 

interface, or sliding shear at the wall-to-foundation interface.  Nonlinear force-displacement 

curves are generated for the structure using the nonlinear static computer output in conjunction 

with engineering judgment based on the elastic stresses in the roof diaphragm shell elements.  

Using SPO2IDA, the relationship between spectral acceleration and ductility demand is 

calculated. 

The results of this analysis demonstrate that PG&E’s seismic performance goals can be 

achieved through a reduced scope of retrofitting compared to those prescribed by older 

evaluation methods. 
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Figure 6.17  One-story mill building with flat roof and skylights (R&C 2006b) 

 

 
Figure 6.18  2-D computer structural analysis diaphragm model (R&C 2006b) 
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7 Key Technical Issues 

In applying the Guidelines to the example buildings, Rutherford & Chekene recognized two key 

areas for which further examination and definition of procedures would be useful: (1) residual 

drift and (2) criteria for defining post-earthquake occupancy (or tagging) limits. 

7.1 RESIDUAL DRIFT 

In assessing the seismic performance of a damaged structure, residual drift or deformation in the 

building can be an important parameter.  The amount of residual drift in a building after a 

damaging ground motion is unpredictable.  It depends on the particular ground motion and the 

building’s inelastic response to it.  On average though, residual drift is affected by the amount of 

peak plastic drift and the shape of the hysteresis loops of force-displacement response.  Only the 

plastic portion of peak drift is relevant to residual drift because a building displaced merely in the 

elastic range has no residual drift.  Strength degradation and the re-centering characteristics of 

the hysteresis loop shape are key parameters affecting residual drift. 

For a damaged structure, the effect of residual drift on seismic performance in an 

aftershock is also unpredictable.  The consequence of the residual drift depends on the particular 

aftershock ground motion, and whether or not that motion tends to push the structure in the same 

or opposite direction to the residual drift. 

This section outlines a framework and procedure for estimating the effects of residual 

drift on a structure.  Specific research (outside the scope of the Task 508 project) is 

recommended to estimate residual drift and to determine its effect on a structure’s subsequent 

seismic performance.  Such research could provide data to improve the parameters γ1 and γ2 that 

are used in the framework proposed here.  Current research on the topic includes that by Luco et 

al. (2004). 
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7.1.1 Estimating Residual Drift 

The following procedure is used in Test Application 1 to estimate residual drift.  (See the 

notation section for the precise definitions of the variables used.) 

The static residual drift, Δrs,, is determined from the static pushover curve and the 

assumed unloading stiffness, according to the seismic assessment procedure (Fig. 2.12). This 

static residual drift is a measure of the peak plastic drift that has occurred in the structure. 

The actual (dynamic) residual drift,  Δrd, cannot be larger than Δrs, and is assumed, on 

average and for a given hysteresis loop shape, to be proportional to Δrs. 

Thus the expected dynamic residual drift, Δrd, is assumed to be a factor γ1 times Δrs.  The 

factor is assumed to depend on the type of seismic-force-resisting system, as it relates to the 

global hysteresis loop shape of the earthquake response.  Specifically, the structural components 

of the seismic force-resisting system that respond nonlinearly influence the hysteresis loop 

shape.  Hysteresis loop shapes with better displacement restoring characteristics — for example 

those with a positive slope to the “hysteresis center curve” (MacRae 1995) — are given a smaller 

value of γ1.  Recommended values of γ1, as a function of hysteresis loop shape, are shown in 

Table 7.1. 
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Table 7.1  Values of γ1, ratio of dynamic to static residual drift 

Example Structure Types Hysteresis Loop Shapes γ1 
• Steel moment frame (with beam 

flexural hinging) 
• Steel eccentric braced frame (with 

link-beam yielding) 
• Steel buckling-restrained braced 

frame 
 
 
 
 

 
 

0.5 
 

• Flexural plastic hinging in concrete 
walls or concrete moment frames 

• Plywood or OSB sheathed walls  
• Diaphragm-yielding structures 

(e.g., tilt-ups) with plywood or 
OSB sheathed diaphragms. 

• Steel concentric braced frames 
• Structures not otherwise classified 

 

 

0.3 

• Foundation rocking structures 
• Other structures with high 

restoring force from gravity load 
and rocking-type hysteresis loop 
shapes 

 
 
 
 
 
 
 
 
 

0.2 

• Structures specifically designed for 
minimal residual drift, such as 
precast hybrid moment frames 
(FIB 2003) 

 

 
 
 
 
 
 
 
 
 

0 

 

-4 -3 -2 -1 0 1 2 3 4 

-4 -3 -2 -1 0 1 2 3 4
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7.1.2 Residual Drift Findings from the Evaluation of an Eight-Story Steel Moment Frame 

The evaluation for PG&E of an eight-story steel moment-frame structure with pre-Northridge 

fracturing beam flange connections (R&C, SGH 2004) provides data on residual drift for this 

type of structure.  The evaluation developed a relatively complete model of the structure’s 

nonlinear hysteretic behavior and subjected that model to numerous ground motions, thus useful 

data were produced on the potential for the structure to have residual drift.  For the eight-story 

structure, Figures 7.1–7.2 show the relationship between residual roof drift and peak plastic roof 

drift.  Peak plastic roof drift is computed as the peak roof drift minus 0.5%.  The value of 0.5% is 

the estimated roof drift at global yielding of the structure.  It is taken from graphically defining 

an effective initial stiffness on the pushover curve.   

If a linear relationship is assumed, Figures 7.1–7.2 show that residual drift equals 

approximately 0.6 times peak plastic drift.  This value of 0.6 can be compared to the γ1 value of 

0.5 recommended in Table 7.1.  The parabolic trend lines on Figures 6.6–6.7 show that the 

relationship between residual and peak plastic drift is not truly linear.  At least for this structure, 

the ratio of residual to peak plastic drift increases with increasing drift and deformation.  As 

more beam connections fracture and a greater portion of the response is in the plastic range, 

residual drift seems to increase parabolically. 
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Figure 7.1  Comparison of residual roof drift and maximum roof drift (E-W) 
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Figure 7.2  Comparison of residual roof drift and maximum roof drift (N-S) 
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7.1.3 Effect of Residual Drift on Seismic Performance 

Given a certain amount of residual drift Δrd in a damaged structure, the effect of that residual 

drift on seismic performance can be considered by reducing in some way the remaining drift 

capacity of the structure.  Under such a framework, the key question is: By how much should 

drift capacity be reduced?  Figure 7.3 conceptually illustrates how the answer to this question is 

bounded.  The figure considers the two-dimensional lateral displacement of a single-degree-of-

freedom structure. 

Figure 7.3(b) shows the case of the structure with no residual displacement, for which the 

collapse displacement (displacement capacity) in both the east and west directions is 6 inches.  

Figure 7.3(c) shows the case for the structure after a damaging ground motion has resulted in a 

residual displacement of 1 inch to the east.  In this case the structure can displace 5 inches to the 

east or 7 inches to the west before collapsing.  The question of interest is: What is the probability 

of reaching collapse for this structure?  The answer can be bounded by observing that the 

probability of collapse is greater than that for Figure 7.3 (b), but less than that for figure 7.3(d), 

which shows a structure with a 5-inch displacement capacity in each direction.1   

Figure 7.3(e) illustrates the definition of Δre, the symmetrical reduction in displacement 

capacity that would give an equivalent probability of failure to case (c).  Based on the bounds 

observed above, the reduction in global drift capacity Δre must be between zero and Δrd.   

                                                 

1In this observation, it is assumed that (1) the residual displacement affects displacement capacity, not demand, (2) 
the direction of largest displacement demand is random, and (3) probability of exceedance increases at least linearly 
with the reduction of displacement demand.   

The collapse probability of (c) in Figure 7.3 is less than that for (d) because there will be some percentage of 
ground motions that push the structure to a westward displacement of between 5 and 7 inches, and an eastward 
displacement of less than 5 inches, and these will cause collapse for (d) but not for (c).  The comparison of case (b) 
with (c) may be less obvious, but can be proven as indicated below. 

The probability of collapse for (b) is simply the probability that the largest displacement demand in either 
direction (call this Δd1) exceeds 6 inches: P(Δd1 > 6″).   With Δd1 equal to the largest displacement demand, and Δd2 
equal to the maximum displacement demand in the opposite direction, the probability of collapse of (c) can be 
defined.  If Δd1 is eastward (a 50% chance) it equals P(Δd1 > 5″).    If Δd1 is westward (also a 50% chance) it equals 
P(Δd1 > 7″) plus P(Δd1 < 7″) x P(Δd2 > 5″).  The total probability of collapse for (c) is thus 0.5P(Δd1 > 5″) + 0.5P(Δd1 
> 7″) + 0.5P(Δd1 < 7″) x P(Δd2 > 5″).  The sum of the first two terms of this expression equal the average of the 
probability of reaching a 5″ displacement with that of reaching a 7″ displacement.  Since probability increases at 
least linearly with the reduction of displacement, the sum of these first two terms alone will always result in a 
probability of collapse at least equal to that for (b).  The addition of the third term, which will never be zero, 
indicates that the probability of collapse for (c) will always be greater than that for (b). 
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Thus, Δre is defined to be a factor γ2 times Δrd, where γ2 is between zero and one.  The 

factor γ2 will depend on the particular ground motion, and studies of numerous ground motions 

applied to structures with residual drift are necessary to determine its average value.  Lacking 

these studies, γ2 is assumed to depend on the strength degradation of the SPO curve, from the 

observation in nonlinear response that a structure with strength degradation is more likely to 

ratchet toward a single direction of displacement.  The factor γ2 is estimated as a function of 

strength degradation as shown in Table 7.2.   

Strength degradation can be classified as high, medium, zero, or strength-increasing by 

considering the average slope, αi, of the SPO between the damage state and the approximate 

collapse drift.  Figure 7.4 shows how αi is determined. 
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Figure 7.3  Diagrams of the relationship between displacement capacity and residual 

displacement 

(a) Force-displacement response causing residual displacement of 1 inch 

(b) Structure with no residual displacement (intact structure) 

(c) Structure with 1 inch residual displacement (damaged structure) 

(d) Structure with 5-inch displacement capacity in each direction 

(e) Symmetrical reduction in displacement capacity, Δre, calibrated to give 
the same probability of collapse as in (c) 
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Table 7.2  Determining γ2 

Strength Degradation            
beyond Damage State i γ2 

High Degradation 0.9 

Moderate Degradation 0.7 

Zero Degradation 0.5 

Strength Increasing 0.3 

 
 

ESTIMATED
COLLAPSE POINT

DAMAGE
STATE DSi

α1 Κ

Κ

 

Figure 7.4  Determining αi, slope factor effecting residual drift for DSi. 

7.2 TAGGING CRITERIA 

The publication of ATC 20 (1989) introduced a common and systematic method of “tagging” 

buildings immediately following an earthquake to indicate whether or not they should be 

occupied.  The posting of a red tag on the building means that occupancy should not be permitted 

because it would be unsafe to be in the building in case of an aftershock.  The posting of a green 

tag means that the building is judged to be acceptably safe in an aftershock.  The posting of a 

yellow tag, per ATC-20, means that further investigation is necessary to determine if the building 

should be posted green or red.  In practice, the yellow tag has been used to permit occupancy by 

a limited number of people or for a limited period of time.  For a utility company, such a posting 

might, for example, permit emergency personnel to briefly access switching equipment. 
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For different building types, ATC-20 indicates particular damage observations that can be 

associated with green, yellow, or red tagging.  Typically there have been no specific performance 

criteria, for example, related to aftershock collapse probability, that are defined to correspond to 

the tagging categories.  The FEMA 306 project developed a performance-based framework for 

evaluating earthquake damage; however the project addressed repair and retrofit decisions and 

the significance of damage rather than the initial safety assessment with green, yellow, and red 

tagging.  In general terms, ATC-20 states that to receive a green tag, a building should be judged 

to be able to withstand, without collapse, an aftershock as large as the main shock that struck the 

building.  

For the Advanced Seismic Assessment Guidelines, it is necessary to define in seismic 

performance terms when the tagging limit states are reached.  As part of our work in applying the 

Guidelines, four possible tagging criteria are defined.  The first is an ideal set of criteria, which 

would require significant research and consensus judgment before being practically applicable.  

The remaining three sets of criteria have been applied to test applications of the Guidelines as 

described in Sections 2, 4, and 6.  Until such time as Tagging Criteria A are feasible, Tagging 

Criteria D is recommended. 

Tagging Criteria A: Based on the probability of collapse for the aftershock seismic hazard 

This option for tagging criteria would be the most technically sophisticated and correct approach, 

but it requires knowledge of the aftershock2 seismic hazard and a selection of acceptable collapse 

probabilities.  To date, there has not been much research focused on aftershock seismic hazard.   

There is the potential that in the near future, more specific data on aftershock seismic hazard 

could be used in tagging criteria.  Research (outside the scope of this project) is recommended in 

this area.  In addition to having a reliable estimate of aftershock seismic hazard, implementation 

of the criteria requires a consensus judgment of what probability of collapse in an aftershock 

                                                 

2 The terms main shock and aftershock are used throughout this document to mean an initial, damaging ground 
motion, and then a following ground motion, which can be smaller or larger than the damaging motion.  This usage 
differs from the correct seismological definitions of the terms, which are assigned with certainty only after an 
earthquake sequence is completed, and for which the terms foreshock, main shock, and aftershock are applied 
considering the relative magnitude of each earthquake in the sequence. 
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warrants a yellow or red tag.  Calibration to prescriptive tagging guidelines, such as those in 

ATC-20, could assist in developing this judgment. 

Tagging Criteria B: Based on the probability of collapse of the damaged structure, using 

the pre-earthquake seismic hazard 

Tagging Criteria B were developed from the idea that for occupancy to be restricted in a building 

after and earthquake, two conditions should be met.  First, the building should have suffered 

some damage in the earthquake.  This condition is based on the ATC-20 practices that only 

trigger yellow or red tagging based on observing earthquake damage.  Second, the building in its 

post-earthquake condition should be more vulnerable to collapse than is a typical new building 

designed according to the building code.  FEMA 308 (ATC 1999c) uses this concept as a 

framework for developing triggers and policies for the repair or retrofit of earthquake-damaged 

buildings.   

Tagging Criteria B are explained as follows: 

If the increase in probability of collapse is less than 10% (P/P0 < 1.10), then the tagging 

condition is green.  In other words, if P/P0 < 1.10, the ability of the building to survive an 

earthquake has not been significantly changed by whatever damage has occurred.  As is 

customary in post-earthquake inspection, if a building has not suffered any consequential 

damage, then it is given a green tag.  Even if it is a highly vulnerable building, it is given a green 

tag because the earthquake did not change its vulnerability. 

If the increase in probability of collapse is greater than 10% (P/P0 > 1.10), then the 

tagging condition depends on the probability of collapse in an aftershock.  In the absence of 

aftershock hazard information, this is assumed to correlate to the magnitude of ground shaking, 

expressed by return period, that would cause collapse.  The return period corresponds to the pre-

earthquake seismic hazard at the site, i.e., assuming that that hazard has not changed by the 

occurrence of the damaging earthquake. 

If the return period to cause collapse is greater than 1000 years, then the tagging 

condition is Green.  For RP > 1000 years, the building has an ability to survive 

earthquake collapse that is equivalent to or better than that assumed for new structures in 

conformance with the latest building codes.  Therefore, despite the damage sustained, the 

building is given a green tag. 
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If the return period to cause collapse is between 250 an 1000 years, then the tagging 

condition is yellow. 

If the return period to cause collapse is less than 250 years, then the tagging condition is 

red.  A building that has been damaged (P/P0 > 1.10) and will collapse under the 

relatively small RP < 250 ground motions is considered under enough risk that it 

warrants a red tag rather than a yellow tag. 

For this criteria the trigger values of P/P0 = 1.10, RP = 250, and RP = 1000 are selected 

by the judgment of the authors, and could be adjusted as appropriate to calibrate the criteria to 

past practices or further engineering judgment.  In Tagging Criteria B, the size of the main shock 

affects tagging only in that a larger main shock will cause increased damage.  Criteria B do not 

include the assumption that a larger main shock also correlates to higher aftershock hazard. 

Tagging Criteria C: Based on the ability to sustain an aftershock proportional to the main 

shock 

Tagging Criteria C are based on the idea from ATC-20 that a green tagged structure should be 

able to withstand an aftershock ground motion that could be as large as the main-shock motion.  

This implies that as the size of the main shock increases, the size of potential aftershocks 

increases proportionally. 

Under this option, the tagging criteria are as follows: 

If the damaged structure can withstand, without collapse, an aftershock with Sa equal to that of 
the damaging earthquake, then the tagging condition is green. 

If the damaged structure collapses under the above test, but can withstand an aftershock with Sa 
equal to 0.75 times that of damaging earthquake, then the tagging conditions is Yellow. 

If the damaged structure collapses under an aftershock with Sa equal to 0.75 times that of 
damaging earthquake, then the tagging condition is Red.  

The factor of 0.75 is based on judgment to give a criterion for red tag that corresponds to 

increased vulnerability compared to the yellow tag.  For more conservative criteria, the factors of 

1.0 times the damaging ground motion for the onset of yellow tag and 0.75 times the damaging 

ground motion for the onset of red tag might, for example, be changed, to 1.5 and 1.0, 

respectively.  This latter assumption was found to be more appropriate in the seismic evaluation 

of an eight-story moment-frame building (R&C, SGH 2004). 
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In Tagging Criteria C, as the size of the main shock increases, tagging is affected in two 

ways.  First, a larger main shock causes increased damage, and second, a larger main shock 

requires the damaged structure to be tested by a proportionally larger aftershock. 

Tagging Criteria D: Refinement of Criteria C based on the variability of structural 

response 

Tagging Criteria D are a refinement of Tagging Criteria C that makes use of information from 

the SPO2IDA program on the variability of the structural response.  The idea, consistent with the 

ATC-20 framework, is that a yellow tag differs from a red tag principally in the degree of 

confidence one has that collapse will occur in an aftershock equal in size to the main shock.  A 

red tag means that there is a higher probability of collapse in a given aftershock compared to a 

yellow tag. 

Tagging Criteria D defines the onset of red tag as the median main-shock acceleration for 

which an aftershock of the same acceleration will cause collapse in 50 out of 100 ground 

motions. The onset of yellow tag is the median main-shock acceleration for which an aftershock 

of the same acceleration will cause collapse in 16 out of 100 ground motions.  The variability 

being considered in this definition includes only the βR term, the variability in nonlinear 

response, which is conveniently provided by the SPO2IDA program.  The variability of structural 

deformation capacity is not included in this assessment. 
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8 Conclusions 

The project described in this report investigates the practical application and potential of 

performance-based seismic assessment methods.  The project explores issues that may affect the 

wider application in practice of seismic and structural engineering procedures that use state-of-

the-art techniques. 

8.1 OVERALL FINDINGS 

In general, the project finds the following: 
• The Advanced Seismic Assessment Guidelines are a logical, rational, and technically 

sound method. 
• The Guidelines can be implemented in conjunction with a variety of structural analysis 

approaches, ranging from hand-calculated building response to fully computerized 

analysis of intact and damaged structures. 
• The results of the procedure depend on the technical definition of what collapse potential 

should correspond to a red-tag, yellow-tag, or green-tag occupancy.  This report 

investigates several options for tagging criteria and generally recommends what is 

defined as Tagging Criteria D, with correlation to engineering judgment.  
• The results of the procedure depend on key assumptions and practices related to 

evaluating the intact and damaged structure.  These practices include the following: 
o Whether the analysis truly identifies and incorporates the structural behavior modes 

that will govern the seismic response (This is a key aspect of any seismic evaluation 

procedure.) 
o How degraded components are assumed to respond (This must be based on available 

research results and technical approaches.) 
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o Estimating the residual drift in a structure and the relationship between that residual 

drift and the displacement demand (This report gives recommendations based on a 

structure’s peak plastic drift, hysteresis loop shape, and strength degradation 

characteristics.) 
• For the most effective application of the Guidelines, research is needed on the structural 

response of degraded components, specifically in the following areas: 

o For steel moment-frame structures, tests of beam-column connections are needed, 

where the tests are taken to displacements beyond flange fracture.  (While there have 

been many tests of such connections, very few have continued testing beyond flange 

fracture.) 

o For concrete wall structures, a review and assessment of past laboratory testing would 

be useful, considering behavior modes including flexure, shear, and foundation 

rocking. (There are a reasonable number of tests available, but appropriate 

recommendations for seismic evaluation assumptions have not been developed or 

verified.) 

o Advanced computer models of structural elements — in particular, multi-layer 

nonlinear finite element models of concrete walls, and nonlinear fiber models of 

fracturing steel beam connections — should be calibrated to experimental testing. 

8.2 SPECIFIC RECOMMENDATIONS ON IMPLEMENTATION 

In addition to the overall conclusions of the report, the items below summarize some key 

recommendations to engineers who are using the Guidelines, indicating sections of this report 

that may be especially helpful: 
• Engineers using the assessment procedure may find the step-by-step description of 

applying the Guidelines, Section 2.7, to be a useful example. 
• A key step for an engineer applying the procedure is the calculation of the SPO of a 

damaged structure.  This report contains examples of different ways that the SPO can be 

calculated.  The procedure for calculating the SPO should be based on: 

o The intact SPO and the damage state DSi 

o Effective residual deformation, Δre 
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o Reloading initial stiffness, Ki 

o Reloading hardening stiffness, Khi 

Given this data, the SPO can be graphically constructed.  Alternatively, changing 

material properties using appropriate nonlinear analysis software can be an effective approach. 
• For various types of structures, the engineer needs to know how to estimate unloading 

and reloading global stiffness, and global hardening stiffness as a function of damage 

state.  This report gives recommendations for steel moment frames.  Alternatively the 

engineer can use nonlinear software with appropriate modifications to material properties 

to account for damage.  This report gives an example of this approach, applicable to 

concrete wall buildings.  As shown in Section 5, such analysis approaches need further 

calibration for degrading behavior modes such as shear failure in concrete walls. 
• The engineer must account for the effect of residual deformation on the deformation 

capacity under subsequent shaking.  Section 7.1 of this report gives an approximate 

approach that attempts to account for the key variables of hysteresis loop shape and 

strength degradation.  Further research is recommended to assess the effects of residual 

deformation. 
• Engineers may find a plot of Sa/Sa10/50, such as that shown in Figure 2.24, helpful as 

means for comparing the IDAs for different damage states on the same graph. 
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