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Preface

The NEHRP Consultants Joint Venture is a partnership between the Applied
Technology Council (ATC) and the Consortium of Universities for Research in
Earthquake Engineering (CUREE). In 2007, the National Institute of Standards and
Technology (NIST) awarded a National Earthquake Hazards Reduction Program
(NEHRP) “Earthquake Structural and Engineering Research” contract
(SB134107CQ0019) to the NEHRP Consultants Joint Venture to conduct a variety of
tasks, including Task Order 10251 entitled “Cost-Benefit Analysis of Codes and
Standards for Earthquake-Resistant Construction in Selected U.S. Regions —

Phase 1.”

The fundamental objective of the project was to develop realistic cost premiums
associated with earthquake-resistant building construction in the middle Mississippi
River Valley region. An additional objective was to investigate the benefits expected
from instituting modern building code provisions for seismic safety. This report
provides a summary of cost analyses and benefit studies conducted on six buildings
located in Memphis metropolitan area. The six selected building types were selected
to be representative of construction expected in the area. Three levels of design were
conducted to facilitate comparison of total construction cost and earthquake
resistance.

The NEHRP Consultants Joint Venture is indebted to the leadership of Jim Harris,
Project Director, and to the members of the project team for their efforts in
developing this report. The Project Technical Committee, consisting of David
Bonneville, Ryan Kersting, John Lawson, and Peter Morris, performed, monitored,
and guided the technical work on the project. The Working Groups, including Kevin
Cissna, Evan Hammel, Erica Hays, Guy Mazotta, Albert Misajon, Fred Rutz, and
Gene Stevens, performed the building designs, developed cost estimates, and
conducted benefit analyses. The Project Review Panel, consisting of Ashraf Alsayed,
Michael Corrin, Julie Furr, Richard Howe, Richard Meena, Luke Newman, Robert
Norcross, Robert Paullus, and John Walpole provided technical review, advice, and
consultation at key stages of the work. The names and affiliations of all who
contributed to this report are provided in the list of Project Participants.

The NEHRP Consultants Joint Venture also gratefully acknowledges Jack Hayes
(NEHRP Director), Steve McCabe (NEHRP Deputy Director), and Matthew Speicher
(NIST Project Manager) for their input and guidance in the preparation of this report,
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Ayse Hortacsu for ATC project management, and Amber Houchen and Peter N.
Mork for ATC report production services.

Jon A. Heintz
Program Manager
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Executive Summary

The cost premium for earthquake-resistant construction is of great interest in regions
that have significant seismic hazard, but have not suffered serious damage from
earthquakes in the memories of people now living. The middle Mississippi River
Valley was struck by very large earthquakes in 1811 and 1812, and scientific study
has found evidence of multiple large earthquakes prior to that. This history indicates
that the risk for loss of human life due to earthquake hazard in the region is high.
This inference is confirmed by hazard assessment information based on expert
consensus studies conducted by leading seismologists who are engaged with the U.S.
Geological Survey. Based on risk to life-safety, the hazard is very similar to coastal
California, but there have been essentially no damaging earthquakes to remind the
populace of the hazard. This understandably leads to questions about the value (cost)
of including earthquake-resistant construction requirements in the local building
codes.

In 2010, the National Institute of Standards and Technology (NIST) initiated a
project to investigate cost premiums associated with earthquake-resistant building
construction in the middle Mississippi River Valley region. Similar studies were
conducted in 1982 and 1998 through the Building Seismic Safety Council (BSSC)
under sponsorship of the Federal Emergency Management Agency (FEMA). In this
project, cost premiums were developed by comparing building design requirements
found in national model codes and current local codes, both with and without seismic
requirements, and then developing structural designs and construction cost estimates
for selected representative building types. The benefits of earthquake-resistant
construction were also analyzed.

Selection of building types for this study was initiated by an analysis of construction
data for Shelby County, Tennessee, provided by the NIST Applied Economics
Office. These data covered building information from several decades, ranging from
1940 to 2007. The project team, with the assistance of Mempbhis-area professionals,
analyzed this data set and then projected to future expectations based on observations
of current construction practice in the region. Six building types were selected for
study: a three-story apartment, a four-story office, a one-story retail, a one-story
warehouse, a six-story hospital, and a two-story elementary school. Each design was
configured to be a realistic building in terms of size, structural system, and location
within the metropolitan area.
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Three designs were developed for each of the six building types:

1.

A design developed without consideration of any specified seismic hazard, but
with a lateral force-resisting system in conformance with requirements for wind
load based on ASCE/SEI 7-05, Minimum Design Loads for Buildings and Other
Structures (ASCE, 2006). This wind load is consistent with recent and projected
future building codes in Memphis.

A design developed based on current local building code provisions. At the time
this study was performed, Memphis and Shelby County were in the process of
adopting a new local building code, but the implementation of the structural
provisions of that code was delayed pending resolution of local application of
seismic design provisions. Thus for structural design purposes, the current local
Memphis and Shelby County Building Code' used in this study is based upon the
2003 edition of the International Building Code (1CC, 2003), with a local
amendment permitting seismic design based on the 1999 Standard Building Code
(SBCCI, 1999), except for hospitals and other essential facilities. In the case of
hospitals and other essential facilities, this code requires compliance with the
seismic provisions of the 2003 International Building Code, which essentially
results in hospital designs consistent with current national seismic requirements.

A design developed based on ASCE/SEI 7-10, Minimum Design Loads for
Buildings and Other Structures (ASCE, 2010), which is the current national
standard for earthquake-resistant design, and is also the basis of the structural
provisions of the 2012 edition of the International Building Code (ICC, 2012).

In a few cases, the lateral strength required for seismic design was less than that
required for code-specified wind design. In such cases, the design strength was not
reduced (i.e., wind load cases governed the minimum design strength for these
buildings).

Experience in seismic design was judged to be most critical in developing efficient
designs. As a result, teams performing the structural design work included firms
from California and Colorado. The resulting designs and cost estimates were

extensively reviewed by Memphis-area professionals, who were consulted at length

about local codes and design practices for each building type.

Cost estimates were developed by a cost consulting firm using a national database of

construction costs. Costs assume competitively procured prices in the Memphis-area

' On October 1, 2013, Memphis and Shelby County approved the 2012 International Building Code
(ICC, 2012), including the seismic design provisions, as the basis of the local Memphis and Shelby
County building code.

? With adoption of the 2012 IBC, the structural and seismic design provisions of local Memphis and
Shelby County building code are now based on ASCE/SEI 7-10, the national standard for earthquake-
resistant design. The comparative design studies in this report serve to illustrate the effect of this
change.

vi
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market in the fourth quarter of 2012. Quantities and materials were selected to
represent building practices typical of the region, at an overall mid-level of quality.
The quantities and materials assumed in the estimates were reviewed by local design
and construction professionals and found to be consistent with local practices.

Estimates include costs for structural systems and nonstructural systems, including
equipment and architectural finishes that would be provided as part of the core and
shell. Estimates consider costs for building construction only, excluding costs related
to site development and utilities. These excluded costs are considered relatively
constant for different structural designs. In the case of commercial buildings,
estimates exclude costs for items that would normally be associated with tenant
improvements. The estimates include an allowance for contingencies that might be
missed in the preliminary design of nonstructural aspects of the buildings. Costs
associated with design, testing, and inspection services are also excluded, except for
special inspections associated with seismic design requirements.

Table ES-1 and Table ES-2 summarize construction cost ratios among the three
different design levels. Table ES-1 compares cost estimates for the seismic designs
to those for the wind design, whereas Table ES-2 compares the cost estimates for the
two seismic designs. In Table ES-1, the column labeled “Wind” is taken as the base,
and is populated with the value 1.0. Similarly, “Current Local Seismic Code Design”
is taken as the base in Table ES-2.

Table ES-1 Summary of Construction Cost Ratios and Cost Premiums at
Three Design Levels

Current Local Seismic Current National Seismic
Code® Code®

Cost Cost Cost Cost

Building Wind!" Ratio' Premium Ratio® Premium
Apartment 1.0 1.003 0.3% 1.012 1.2%
Office 1.0 1.021 2.1% 1.028 2.8%
Retail 1.0 1.003 0.3% 1.005 0.5%
Warehouse 1.0 1.004 0.4% 1.014 1.4%
Hospital 1.0 1.025 2.5% 1.025 2.5%
School 1.0 1.010 1.0% 1.014 1.4%

Notes: () Wind-only lateral design for all buildings is conducted according to ASCE/SEI 7-05.

@ The current local seismic code is the 2003 International Building Code. For most buildings,
the local code allows structural design to conform to the 1999 Standard Building Code,
which is less demanding and was used for all buildings except the hospital. The local code
does not permit the exception for design of hospitals. ASCE/SE| 7-02 was used as the
basis for the hospital design.

@) The current national seismic code design for all buildings is conducted according to
the 2012 International Building Code with ASCE/SEI 7-10 used as the basis.

) Ratios are total construction costs for seismic design relative to wind design.
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The columns labeled “Cost Ratio” are populated with ratios of construction costs, and
the “Cost Premium” column indicates the cost premium as a percentage of the base.
The results in the tables can be interpreted as follows: the design according to the
current local seismic code design for the three-story apartment building is shown to
have a cost ratio of 1.003 when compared to the wind design, indicating a cost
differential of 0.3% more than the design for wind only.

Table ES-2 Summary of Construction Cost Ratios and Cost Premiums for
Seismic Design Levels

Current National Seismic Code®

Current Local

Building Seismic Code" Cost Ratio” Cost Premium
Apartment 1.0 1.009 0.9%
Office 1.0 1.007 0.7%
Retail 1.0 1.002 0.2%
Warehouse 1.0 1.010 1.0%
Hospital 1.0 1.000 0.0%
School 1.0 1.004 0.4%
Notes: () The current local seismic code is the 2003 International Building Code. For most buildings,

the local code allows structural design to conform to the 1999 Standard Building Code,
which is less demanding and was used for all buildings except the hospital. The local code
does not permit the exception for design of hospitals. ASCE/SEI 7-02 was used as the
basis for the hospital design.

(@ The current national seismic code design for all buildings is conducted according to
the 2012 International Building Code with ASCE/SEI 7-10 used as the basis.

() Ratios are total construction costs for current national seismic code design relative to
current local seismic code design.

In this study, benefits are assessed based on relative performance between the
designs. For each building, an assessment of benefits is presented. Relative
performance is determined based on a qualitative comparison of relative design
strengths, code detailing requirements, and the judgment of engineers familiar with
the performance of modern building construction in strong earthquake shaking. It
includes consideration of differences among the three designs that, in the judgment of
the engineers preparing the designs, are likely to have the most impact on
performance in the event that strong ground shaking from an earthquake was to

occur.

In general, better seismic performance is achieved through increased lateral design
forces (i.e., base shear), and detailing requirements that improve structural
connection strength or structural member behavior in the inelastic range of response.
Requirements for seismic bracing and anchorage of nonstructural components reduce
potential for nonstructural damage and loss of building (or system) functionality.

viii
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Given the now prevalent styles of construction in Memphis, the most significant
changes in the details to accommodate seismic requirements in the lateral force-
resisting system include:

e Stronger and tougher connections to tie heavy walls, such as tilt-up concrete
panels or masonry walls, to floor and roof diaphragms that provide lateral
support for the walls ,

e Stronger and tougher connections of diagonal braces in steel frames, and

e Use of structural wood panels, such as plywood or oriented strand board, as
sheathing in wood frame construction, unless a significant strength penalty is
taken for other types of sheathing, such as gypsum wallboard.

In general, benefits were assessed on a qualitative basis for each building. The
publication of FEMA P-58-1, Seismic Performance Assessment of Buildings Volume
1 — Methodology (FEMA, 2012a), however, provides a new opportunity to assess the
performance of individual buildings on a quantitative, probabilistic basis. As a result,
buildings in this study that fit within the range of applicability of the FEMA P-58-1
methodology have also been assessed on a quantitative basis. These buildings
include the apartment building, office building, and hospital. Results from
quantitative assessments of benefits are presented in the body of the report and in
Appendix E.

The major conclusion of this study is that construction cost premiums associated with
meeting current national standards for earthquake resistance are small, generally
3% or less over design for wind only, and 1% or less over what is currently required
for seismic design in the Memphis area. Weighted averages for these cost premiums
are 1.65% and 0.53%, respectively. Benefits associated with improved seismic
design, whether measured qualitatively or quantitatively, were shown to be
significant.
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Chapter 1

Introduction

The cost premium for earthquake-resistant construction is of great interest in regions
that have significant seismic hazard but have not suffered serious damage from
earthquakes in the memories of people now living. The middle Mississippi River
Valley was struck by very large earthquakes in 1811 and 1812, and scientific study
has found evidence of multiple large earthquakes prior to that. This indicates that the
risk for loss of human life due to earthquake hazard in the region is high. This
inference is confirmed by hazard assessment information based on expert consensus
studies conducted by leading seismologists who are engaged with the U.S.
Geological Survey. Based on risk to life-safety, the hazard is very similar to coastal
California, but there have been essentially no damaging earthquakes to remind the
populace of the hazard. This understandably leads to questions about the value (cost)
of including earthquake-resistant construction requirements in the local building
codes.

1.1 Previous Work

In the early 1980s, the Federal Emergency Management Agency (FEMA) supported
a study by the Building Seismic Safety Council (BSSC) examining costs associated
with implementing the emerging seismic design provisions of the time (Weber, 1985;
NBS, 1982). This study was part of a program in which 52 hypothetical buildings
located in seven cities across the nation were examined. Seismic hazard levels varied
from high to low. The study was stimulated by the availability of a new set of
provisions proposed for earthquake-resistant design and construction of buildings.
Local engineering firms in each city were retained to perform the designs and cost
estimates.

Six of the buildings were located in Memphis. These included a 10-story steel frame
apartment building, a 10-story steel frame office building, a 5-story and a 10-story
concrete apartment building, a 2-story masonry commercial building, and a 1-story
steel and precast warehouse. The buildings were designed by two Memphis
engineering firms. The overall increase in construction cost for all 52 buildings was
projected to be 1.6% on average, but the increase in Memphis was projected to be
5.2%, the highest increase of any of the cities considered in the study. It was
suggested that a possible reason for this increase was that designs were not optimized
for construction costs in cities where there was little prior experience with seismic
design.

GCR 14-917-26 1: Introduction

1-1



In 1998, a follow-on study limited to costs (BSSC, 2000) focused on cast-in-place
concrete buildings. This study projected an increase in construction costs in
Memphis that was more in line with the previous national average (i.e., close to
1.6%). In 2004, BSSC completed a study documenting differences in structural
material quantities, which did not consider costs (not published). No other similar
studies are known to have been accomplished since then, and no other reports on this
subject are known to be available in the published literature.

1.2  Project Objectives and Scope

In 2010, the National Institute of Standards and Technology (NIST) initiated this
project to investigate cost premiums associated with earthquake-resistant building
construction in the middle Mississippi River Valley region, and to investigate the
benefits expected from instituting modern building code provisions for seismic
safety. The scope of this study was focused on engineered buildings that require the
application of model building code provisions, and excluded one- and two-family
homes as well as non-building structures.

Case study buildings were selected to be representative of future construction
expected to occur in the Memphis, Shelby County metropolitan area. Designs, cost
estimates, and relative benefits were compared among three design levels: (1) with a
design basis in Memphis assuming there was no seismic requirements in the local
building code; (2) a design basis conforming to the current local building code of
Memphis and Shelby County; and (3) a design basis conforming to the current
national model code, which was under consideration as the basis for the future
building code in Memphis and Shelby County at the time of this study.

1.3  Conduct of the Project

Cost premiums were developed by comparing building design requirements in
national model codes and current local codes, both with and without seismic
requirements, and by developing structural designs and construction cost estimates
for selected representative building types.

Selection of building types for this study was initiated by an analysis of construction
data for Shelby County, Tennessee, provided by the NIST Applied Economics
Office. These data covered building information from several decades, ranging from
1940 to 2007. The project team, with the assistance of Mempbhis-area professionals,
analyzed this data set and projected future expectations based on observations of
current construction practice in the region. Six building types were selected for
study: a three-story apartment, a four-story office, a one-story retail, a one-story
warehouse, a six-story hospital, and a two-story elementary school. Each design was
configured to be a realistic building in terms of size, structural system, and location
within the Memphis, Shelby County metropolitan area.

1-2
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The following three designs were developed for each of the six building types:

1. A design developed without consideration of any specified seismic hazard, but
with a lateral force-resisting system in conformance with requirements for wind
load based on ASCE/SEI 7-05, Minimum Design Loads for Buildings and Other
Structures (ASCE, 2006). This wind load is consistent with recent and projected
future building codes in Memphis.

2. A design developed based on current local building code provisions. At the time
this study was performed, Memphis and Shelby County were in the process of
adopting a new local building code, but the implementation of the structural
provisions of that code was delayed pending resolution of local application of
seismic design provisions. Thus for structural design purposes, the current local
Memphis and Shelby County Building Code' used in this study is based upon the
2003 edition of the International Building Code (1CC, 2003), with a local
amendment permitting seismic design based on the 1999 Standard Building Code
(SBCCI, 1999), except for hospitals and other essential facilities. In the case of
hospitals and other essential facilities, this code requires compliance with the
seismic provisions of the 2003 International Building Code, which essentially
results in hospital designs consistent with current national seismic requirements.

3. A design developed based on ASCE/SEI 7-10, Minimum Design Loads for
Buildings and Other Structures (ASCE, 2010), which is the current national
standard for earthquake-resistant design, and is also the basis of the structural
provisions of the 2012 edition of the International Building Code (ICC, 2012).

In a few cases, the lateral strength required for seismic design was less than that
required for code-specified wind design. This is not unexpected for lightweight
construction, especially with large horizontal dimensions. In such cases, the design
strength for the lateral force-resisting system was not reduced. For these buildings
wind load cases governed the minimum design strength; however, the seismic system
selection and detailing provisions of the pertinent seismic code were followed.

Seismic design experience was judged to be most critical in developing efficient
designs. As a result, teams performing the structural design work included firms
from California and Colorado. The resulting designs and cost estimates were
extensively reviewed by Memphis-area professionals, who were consulted at length
about local codes and design practices for each building type.

! On October 1, 2013, Memphis and Shelby County approved the 2012 International Building Code
(ICC, 2012), including the seismic design provisions, as the basis of the local Memphis and Shelby
County building code.

2 With adoption of the 2012 IBC, the structural and seismic design provisions of local Memphis and
Shelby County building code are now based on ASCE/SEI 7-10, the national standard for earthquake-
resistant design. The comparative design studies in this report serve to illustrate the effect of this
change.
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Cost data are based on competitively procured prices in the Memphis, Shelby County
metropolitan area market during the fourth quarter of 2012. Quantities and materials
were selected to represent building practices typical of the region, at an overall mid-
level of quality, which is consistent with the objective to determine an average
overall cost impact. The quantities and materials assumed in the estimates were

reviewed by local design and construction professionals.

Estimates include costs for structural systems and nonstructural systems, including
equipment and architectural finishes that would be provided as part of the core and
shell. Estimates consider costs for building construction only, excluding costs related
to site development and utilities. These excluded costs are considered relatively
constant for different structural designs. In the case of commercial buildings,
estimates exclude costs for items that would normally be associated with tenant
improvements. The estimates include an allowance for contingencies that might be
missed in the preliminary design of nonstructural aspects of the buildings. Costs
associated with design, testing, and inspection services are also excluded, except for
special inspections associated with seismic design requirements. Cost increases
associated with additional design effort or temporary learning curve issues are
similarly excluded.

Benefits are assessed based on relative performance of the building designs. A
benefits analysis is provided for each building by qualitatively comparing
performance based on relative design strengths, code detailing requirements, and the
judgment of engineers familiar with the performance of modern building construction
in strong earthquake shaking. In addition, three of the buildings were subjected to a
quantitative assessment of benefits by comparing probabilistic earthquake losses in
terms of relative potential for building collapses, casualties, and repair costs.

1.4  Report Organization and Content

This report presents the process and findings from a study of the cost and benefits of
earthquake-resistant construction in the Memphis, Shelby County metropolitan area.

Chapter 2 describes the selection criteria for building locations, structure types, local
soil conditions, design criteria, cost estimation criteria, and assessment of benefits.

Chapter 3 describes the three levels of design for the apartment building, summarizes
the total cost of the building designs, and provides a comparison of the expected
seismic performance.

Chapter 4 describes the three levels of design for the office building, summarizes the
total cost of the building designs, and provides a comparison of the expected seismic
performance.

1-4
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Chapter 5 describes the three levels of design for the retail building, summarizes the
total cost of the building designs, and provides a comparison of the expected seismic

performance.

Chapter 6 describes the three levels of design for the warehouse building,
summarizes the total cost of the building designs, and provides a comparison of
expected the seismic performance.

Chapter 7 describes the three levels of design for the hospital building, summarizes
the total cost of the building designs, and provides a comparison of the expected
seismic performance.

Chapter 8 describes the three levels of design for the school building, summarizes the
total cost of the building designs, and provides a comparison of the expected seismic

performance.
Chapter 9 describes the basis of the costs estimated for each of the buildings.
Chapter 10 summarizes the cost analyses and benefit studies conducted.

Appendix A provides additional information on the historical building construction
data.

Appendix B provides detailed information regarding geology of the general area and
specific building sites.

Appendix C provides the basis for developing the cost models for each of the
buildings related to building construction and a summary of the cost data developed.

Appendix D provides a list of design drawings available for each building. The
design drawings are provided in a separate electronic document available as a
companion volume to this report.

Appendix E provides information on the basis of the quantitative performance
assessment methodology, presents the building-specific information used as inputs to
the methodology, and summarizes results.

References cited and a list of project participants are also provided at the end of this
report.
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Chapter 2

Scope and Criteria

This chapter summarizes the information used for selecting building types and design
criteria considered in this study. In addition, information used for foundation design,
cost estimation, and benefits analysis is also summarized.

2.1 Selection of Building Types and Structural Systems

. . T . e Building Selection
Over 40 counties, including over 300 local jurisdictions in Mississippi, Tennessee,
Arkansas, Missouri, Kentucky, Illinois, and Indiana are located within the New Buildings were
selected to be

. . . . . . representative of
trigger the highest seismic design requirements on the West Coast of the United future construction

Madrid seismic zone and face ground motions that are comparable to those that

States. The Memphis, Shelby County metropolitan area was selected for this study based upon
historical data and

local knowledge of
current trends.

because Memphis is a large city and a national distribution hub located in this region.

In order to quantify the cost premium associated with earthquake-resistant

construction in the region, it is necessary to predict the types of construction expected
in the future. Recent history is a good indicator for the future, but it requires
interpretation and judgment.

Building types for study were selected using a database provided by the NIST Office
of Applied Economics. Provided data were arranged in 21 occupancy types, 11
structure types, and 5 height ranges, and ranked by total number of buildings (count),
total square feet of floor area (area), and total replacement cost (value), by decade,
between 1940 and 2007. One- and two-family homes were excluded from the
database. Table 2-1 provides the rank order of the most prevalent occupancy types
derived from the data. A more detailed abstract of the data is presented in

Appendix A.

The four occupancy types that represent the highest number of buildings in the area
can be described as developer-driven projects, in which the initial cost of
construction is considered to be more important than the life-cycle cost of a project.
These four occupancy types (multi-family, warehouse, retail, and office) were
selected for study.

Although trends in more recent years are considered more relevant to future
predictions, the data for schools represent an anomaly because local school districts
occasionally experience long intervals between school construction programs. Thus,
for the school occupancy, rankings by total floor area (5) and replacement value (4)
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over a longer period of time were considered more meaningful for identifying future
long-term trends. Accordingly, the study included a school building in addition to
the four top-ranked occupancy types. A hospital building was also included in the
study because hospital construction provides an opportunity to examine the impact of
more stringent seismic design requirements placed upon essential facilities.

Table 2-1 Rank Order of the Most Prevalent Occupancy Types

From 1940 to 2007 From 1990 to 2007
Occupancy
Type Count™ Area® Value®  Count” Area® Value®

Multi-family 1 2 1 1 2 2
Warehouse 2 1 2 2 1 1
Retail 3 3 5 3 3 4
Office 4 4 3 4 4 3
School 12 5 4 15 19 18

Notes: () Rank based on total number of buildings
(@ Rank based on total square feet of floor area
() Rank based on total replacement cost

The provided data, sorted by structure type, were not specific enough because the
descriptor for each category did not always clearly indicate the type of lateral force-
resisting system that would be present in buildings of that category. The 11 structure
type categories provided in the database, together with interpretive comments, are
provided for reference:

1. Wood, light frame: The lateral force-resisting system for this structure type is
composed mostly of sheathing products nailed to wall frames of dimensional
lumber. Although traditionally the lateral force-resisting systems were composed
entirely of dimensional lumber, by the 1960s plywood was incorporated, and
today many engineered lumber products and factory-assembled components are
incorporated.

2. Wood frame, commercial: This category traditionally includes members larger
than in the previous category used for longer spans; today there is little difference
from the elements used in the previous category, except the spacing of interior
walls is greater.

3. Steel frame: This category does not distinguish between moment-resisting
frames and braced frames; in recent years braced frames have become the
predominant type of steel frame construction in Memphis.

4. Light metal frame: Existence of a significant number of such buildings in the
database from the 1940s leads to the assumption that this category is composed
of pre-engineered steel buildings that typically include welded, tapered plate

2-2
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girder frames and not the more current (and relatively new, especially in
Memphis) structures composed of light-gauge, cold-formed steel framing.

5. Concrete moment-resisting frame: Many of the older large buildings in the city
center are of this structure type, often with masonry infill walls at the perimeter.
This construction is not very common in recent years.

6. Concrete frame with shear wall: Many of the large concrete buildings
constructed after the 1960s are of such construction, but more recently steel
framing has become more popular.

7. Concrete, tilt-up: This structure type is popular for warehouse, light industry,
and large, single outlet retail (big box) occupancies; in some markets many such
buildings use masonry, but in Memphis tilt-up construction is the dominant
system for warehouses and retail.

8. Concrete, precast frame: The only fabrication plant for structural precast
concrete in the local area closed during the recent economic downturn.

9. Unreinforced masonry: This form of construction was replaced by reinforced
masonry in the 1970s.

10. Reinforced masonry: This form of construction first appeared in the 1960s.

11. Mobile homes: Given the exclusion of single-family homes from this database,
this category is assumed to be limited to temporary classrooms, construction site
offices, and other similar uses; the numbers are very small.

Table 2-2 presents the rank order of the top five structure types, based on total
number of buildings, total square feet of floor area, and total replacement cost from
1940 to 2007.

Table 2-2 Rank Order of the Most Prevalent Structure Types

From 1940 to 2007 From 1990 to 2007
Structure
Type Count'” Area® Value®  Count™” Area? Value®

Wood 1 2 2 1 3 3
Steel 2 1 1 2 2 1
Masonry 3 4 5 3 4 4
Tilt-up 4 3 3 4 1 2
Concrete 5 5 4 5 6 5

Notes: () Rank based on total number of buildings
(@ Rank based on total square feet of floor area
() Rank based on total replacement cost
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For the purpose of rank ordering shown in Table 2-2, the data for similar structure
types were combined as follows: (1) the two wood structure types were combined;
(2) the two steel structure types were combined; (3) the two cast-in-place concrete
structure types (moment-resisting frame and frame with shear wall) were combined;
and (4) the two masonry structure types were combined.

Table 2-3 shows a summary of the data by number of stories. Although one-story
construction is dominant, this study includes multistory buildings in recognition of
the type of construction likely to be used for each of the selected occupancy types.

Table 2-3  Percentage of Buildings by Number of Stories
From 1940 to 2007 From 1990 to 2007
Number of
Stories Count”  Area® Value® Count'” Area®? Value®

1 63% 53% 43% 68% 68% 56%
2 32% 25% 30% 22% 14% 16%
3 4% 11% 13% 8% 10% 12%
4109 1% 7% 10% 2% 7% 14%
10 and more 0% 4% 5% 0% 1% 1%

Notes: () Percentage based on total number of buildings
(2 Percentage based on total square feet of floor area
() Percentage based on total replacement cost

In order to select buildings and structural systems for study, prevalence as reflected
in Table 2-2 and Table 2-3, current construction trends, and consistency with the
selected occupancy types (multi-family apartment, office, retail, warehouse, hospital,
and school) were considered. Table 2-4 summarizes the six building types that were

selected for study.
Table 2-4 Summary of Buildings Selected for Study
Occupancy Lateral Force-
Type Basic Size Structural System Resisting System Remark
Apartment 3-story, 50 units Wood frame Wood frame walls Maximum size for no fire
rating
Office 4-story Steel joists, beams, Steel bracing Maximum size for one-hour
columns fire rating
Retail 1-story, 40,000 sf ~ Steel joists, tilt-up walls Tilt-up walls Typical big box retail
Warehouse 1-story, 400,000 sf ~ Steel joists, tilt-up walls Tilt-up walls, steel bracing Includes expansion joint
Hospital 6-story, patient Steel beams, girders, Steel bracing Essential facility, but no
tower columns operating suite in this tower
Elementary 2-story Steel joists, masonry walls ~ Masonry walls Includes gym and cafeteria
school
2-4 2: Scope and Criteria GCR 14-917-26



As a result, one wood, one masonry, two steel, and two tilt-up lateral force-resisting
systems were selected. A cast-in-place concrete lateral force-resisting system was
strongly considered for the hospital, but the observed trend in recent years is that the
most modern hospitals in the area are being constructed using steel.

2.2 Building Locations and Site Specific Data

Currently, building development in Memphis, Shelby County metropolitan area is
most intense in the southern and eastern portions of the area. This study attempts to
be true to this trend, locating each building on sites where that type of construction
would be expected to occur, without regard to variation of seismic intensity in the
region. Based on the observed expansion of the residential population, the school
building was located in Desoto County, Mississippi.

The map in Figure 2-1 shows the selected locations of the six buildings in this study.
Precise building locations are needed to correctly determine the ground motion
parameters for design. In order to avoid any implication about an actual building
location, building sites in this study have been fictitiously located in the centers of
streets and highways.
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Figure 2-1 Map of Memphis showing location of building sites (courtesy of
University of Memphis).
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The ground motion hazard varies significantly across the county. Figure 2-2 shows a
map of Shelby County overlaid with the seismic ground motion design parameter, 4,,
used in the current local code. The value at the southeastern corner of the county is
only 40% of the value at the northwestern corner, which is closer to the fault zone.

MEMPHIS AND SHELBY ‘

COUNTY, TENNESSEE N

Legend

— Aa(g)

(by CERI, 1% Draft, 10/4/96)

Contours of Effective Peak Acceleration, A,, with 10% Exceeding Probability
in 50 Years Based on A, Map in 1991 NEHRP Provisions

Figure 2-2 Map showing values of seismic parameter, A, (map developed by
the Center for Earthquake Research and Information, University of
Memphis, 1996).

Table 2-5 lists the ground motion parameters used in this study. For the 1999
Standard Building Code (SBCCI, 1999) design, values for effective peak
acceleration, 4,, at each site are interpolated from Figure 2-1. Values for effective
peak velocity related acceleration, 4,, at each site are interpolated from a similar
figure. In the case of the 2003 edition of the International Building Code (1CC,
2003) and ASCE/SEI 7-10, Minimum Design Loads for Buildings and Other
Structures (ASCE, 2010), values for 5%-damped spectral response acceleration
parameters based on the Maximum Considered Earthquake (MCE) at each site for
short (or 1-second) period, Ss (or S;), are obtained using a framework developed by
the U.S. Geological Survey specifically for the purpose of providing ground motion
parameters for model building codes and standards in the United States. The
parameters are available at http://earthquake.usgs.gov/hazards/designmaps/. Values

for 5%-damped spectral response acceleration parameters based on the design
earthquake for short (or 1-second) period, Sps (or Sp;), are computed according to
equations provided in the 2003 IBC or ASCE/SEI 7-10.
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Table 2-5 Seismic Ground Motion Parameters
1999 SBC 2003 IBC ASCE/SEI 7-10

Building A, A, Ss Si Sps  Spr S Si Sps _Sps
Apartment  0.204 0204 1389 0418 0926 0441 1018 035 0742 04
Office 0172 0193 1.209 0359 0819 0402 0908 0318 0.688 0.374
Retail 0.157 0.188 1.153 0.332 0.799 0.384 0.855 0.301 066  0.361
Warehouse  0.154 0191 1145 0331 0.796 0.384 0.841 0298 0.653 0.358
Hospital 0128 0.178 1.008 0.292 0.737 0353 0.766 0.274 0.609 0.338
School 0.153 0.193 1139 0333 0793 0385 083 0295 0.646 0.356

2.3  Foundation Design Criteria and Seismic Site Class

Memphis is located on a bluff on the east bank of the Mississippi River, above the

. . . . . Previ
flood plain. Sedimentary materials above the bedrock formations are approximately Lir:l‘::;::ti i
2,700 feet thick. Much of the bottomland is loose or unconsolidated, and extensive Damage

areas are prone to liquefaction in strong earthquakes. The bluffs are mostly The amount of
u

ground that
material, it is well above the water table and not susceptible to liquefaction. Thus, liquefied in the
1811 and 1812

) ) earthquakes is

in the event of severe earthquake ground motion. vast, but not within

Memphis.

composed of loess, a silty and clayey material. Even though loess is not a strong

little of the metropolitan area is on soil that is likely to liquefy in an earthquake, even

In this study, logs for borings located at sites near most of the study building

locations, and actual soil properties at these sites, are used for determining the type of
foundation, the allowable bearing pressures, and the seismic site class. Appendix B
includes a more complete description of the local geology and specific building sites.
Table 2-6 provides a summary of allowable soil bearing pressures at each building
site.

Table 2-6  Site Class and Allowable Soil Bearing
Pressure Values

Allowable Bearing

Site Site Class Pressures, psf
Apartment D 2,000
Office D 1,5000)
Retail D 1,500
Warehouse D 2,500
Hospital D 5,000
School D 2,000

Notes: () 4,000 psf was used for rammed aggregate piers.

The office location is on the softest soil, and footings under the most heavily loaded
columns and braced frames were likely to become quite large, so a soil improvement
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technique known as rammed aggregate piers was specified to improve allowable
bearing pressures. Allowable bearing pressures at the hospital site are high because
the building is designed to have a full basement, and the soils improve significantly
with depth at that site. Soil bearing pressures used in the trial designs were rounded
from site specific values.

All sites were classified as having stiff soil (site class D). Mapped ground motions
are amplified in moderately stiff soils by approximately 10% to 20% at short periods
of vibration and by 70% to 80% percent at longer periods of vibration.

2.4  Design Criteria

Memphis and Shelby County, as well as much of the New Madrid seismic zone, have
been in transition regarding seismic provisions in building codes for nearly 40 years.
There has been significant debate as to whether the local building code should
contain any provision for seismic safety. Part of the debate concerns the financial
impact that such provisions might place on the community. This study is aimed at
quantifying the financial impact and potential benefits to help resolve that debate.

2.4.1 Overview

Nearly all cities and states in the United States enforce building codes. In general,
these jurisdictions do not write the technical provisions. Instead they rely upon
model building codes and voluntary national consensus standards. Today, the nearly
universal model building code in the United States is the 2012 edition of the
International Building Code (ICC, 2012), which in turn references many standards.
For structural loads, including wind and seismic provisions, the 2012 IBC makes
direct references to the standard, ASCE/SEI 7-10. The seismic provisions of
ASCE/SEI 7-10 are based on FEMA P-750, NEHRP Recommended Seismic
Provisions for New Buildings and Other Structures (FEMA, 2009b). New editions of
the IBC typically appear on a three-year cycle, whereas ASCE/SEI 7 is not updated
as often.

2.4.2 Local Code in Memphis

Memphis and Shelby County have a joint Office of Construction Code Enforcement.
Each jurisdiction adopts the Memphis and Shelby County Joint Building Code
(Shelby County Commission and Memphis City Council, 2005 and 2012), which
references a national model building code and contains local amendments. At the
time of this study, the current edition of the Memphis and Shelby County Joint
Building Code was the 2005 edition, and the national model code basis was the 2003
IBC, but the Memphis and Shelby County Joint Building Code contained an
exception that permitted structural engineering design to be based upon the
provisions of the 1999 SBC. The seismic provisions in the 1999 SBC are based on
the 1991 edition of NEHRP Recommended Provisions and do not reflect changes
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introduced in 1997 that effectively increased the strength demands on buildings in the
Memphis area. This exception was not permitted for several types of essential
facilities, including hospitals. In late 2012, the Memphis and Shelby County Joint
Building Code was updated to cite the 2009 edition of the International Building
Code (ICC, 2009) for all except structural provisions, which were to be based upon
the 2012 IBC. However, the implementation of these new structural provisions has
been delayed. Thus the seismic provisions of the “current” local building code used
in this study are based on the 2003 IBC for essential facilities and the 1999 SBC for
all other buildings.

There have been many significant changes in the NEHRP Recommended Provisions
since the 1991 edition. Many of these result in structures that are better able to
withstand the damage inherent in repeated loading in excess of yield strength, and
several have changed the basic demand required for resistance to lateral loads. The
1994 edition of the NEHRP Recommended Provisions introduced a new method of
accounting for the amplifying effect of soft soils on ground motions, which raised the
strength demand for many low-rise buildings in the Memphis area by a modest
amount (generally 10% to 20%). The 1997 edition of the NEHRP Recommended
Provisions introduced ground motion maps based upon a longer time period, in large
part because many felt that the maps in earlier editions, which had not changed since
1976, severely underestimated the ground motions in the New Madrid seismic zone.
The new maps greatly increased the strength demands for buildings of all heights in
the Memphis area. The 2009 edition of the NEHRP Recommended Provisions
introduced a refinement in the ground motions intended to better reflect the risk over
the full range of seismic hazard (see Section 2.4.4).

2.4.3 Design Levels

Given the nature of the local debate on seismic provisions, and the national interest in
the general subject of cost premiums for earthquake-resistant design and
construction, the following three levels of design were considered for each building
in this study:

1. A design for lateral force based on wind, but ignoring any seismic requirements
(designated the “wind design”), providing an aseismic baseline for cost
comparisons.

2. A design based on the current local code' for Memphis and Shelby County
(designated the “current local seismic code design™).

" On October 1, 2013, Memphis and Shelby County approved the 2012 IBC, including the
seismic provisions, as the basis of the local Memphis and Shelby County building code.
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3. A design based on the most current model code for seismic requirements
(designated the “current national seismic code design”)>.

For wind designs, wind loads from ASCE/SEI 7-05, Minimum Design Loads for
Buildings and Other Structures (ASCE, 2006), are used. The 2010 edition of
ASCE/SEI 7 includes a substantial change in format for wind loads, and the
profession is not yet familiar with its use. In order to avoid the confusion that might
result from trying to explain those differences, ASCE/SEI 7-05 wind loads are used
in this study. In reality, the strength and stiffness of the lateral force-resisting system
that will result from application of the ASCE/SEI 7-10 wind loads would be
essentially the same as those developed from application of the ASCE/SEI 7-05 wind
loads, but different wind speeds and load factors are used.

For current local seismic code designs, all buildings (except the hospital) make use of
the alternative provision that allows use of the 1999 SBC as the basis for seismic
forces and design requirements. The hospital is designed for the requirements of the
2003 IBC. In the case where seismic design requires less strength or stiffness in the
lateral force-resisting system than the wind design, the quantities required for the
wind design are used (this is true in one direction for the apartment building);
however, the seismic system selection and detailing provisions of the pertinent
seismic code are followed. In the case where local state of practice is to use more
modern standards for design of the structural materials (e.g., concrete, steel, wood,
and masonry), these same modern standards were used in this study. This was the
case for the hospital, which uses a buckling-restrained braced frame system.
Although this particular system was not yet included in the 2003 IBC, buckling-
restrained braced frame systems have been used in several projects in the Memphis

arca.

For current national seismic code design, seismic provisions are in accordance with
ASCE/SEI 7-10, which is directly referenced in the 2012 IBC for seismic design.
There is a significant difference in ground motions in the 2003 IBC and ASCE/SEI
7-10 when compared to the 1999 SBC. The difference in ground motion acceleration
varies with each site and each building, but in general the ratios are close, as shown
in Table 2-7 (the importance factor for schools and hospitals is not included in the
ratios in Table 2-7).

The actual base shear demands for each building are presented in the chapter
describing that building. There are many other differences that affect the design of

? With adoption of the 2012 IBC, the structural and seismic design provisions of local Memphis and
Shelby County building code are now based on ASCE/SEI 7-10, the national standard for earthquake-
resistant design. The comparative design studies in this report serve to illustrate the effect of this
change.
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the lateral force-resisting system for each building. These differences are described
in the chapter describing each building.

Table 2-7 Ratios of Ground Motion Acceleration

2003 IBC ASCE/SEI 7-10
to 1999 SBC to 1999 SBC

Low-rise Buildings 1.8t02.1 1.5t01.9
Mid-rise Buildings 141015 131014

2.4.4 Seismic Design Parameters

Among the changes to the NEHRP Seismic Provisions since 1991, the seismic design
parameter that has changed the most for buildings in this study is the amplitude of
ground shaking. This parameter is composed of two fundamental parts: (1) the
amplitude of shaking expected if bedrock is present at the surface; and (2) the change
to that amplitude of shaking due to the presence of soil over the bedrock. For the
seismic codes considered, the amplitude of shaking at bedrock is adjusted by site
coefficients, F, and F,, for short-period (low-rise) and long period (taller) buildings,
respectively. The manner in which bedrock motion is specified changed between the
1999 SBC and the 2003 IBC, but this change is not responsible for much, if any, of
the change in the ground motion demand summarized in Table 2-7.

Ground motions are computed probabilistically by considering the key characteristics
(location, size, and rate of earthquake occurrence) of earthquake sources close
enough to cause shaking at a site and the attenuation (decay) of motion between the
source and the site. There is considerable uncertainty in all these factors. The
bedrock motions in the 1999 SBC are taken from maps developed in the middle
1970’s and documented in ATC-3-06, Tentative Provisions for the Development of
Seismic Regulations for Buildings (ATC, 1978). The bedrock motions in the 2003
IBC are taken from maps developed by the USGS in 1996, and the bedrock motions
in ASCE/SEI 7-10 are taken from maps developed by the USGS in 2008. The basic
methodology for probabilistic assessment of the hazard used in development of the
maps in the 1999 SBC did not include the variability in ground motion attenuation,
whereas the maps in the more recent codes include that variability.

The bedrock ground motion parameter for the 1999 SBC and the 2003 IBC are both
stated in terms of a level of ground motion expected to be exceeded with a given
probability. The bedrock ground motion in ASCE/SEI 7-10 is stated as a “risk-
targeted” motion. The difference is that ground motions in the older codes are based
upon a probability that the ground motion is exceeded, while ASCE/SEI 7-10 ground
motions are based upon a probability that an average building would collapse. The
probabilistic calculations for the risk-targeted motions are based upon a generic
structural fragility intended to represent average buildings designed according to the
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new building code. The method was adopted to better represent the overall degree of
seismic hazard at a location, because it is influenced by the level of ground motion at
all probabilities of occurrence, rather than just the level previously selected for the
building code. In locations with frequent large earthquakes, this change did not have
a large effect, but in the New Madrid seismic zone, this change had the effect of
lowering the strength demands for new buildings by roughly 20%. In Memphis and
Shelby County, the ground motions associated with return intervals of 100 and 500
years are much smaller than those for a 2,500 year return interval, and the risk-
targeted motion is smaller than for a location in California with the same 2,500 year
motion.

Other important seismic design parameters specified in the codes include: (1) the
response modification factor, R, which is used to account for the ability of seismic-
force resisting systems to respond to earthquake shaking in a ductile manner without
loss of load-carrying capacity (the higher the R factor, the more ductile response); (2)
the overstrength factor, €, which is used to account for the fact that the actual
seismic forces on some elements of a structure can significantly exceed those
indicated by analysis using the design seismic forces (most structural systems are
assigned a Qg value of 2 or 3); and (3) the deflection amplification coefficient, C,,
which is used to adjust lateral displacements for the structure determined u