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Abstract
of
PRACTICAL EVALUATION OF SEISMIC RETROFIT USING
STEEL PLATE SHEAR WALL AND BRACING SYSTEM
by
Lakshika Logantha R Jeewanlal
This study investigates the seismic performance of an existing four-story steel frame structure in
need of a retrofit using two types of retrofit methods: Steel Plate Shear Walls (SPSW) and
Concentrically Braced Frames (CBF). Steel moment resisting frames are prevalent lateral load
resisting frames in high seismic regions and have been the focus of intense research due to the
observed beam-column fractures during the Northridge earthquake. The brittle joints of preNorthridge steel moment frames pose life-safety issues for many existing buildings where
earthquake loads govern the lateral loading case. To mitigate these issues, many such buildings
are in need of retrofit to achieve an acceptable level of ductility.
This paper describes the analysis and design process for a seismic retrofit using SPSWs and CBFs
for a four-story steel moment frame in Los Angeles area. The performance criterion of existing
frame system is determined by performing a nonlinear static “pushover” analysis to a target
displacement. The seismic performance level is evaluated to compare and contrast the system’s
behavior in terms of their stiffness, ductility and deformation.
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Dr. Benjamin Fell, P.E.
_______________________
Date
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CHAPTER 1
INTRODUCTION
1.1

Motivation

Beginning in the 1850-1900 the development of steel moment frames were considered to be
capable of undergoing large inelastic deformation through flexural and shear strength of beamcolumn and joints. Considered one of the most effective structural systems for resisting
earthquakes following a number of major U.S earthquakes, including the 1906 San Francisco
earthquake, it was widely utilized in tremendous commercial construction in areas on critical
seismic zones worldwide. Many types of beam-to-column joints have been developed over the
years, among which the welded flange and bolted web type was most popular for earthquake
resistance. The connection includes a bolted web connection for carrying shear and complete
penetration weld of beam flanges to the column transmitting moment as shown in Figure 1.1.
Following the Northridge earthquake in 1994 of magnitude 6.7 and Kobe earthquake in 1995 of
magnitude 6.8 exposed steel moment frame buildings with unexpected flaws.

Figure 1.1 Typical pre-Northridge Moment Frame connection
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The beam-to-column connection, although 100% consistent with the 1994 UBC and considered to
be seismically invulnerable, did not have sufficient ductility during multiple inelastic cycles [8].
The damage experienced was unexpected and suffered brittle fracture. This leads to a large
amount of uncertainty regarding the number and extent of failure mode in existing buildings.
For large cities, located in regions of high seismicity, the behavior of building is an important
consideration for life safety. For these reasons, the seismic behavior of Steel Moment Resisting
Frame (SMRF) connections and their retrofits strategies been actively conducted. Federal
Emergency Management Agency (FEMA), Structural Engineers Association of California
(SEACO) and other organizations have been working along to develop retrofit, repair and design
guidelines to help current practicing engineers. In recent years, there has been significant
development in numerous analysis methods and retrofit scheme to meet current seismic
performance objective. This report studies and compares two techniques for seismic rehabilitation
of steel moment resisting systems: Un-stiffened Steel Plate Shear Walls and Concentrically
Braced Frames. While the latter is the most traditional technique, Steel Plate Shear Walls (SPSW)
a relatively new lateral system, which has shown many distinct performances, benefits when
compared to other lateral load resisting systems.
Although several techniques are proposed to strengthen a pre-Northridge moment frame, it is
always a good engineering practice to consider using most effective and innovative techniques.
Un-stiffened SPSW have been used, to a limited extent in North America. The six-story building,
Sylmar hospital in northern Los Angeles is one of the major and successful project that utilized
SPSW as a primary lateral force system. Numerous experimental and analytical studies have
shown Un-stiffened Steel Plate Shear Wall more advantageous over conventional concrete shear
wall and braced frames. The behavior of Steel Plate Shear Wall system is analogous to braced
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frame that rely on tension-only braces, as well as plate girders whereby tension field develop
along the diagonals.
Currently majority of buildings are susceptible to collapse in the event of a major earthquake. It is
important to study the ability of the pre-Northridge moment frame structure to meet the strength
and drift criteria specified by the building code for new construction. Retrofit measures must be
taken to lower the probability of collapse in future for structures at a given intensity of ground
shaking and at the same time need to be economically feasible to be considered. The costs of
potential retrofit schemes and their impact are unknown and owners have been reluctant to
consider undertaking retrofit measures. Thus, this study can provide an expanded available option
for structural engineers recognize the seismic behavior of rehabilitation technique and figure out
the advantages in selecting a proper system for structures that are to be retrofitted.
This report studies a theoretical pre-Northridge moment frame buildings that is insufficient to
resist lateral force determined using FEMA 356 [6]. The deficiencies can be strengthened and
stiffened by adding Steel Plate Shear Wall and Concentrically Braced Frame. This comparative
study results the behavior of the two systems in terms of deformation, stiffness and ductility.
Regardless of which system is used, the determination of whether a SPSW system is the right
application in general is also important.
1.2

Objectives and Scope

The present study will document seismic behavioral results of an assumed pre-Northridge steel
moment frame building that is insufficient to resist lateral loads. The first objective of this study
is to provide a brief procedure in seismic evaluation of an existing building designed in
accordance to 1994 UBC. This process is illustrated by a study methodology in accordance to a
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rehabilitation guide, FEMA 356. With as-built information and a selected rehabilitation objective
based on occupancy category of the building, a rehabilitation method is chosen as per design
procedure. Nonlinear static analysis is chosen to study the existing performance of the building
when subjected to a target displacement.
The second objective of this comparative study is to provide the scope of using SPSW as a
retrofit option in an existing steel moment frame building. The design consideration and strip
modeling of wall system is described as in accordance to AISC Steel Design Guide 20. Design
procedure and requirements of Un-stiffened Shear Wall in high seismic region is also presented.
As a comparative study, Concentrically Braced Frame (CBF) is retrofitted to the moment frame
system. Elastic and nonlinear static analysis is performed to study the seismic behavior for
ductility and inelastic deformation.
The Third objective will evaluate the performance of the two-framed system, designed to meet
current code requirements, ASCE 7-10 for performance objective. The main parameter
considered is to compare the deflection and ductility behavior.

Finally, the cost of each

strengthening methods are determined to provide an overview of the rehabilitation cost. The
report will summarize the benefits, costs and provide suggestion for each type of rehabilitations
techniques.
1.3

Organization and Outline

Chapter 2 will begin with the description of an assumed four-story steel moment frame building
for study. The general and design requirements for building analysis (including vertical and
lateral force resisting system) will be discussed. Building criteria and framed system assumptions
will be defined. The four-story structure is designed in accordance to 1994 UBC and meets design
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requirement criteria. With primary data collection, a performance objective is selected as defined
in FEMA 356. An evaluation procedure will discuss seismic evaluation requirements for
rehabilitation. An analysis will be performed to inspect all fracture-susceptible connections in the
lateral resisting frame system in order to learn their expected performance. A pushover analyses
will be performed in SAP2000 and results will be summarized for the frame system.
In chapter 3, the assessment of the above mentioned performance evaluation of chapter 2 will be
used to retrofit the four-story steel building with two different lateral force resisting system – Unstiffened Steel Plate Shear Wall and Concentrically Braced Frame. The Scope of retrofitting a
steel moment frame using a new design option, Un-stiffened Steel Plate Shear Wall is discussed.
Load calculations and modeling methods are described in detail. Modeling guidelines of strip
method is listed to the reader. The general procedure to design and analyze Steel Plate Shear Wall
system is defined as per AISC design guide 20. Detailed design calculations will be presented in
Appendix- B. As mentioned earlier in the text, the frame system will also be retrofitted using
conventional brace system. The brace members will be designed to meet AISC 341-05 seismic
buckling requirements and using strength design of ASCE 7-10.
In chapter 4, the retrofit system designed in chapter 3 is modeled in SAP2000 to perform an
elastic and static nonlinear analysis to compare seismic characteristics of the systems. The main
parameter of elastic analysis results is deflection comparability. The results of the pushover
analysis will be used to create plots to study the member inelastic rotation and determine hinge
formation steps. Finally, cost estimates table is prepared in comparing the amount of steel
consumed in the retrofit process.
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Chapter 5, will provide a summary of the findings in the report. This chapter will also focus to
provide key observations and conclusions drawn from assumed seismic retrofit of four-story steel
building example with respect to the information provided in the above chapters.
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CHAPTER 2
SEISMIC EVALUATION OF PRE-NORTHRIDGE MOMENT FRAME BUILDING
2.1

Building Model

This chapter documents a case study of a typical pre-Northridge steel moment frame building
located in southern California, per seismic guidelines at the time designed according to the 1994
Uniform Building Code (UBC). The assumed building is a four-story tall high-end retail store
located in Costa Mesa, California approximately five miles from Newport – Inglewood fault.
The four-story framed system is 150 ft by 150 ft in plan as shown in Figure 2.1. The height of the
building is 58ft with a typical story height of 14 ft and a taller first story of 16ft. The bay spacing
is 30ft each way. The framed structure has brick exterior façade.

Figure 2.1 Typical building plan with locations of moment frames highlighted
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The vertical-load-carrying system consists of concrete fill on steel deck floors supported by
girders that span to steel columns. All floors are lightweight concrete steel deck with a total
thickness of 4 ½ inches over a 2 inches 20-gauge verco deck. The roof is 22-gauge verco deck
with layered insulation system and weathering surface with a total thickness of 5 inches.
The lateral force resisting system consists of Special Steel Moment Resisting Frame (SMRF) with
two frame lines in the perimeter of the building as shown in Figure 2.1. The building design
conforms to seismic guidelines of 1994 UBC. The building beam-column connections have
complete joint penetration welds typical of construction techniques of that era. The foundation
system consists of driven square precast concrete piles with caps and grade beams. The columns
transfer all forces to the ground through the deep foundation. The building description considered
is one of the most common design configurations of a commercial framed system building at that
time.

2.1.1

Loads

Gravity loads includes entire weight of the building and all of its expected loads. The structure is
a retail store, categorized as standard occupancy structure per Table 16-K, 1994 UBC. Uniform
floor live loads based on the category is selected from Table 16-A, 1994 UBC. Table 2.1
summarizes the assumed loads on the building. Live load reduction for roof and floor levels is
performed in accordance to 1994 UBC section 1606 and 1607 respectively.

9
Table 2.1 Loading information
Loads
Roof Live load (Lr)
Rood Dead load (DL)
Second and Third Floor Live load (LL)
First Floor Live load (LL)
Floor Dead Load (DL)
Exterior Wall Cladding

Design Values
20 psf (reducible)
55 psf
75 psf + 15 psf (partition)
100 psf (reducible)
80 psf
45 psf

Gravity loads on column and girder members are based on the tributary area of bay spacing at 30
feet on center. Table 2.2 shows the calculated column and beam loading at each level based on
total loads summarized in Table 2.1. For more information see Appendix-A.
Table 2.2 Gravity loads on the members at each level

Level
R
4
3
2

Column Loading
(kips)
DL
LL
29.5
7.2
54.9
24.3
54.9
24.3
54.9
27

Girder Loading
(klf)
DL
LL
0.98
0.240
1.830
1.013
1.830
1.013
1.830
1.125

Lateral loads for the structure is assumed to be governed by earthquake loading. The total seismic
weight of the building is determined to be 8082 kips.

2.1.2

Building Criteria

The building is located in seismic zone No.4. The soil profile type S3 is used in absence of a
geotechnical report [1]. The floors are assumed to be rigid diaphragm such that there are three
degrees of freedom at each floor – two translational and one torsional. This is enforced while
modeling the frame system in forth coming chapters. The building has no vertical irregularities
despite the relatively tall height of the first story. The building is symmetrical in plan, horizontal
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and torsional irregularities would not be expected. Since the structure is symmetric in plan and
elevation, analysis included herein after is restricted to 2-dimensional frame analysis.

2.1.3

Moment frame design using 1994 UBC

A preliminary design of the superstructure is performed in accordance to Allowable Stress Design
(ASD) using gravity loads as shown in Table 2.2. All members are designed using a nominal
yield stress of 50 ksi. Table 2.3 shows the vertical and horizontal member selection for
preliminary design. The girder-to-column connection type is a full penetration welded flange and
bolted web connection. The girder-to-column connection design is beyond the scope of this
report.
Table 2.3 Preliminary member sizes - Moment Frame
Level
R
4
3
2

Column Sizes
W14x48
W14x68
W14x132
W14x145

Girder Sizes
W18x35
W21x62
W24x131
W24x146

The design seismic force is calculated to determine the strength and stiffness of the moment
frame. Seismic design is based on Section 2211 (steel structures resisting forces induced by
earthquake motions in seismic zones 3 and 4) of 1994 UBC using Allowable Stress Design. The
total design base shear in a given direction is given as

V



ZIC
W
RW

Eqn. 2.1
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Where, C 

1.25S
. The value of C need not exceed 2.75 and is used for any structure without
T2 3

regard to soil type or structure period. Table 2.4 shows the calculated parameters for the

 coefficients of base shear calculation.
Table 2.4 Base shear coefficients
Seismic Zone Factor, Z
4
Seismic Importance Factor, I 1.0
Site Coefficient, S
1.5
Seismic Response Factor, Rw 12
Structure Period, T (sec)
0.74

Using Equation 2.1, total calculated base shear, V is 617 kips. For more information see
Appendix-A for detailed calculation. The lateral forces are distributed over the height of the
building using the vertical distribution of forces as per 1994 UBC section 1628.4. Table 2.5
summarizes the forces at each level.

Table 2.5 Vertical distribution of total base shear
Level
Roof
4
3
2
∑

hx
(ft)

Wx
(kips)

Wxhx
(kip-ft)

𝑾𝒙 𝒉𝒙
∑𝑾𝒙 𝒉𝒙

Story Force,
Fx (kips)

Story Shear,
∑Vx (kips)

58
44
30
16

1521
2178
2178
2205
8082

88218
95832
65340
35280

0.31
0.34
0.23
0.12

213
199
135
70
617

213
412
547
617

In general, drift requirements will govern the design of a steel moment frame system. Allowable
story drift per 1994 UBC Section 1628.8 for T > 0.7 sec is smaller of,

 allow 

or





0.03
h
Rw x

 allow  0.004hx

Eqn. 2.2

Eqn. 2.3
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Elastic analysis is performed in SAP2000 (version 14.2.4) structural analysis software, to verify
and check the preliminary design sizes for lateral forces. The story drift at level is determined to
meet the drift limitation.
Table 2.6 Calculated story drift - Moment Frame
Story
No.
4
3
2
1

hsx
(ft)
14
14
14
16

Displacement from
Analysis, (in)
1.560
1.180
0.768
0.363

Drift from
Model, (in)
0.38
0.41
0.40
0.36

Allowable
Story Drift (in)
0.42
0.42
0.42
0.48

Table 2.6 shows the design story drift at each level is calculated to be less than the allowable
drift. Figure 2.2 shows the final sizes of the moment frame sections designed using 1994 UBC
allowable stress design. Modal analysis is also performed and the time periods for the modes 1, 2
and 3 are 1.00, 0.90 and 0.20 sec respectively.

Figure 2.2 Typical elevation view of the Moment Frame System
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2.2

Seismic Evaluation – Analytical Procedure

The first step in an assessment of the building is to review the characteristics of the structure
pertinent to seismic performance. The information shall include data on the type and arrangement
of existing structural components of the vertical and lateral force resisting system, component
properties, occupancy category, historic importance, site and foundation information. Next a
target performance level objective is selected. With the As-built information collected and
quantified performance level, a rehabilitation method is selected in accordance to FEMA 356,
section 2.3. A rehabilitation method for building that conform to one of the model building types
contained in FEMA 356 [6], Chapter10 Table 10-1, and all limitation in the table with regard to
building size, level of seismicity and rehabilitation is selected. For this study, Immediate
Occupancy (IO) performance level and systematic rehabilitation objective is selected based on the
parameters listed above.
In order to evaluate the key response parameters, that are indicative of the structure’s
performance in an earthquake it is necessary to construct a mathematical model. FEMA 356 [6]
provides four alternative analytical procedures to perform an analysis. The four basic procedures
are: Linear Static Procedure (LSP), Linear Dynamic Procedure (LDP), Nonlinear Static
Procedure (NSP) and Nonlinear Dynamic Procedure (NDP). Selection criteria for analysis
procedure to achieve Immediate Occupancy (IO) are listed in FEMA 356, Table 5-4. Using the
criteria, regularity and dynamic properties of the building, Nonlinear static procedure is chosen
for this study.
2.2.1

Nonlinear Static Analysis

The seismic demands of the structure is estimated by nonlinear static procedure subjected to a
monotonically increasing lateral loads varying through the height of the structure known as push
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over analysis. Pushover analysis is carried out using SAP2000 V14.2.4 to the above frame system
representing inertial forces in an earthquake applied until a target displacement is reached. Target
displacement represents the maximum displacement of the structure during the design earthquake.
The target displacement, 𝛿𝑡 at a floor level is calculated in accordance to FEMA 356 Section
3.3.3.3.2.
𝑇2

𝛿𝑡 = 𝐶0 𝐶1 𝐶2 𝑆𝑎 4𝜋𝑒 2 𝑔

Eqn. 2.4

Where, “C0” is the modification factor to relate spectral displacement of an equivalent singledegree of freedom (SDOF) system to the roof displacement of the building multi-degree of
freedom (MDOF) system calculated using the first mode mass participation factor multiplied by
the ordinate of the first mode shape at the control node or the mass participation factor calculated
using a shape vector corresponding to the deflected shape of the building at the target
displacement multiplied by the ordinate of the shape vector at the control node or appropriate
value from Table 3-2, FEMA 356 ; “C1” is modification factor to relate expected maximum
inelastic displacements to displacements calculated for linear elastic response. For periods less
than 0.2 sec, C1 need not be taken greater than the value at T =0.2 sec. For periods greater than
1.0 sec, C1 is 1.0;
𝐶1 = 1 +

𝑅−1
𝑎𝑇𝑒 2

Eqn. 2.5

Where, “a” is site class factor. The factor for site class A and B is 130, 90 for site class C and 60
for site class D, E and F. “Te” is effective fundamental period of the building in the direction
under consideration. “R” is the strength ratio with elastic base shear capacity substituted for shear
yield strength Vy is given by,
𝑆𝑎
. 𝐶𝑚
𝑦 ⁄𝑊

𝑅=𝑉

Eqn. 2.6
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Where, “Sa” is the response spectrum acceleration, at the effective fundamental period and
damping ratio of the building in the direction under consideration; “W” is effective seismic
weight; “Cm” is effective mass factor from FEMA 356 Table 3-1; “C2” is the modification factor
to represent the effect of pinched hysteresis shape, cyclic stiffness degradation, and strength
deterioration on maximum displacement response. For periods greater than 0.7 sec, C2 = 1.0
𝑅−1 2
)
𝑇𝑒

1

𝐶2 = 1 + 800 (

Eqn. 2.7

The effective fundamental period in the direction under consideration is determined based on an
idealized force-displacement curve as defined in FEMA 356 Section 3.3.3.2.5. The effective
fundamental period Te is given as,

𝐾

𝑇𝑒 = 𝑇𝑖 √𝐾 𝑖

𝑒

Eqn. 2.8

Where, “Ti” is elastic fundamental period in the direction under consideration calculated by
elastic dynamic analysis; “Ki” is elastic lateral stiffness of the building in the direction under
consideration; “Ke” is effective lateral stiffness of the building in the direction under
consideration.
The analysis process includes geometric and material nonlinearity effects of the frame elements.
Nonlinear static analysis is performed for load case – dead and lateral. The lateral pushover
analysis is performed from the continuation state at end of dead load nonlinear case. The structure
is pushed until either a predetermined target displacement as defined in Eqn. 2.4 is reached or it
collapses. The frame system is evaluated using a series of incremental elastic analyses
sequentially degrade to represent the effects of structural nonlinearity.
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Material nonlinearity is accounted by assigning user defined hinge properties to the beam and
column members to account for the pre-Northridge connection as per FEMA 2000. The
component backbone curve used to model beam to column connections is shown in Figure 2.3.
The acceptable hinge property [17] is assumed as, plastic hinge rotation capacity, 𝜃𝑝 = 0.01
followed by a post-capping rotation capacity, 𝜃𝑝𝑐 = 0.01 and residual strength, 𝑀𝑟 = 0.3.

Figure 2.3 Component backbone curve [17]
The force-deformation relation curve permits to account for strain-hardening slope of 2% of the
elastic slope for beams and columns. To determine the target displacement, a general horizontal
response spectrum is developed as defined in FEMA 356, Section 1.6.1.5 for the specific site with
a 5% damping ratio for the rehabilitation design of the structure. The curve as shown in
Figure 2.4 represents the response of the building when subjected to an earthquake and
determines acceleration at a specific time period.
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Figure 2.4 Generalized horizontal response spectrum
2.2.2

Pushover Analysis Results

A 2-dimensional pushover analysis is performed to existing moment frame system with preNorthridge connection behavior mechanism as described previously. Figure 2.5 shows the plot of
base shears vs lateral roof displacement from SAP2000 analysis. The change in slope of the curve
represents member yielding, which results in weak links and failure when pushed to an ultimate
load.
The plot can be studied to understand the behavior of the connection and frame elements. The
sudden dip in strength after third yielding indicates no post yielding or inelastic beam
deformation occur before the connection fails. This can be classified to a weak-column strongbeam design which conflicts the current state-of-the-design practice or philosophy of strongcolumn weak beam. The maximum lateral load (i.e., maxmum base shear) that can be applied to
the structure before collapse Vmax= 1559 kips at a maximum resulting displacment , 15 inches.
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Figure 2.5 Nonlinear static analysis plot – Base shear Vs. Displacement
High degree of ductility is not expected as believed to occur and classifies the connection type as
brittle failure, as ductility is the primary goal of modern seismic design.
An idealized plot of base shear – displacement at roof level is shown in Figure 2.6 is used to
calculate the target displacement. The plot is constructed by using an iterative graphical
procedure [6] to balance the areas below the actual and idealized curves up to Δd. The calculated
effective fundamental period using Eqn. 2.8 and the plot is determined to be 1.25 sec. The target
displacement is found using Eqn. 2.4 and estimated to be 16.2 inches. The target displacement
which intends to represent the maximum displacement likely to be experienced during a design
earthquake is calculated to be beyond the collapse displacement of the structure, Δmax = 15 inches.
This infers as a first indication, the structure is unlikely to survive a future severe earthquake.
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Figure 2.6 Idealized Base shear Vs. Displacement
The deformed shape of the frame is studied. Hinges are observed at the first and second level
beams and columns on incremental deformation steps. The lower level members yield initially
and beam reaches collapse without any plastic range notification. This formation is a typical
connection mechanism studied in numerous researches on pre-Northridge steel moment frame, as
a brittle failure. The upper two levels didn’t reach yield until a collapse mechanism.
As discussed earlier, the fundamental reason for the system failure is lack of ductility. The
ductility factor accounted upon to justify the use of Rw factor of 12 (as specified in the thencurrent UBC) was not realised. Tests previous and subsequent to the Northridge earthquake
indicate that the ductility of the connection design (Rw factor) was apparently only 2-4 [8]. The
current design code specifies a Rw of 8, which accounts for a larger base shear. The higher base
shear and the target displacement of the structure, provides an insight in structural strength and
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ductility of the system. It may be concluded that for a potential severe earthquake, the moment
frame needs to be retrofitted to meet all structural requirements of Immediate Occupancy
performance objective and current code requirements. For more information on the pushover
analysis results see Appendix-A.
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CHAPTER 3
SEISMIC REHABILITATION TECHNIQUES
3.1

SPSW – Introduction and Advantages

Steel Plate Shear Walls have been used in steel buildings since the last four decades as a lateral
load resisting system. Due to its robust post-buckling strength, substantial ductility, stable
hysteretic characteristics and high initial stiffness, Steel Plate Shear Wall system is now
considered to be appealing alternative to conventional lateral load resisting system used for
earthquake resistant design of structures. The system consists of a steel plate wall, boundary
columns and horizontal floor beams, together as a vertical plate girder as shown in Figure 3.1.
The columns acts as flanges of the vertical plate girder and the steel plate wall acts as its web.
The ductile mechanism of the system is based on diagonal tension yielding of web plate.

Figure 3.1 Typical Steel Plate Shear Wall configuration [5]
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Steel Plate Shear Walls in building construction are of various types. The well know types are
Un-stiffened SPSW, most popular in the United States; Stiffened SPSW, web plates are stiffened
using welded plates in between along the length and width of the frame bay and Composite
SPSW, web plate stiffened by adding concrete on one or both sides of the web plates. This study
focuses on Un-stiffened SPSW as it is included as a basic seismic force resisting system in
ASCE 7 and AISC 341-05. Several analytical and experimental studies carried on the SPSW
system around the world have shown that thin un-stiffened SPSW system have sufficient postbuckling reverse strength, which makes it a more economical alternative to various other
traditional lateral load resisting systems such as braced frames, concrete shear wall, etc.
The NEHRP recommend provision for seismic regulations of new buildings and other structures
and the 2005 seismic provision for structural steel buildings include minimum design
requirements for Special Steel Plate Shear Wall [5]. AISC Design Guide 20 “Steel Plate Shear
Wall” provides an in depth design guidelines for design and modeling of Steel Plate Shear Wall
systems considering different seismicity levels. Having an analogous mechanism to braced frame
system, SPSW can be considered as an alternative to braced frame when additional strength and
ductility are required for a retrofit building.
3.2

Seismic design of SPSW

For this study, existing four story moment frame beams and columns are used to provide the
Horizontal Boundary Element (HBE) and Vertical Boundary Element (VBE) respectively of the
SPW system. The web plates are assumed to resist the entire shear in the frame imposed by lateral
loads. Figure 3.2 illustrates a schematic force transfer in SPSW system. The web plate strength is
set to meet the demands corresponding to the seismic load analysis. Boundary elements are
designed to provide expected capacity of plate. Vertical boundary elements have minimum
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stiffness requirement to prevent excessive deformations under tension field action. There are
many different approaches available to model and analyze the web plate. The most common
approach is the tension-field strut/strip model, oriented in the direction of the tension field “α”. In
order to approximate the effects of a distributed load on the boundary elements of the frame, a
minimum of ten strips is required to model the web plate. Web plate along the beam is divided
into inclined segments required for n strips. The length of the beam segment is given as,
∆𝑥 = 1⁄𝑛 [𝐿 + ℎ tan 𝛼]

Eqn. 3.1

Where, Δx the length of beam segment between nodes, L width of panel, h height of panel, n
number of strips, α inclined tensile filed. The section property of the strip is given by the segment
width and the thickness of the strip member.

Figure 3.2 Tension field in a steel plate web panel [5]
When the SPSW is subjected to the design earthquake forces, significant inelastic deformations
are expected to withstand by the web plates. Vertical boundary elements and horizontal boundary
elements are verified to remain elastic under the maximum forces that can be generated by the
fully yielded web plates and only plastic hinging is allowed at the ends of HBE [5]. As discussed
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earlier in the section, the web plate resists entire of the shear in each story. The design shear
strength and tension field angle (α) in the web plate are calculated according to the limit state of
shear yielding using the following equations:
∅𝑉𝑛 = 0.90(0.42)𝐹𝑦 𝑡𝑤 𝐿𝑐𝑓 sin 2𝛼

tan4 α =

Eqn. 3.2

t L
1+ w

2Aa
1
h3
+
)
Ab 360Ic L

1+tw h(

Eqn. 3.3

Where, tw = web plate thickness; Lcf = clear distance between VBE flanges; h = distance between
HBE centerlines; Ab = cross-sectional area of a HBE; Ac, Ic = cross-sectional area and moment of
inertia of VBE.
The value of ϕVn is obtained for various plate thicknesses in ASTM 36 material. The preliminary
plate thickness tw required for each story is determined by comparing the frame shear force at
each level with ϕVn, calculated for different web thickness. The design of VBE must satisfy both
strength and stiffness requirements. The stiffness criteria of VBE are given by AISC 341-05, to
allow the web plate to develop sufficient tension strength.

𝐼𝑐 ≥ 0.00307

𝑡𝑤 ℎ 4
𝐿

Eqn. 3.4

The required column stiffness is verified with the existing column of the moment frame. The
frame members, VBE and HBE must also satisfy the requirements of the AISC seismic provision
to verify compactness, shear strength and combined compression and flexure limit. The design
procedure is complete when the above listed requirements are satisfied by the boundary elements.
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3.3

Modeling of Steel Plate Shear Walls

Several analytical modeling techniques have been proposed to describe the behavior of Unstiffened SPSW. Modeling methods serves to determine element forces and deformation in the
SPSW frame system. The two most common methods mentioned in AISC Design Guide 20 [5] is
the strip model and orthotropic membrane model. In the strip model the web plate is replaced by a
series of diagonal tension members. While orthotropic membrane model, utilize non-isotropic
membrane elements to model the differing compression and tension resistance of the web plate.
Strip modeling is used in this project to study the behavior of the building frames with unstiffened Steel Plate Shear Walls using commercially available software SAP2000 14.2.4 and
procedures detailed in AISC design guide 20 [5]. Tension-only brace element is used to model the
behavior of the web plates. Using this method, the stiffness in the direction perpendicular to the
tension field action, which would be in compression, is set to a very low value or zero to simulate
a loss of stiffness due to web plate buckling. Figure 3.3 shows SPSW strip model modeled in
SAP2000 for the building of study described in chapter 2. The screen shot shows inclined
orientation in the strip element. The inclination of the strip at each level is rotated to the
calculated angle for design discussed in section 3.4. The Horizontal Boundary Elements are
modeled to be infinitely rigid member to permit yielding of web plate. The boundary elements are
divided in segments using basic trigonometry to connect the strip nodes at each ends. This
process can be somewhat tedious, and it is recommend to create an input file to automatically
create nodes in the boundary elements in SAP2000 using the bay dimension and angle of
inclination of the tension strips.
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Figure 3.3 Strip model of SPSW in SAP2000
3.3.1


Modeling Guidelines in SAP2000 – Strip Model

The assumed frame restraint at the base and the connection of the beam to the columns
are also pinned or hinged.



A minimum of ten strips are to be modeled to represent each wall panel.



Each strip has the width equal to the center to center spacing of the consecutive strips and
thickness of the strip is kept same as that of the plate.



The strip is inclined at an angle α, taken as the average of tension field angle of the entire
panel model for simplicity.



The tension strip material is assigned as elastic-perfectly plastic stress-strain
material.A36 steel is assigned to each strip.



The strip to boundary frame connections is modeled as pinned.
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Nonlinear behavior is evaluated by defining plastic hinges to the beam frame (P-M3
hinge) and tension strips (P-Axial hinge).

3.4

Analysis of Un-stiffened Steel Plate Shear Wall

Initially preliminary design is required to optimize the web plate design. This is done iteratively
using MS Excel modifying the plate thickness and tension field angle to meet the required shear
strength. Table 3.2 summarizes the final dimensions of the frame system. The boundary elements
are verified for strength capacity, stiffness requirements and web plate yielding using Eqn. 3.4
and Eqn. 3.5 [2]. The final dimension of Un-stiffened Steel Plate Shear Wall system is
summarized in Table 3.1. For more information on design calculation refers Appendix-B. The
model is built in SAP2000 using tension-only brace element for web plate with user defined web
plate properties as shown in Table 3.1. For simplification of modeling, average of the tension
field angle is taken. Analysis results are discussed in chapters 4.
Table 3.1 Tension field angle and web-plate thickness
Level
4
3
2
1

Angle of
Stress α (o)
48
46
47
47

Web Plate thickness
tw (inches)
0.0625
0.0625
0.0625
0.0625

Table 3.2 Boundary element sections and web plate schedule
Level
Roof
4
3
2
1

Web Plate Thickness
tw (inches)
0.0625
0.0625
0.0625
0.0625

VBE

HBE

W14x370
W14x455
W14x655
W14x655

W24x84
W33x221
W36x232
W36x232
-
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3.5

Design of Concentrically Braced Frame

Concentrically Braced Frames (CBF) is commonly used in new and retrofit structures to resist
lateral loads. Braced frames controls displacements by providing large initial lateral stiffness,
strength and ductility. This type of bracing system is chosen as it meets the deficiency described
in chapter 2 and it is typically used in majority of retrofit structures. This system is used to
compare and contrast inelastic behavior of Braced Frame to SPSW. The Braces for the retrofit
system is designed using AISC 341-05 design requirements and ASCE 7-10 strength design
method.
Elastic analysis is performed in SAP2000 to determine the brace sizes. Final member sizes for the
brace is chosen and shown in Figure 3.4. The brace members are verified to meet slenderness and
width to thickness ratio for local stability [2]. See Appendix-B for more information in brace
design calculation. Existing wide flange column is also checked for width to thickness ratios and
strength check for the base shear force calculated using the Rw for braced frame. The beams are
checked for the additional loads from the bracing action of the frame when subjected to lateral
loads. The expected tension and compression forces from the braces are applied to beams. The
frame forces were found to be satisfactory and met the design requirements for high ductile
member.
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Figure 3.4 Elevation view of the lateral framing bay with brace members
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CHAPTER 4
IMPLEMENTATION AND ANALYSIS RESULTS
4.1

Computer Analysis of un-stiffened Steel Plate Shear Wall (SPSW)

In order to complete the design analysis of Steel Plate Shear Wall, the frame system is designed
in accordance to ASCE 7-10 design standards and governing load combinations. Location of the
retrofit system is assumed to be in the same location of the existing moment frame.
A 2-dimensional model is created in SAP2000 to perform an elastic analysis. The web plates are
modeled as inclined tension-only strips. Each strip has width equal to the center to center spacing
of the consecutive strips and thickness of the strip is kept same as the plate thickness as discussed
in chapter 3. The web plate thickness is defined as shown in the schedule of the system sizes in
Table 3.1. For simplicity in modeling, a constant angle of tension stress is used for entire height
of the moment frame bay. Modeling guidelines listed in chapter 3, section 3.3.1 used to define
other parameters of the strip to behavior as a tension-only member in SAP2000.
The web plate system is designed using elastic base shear to verify the capacity of design element
greater than elastic forces. The calculated elastic base shear, Ve = 1285 kips. The seismic base
shear is calculated based on the response modification factor, Rw = 7.0 as per current code
requirements. To optimize the added strength of the retrofit system, it is practical to distribute the
base shear to each system based on their stiffness. The seismic base shear to design SPSW is
evaluated as, Ve = 1002 kips. Refer Appendix-B for detailed calculation procedure. This ensures
the structure to withstand any greater potential earthquake forces in near future.
Elastic analysis is performed using 1.2DL+1.0EQ+0.5LL load combination to verify the strength
of existing boundary frame members. With the help of the modeling guidelines, the analysis
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shows axial forces along one principle axis and it is zero along the other principle axes. This
determines the properties assigned to the web plate are confirmed to be satisfying to the
mechanics of Steel Plate Shear Wall design.
Lateral deformation at each level of the frame system is noted to verify allowable deflection
limits as per ASCE 7, section 12.3.4.2. Magnified story drift at each level is calculated by story
drift times the deflection amplification factor, Cd = 6.0 (for SPSW, ASCE 7 Table 12.12-1)
divided by Importance factor, Ie = 1.0.
Table 4.1 Calculated story drift of elastic analysis in SAP2000-SPSW
Story
R
4
3
2

Total drift
(inches)
0.74
0.54
0.41
0.24

Story drift
(inches)
0.20
0.13
0.16
0.24

Magnified Story
drift (inches)
1.20
0.80
0.98
1.45

Allowable drift
limit (inches)
3.36
3.36
3.36
3.84

Table 4.1 shows that all story drifts are within the allowable story drift limit of 0.020hsx. Modal
analysis is also performed and time periods for the modes 1, 2 and 3 are 1.05, 0.87 and 0.46 sec
are noted respectively.
In-elastic static analysis is performed in SAP2000 to check adequacy of retrofit structural design
to existing moment frame system. In-elastic static analysis or pushover analysis is used to study
inelastic behavior of the system accounting for the redistribution of internal forces when
subjected to inertial forces. The analysis accounts for geometric nonlinearity (P-Delta) and
material inelasticity. Geometric nonlinearity is considered by assigning P-Delta effect for both the
load case – Dead and Lateral loads. Material inelasticity is accounted by assigning plastic hinge
properties to boundary frame members as P-M3 direction and the tensile strips to axial hinge
properties (P-Axial). The hinge definition is defined by FEMA 356 for steel beam –column and
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axial brace elements. Analysis is performed by subjecting the structure to monotonically
increasing lateral forces varying through the height of the structure until a target displacement is
reached. Expected target displacement for the retrofit system to survive potential earthquake was
determined to be 8.78 inches. Figure 4.1 shows the pushover analysis result of load-deformation
curve performed in SAP2000. See Appendix-C for more information on pushover analysis
results.

Figure 4.1 Load-Displacement curve of inelastic analysis – SPSW
The maximum inelastic base shear, Vult = 2497 kips and the corresponding lateral displacement,
Δult = 21.2 inches. The location of the ultimate load is represented by a large marker point size as
indicated in Figure 4.1.
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4.2

Computer Analysis of Concentric Braced Frame

The brace system configuration as discussed in chapter 3 is modeled in SAP2000. Similar to the
Steel Plate Shear Wall system the beams and the braces are assumed to be pinned. Elastic
analysis is performed using elastic base shear as discussed earlier in this chapter and the existing
gravity loads. The calculated elastic base shear, Ve = 1495 kips. The seismic base shear is
calculated based on the response modification factor, Rw = 6.0 as per ASCE 7, Table 12.12-1. As
mentioned in SPSW design, the seismic design base shear is distributed to each system (MF and
CBF) based on their relative stiffness. The calculated design base shear of Concentric Braced
Frame, Ve = 1241 kips.
Table 4.2 Calculated story drift of elastic analysis in SAP2000-CBF
Story
R
4
3
2

Total drift
(inches)
0.61
0.50
0.35
0.21

Story drift
(inches)
0.10
0.15
0.14
0.21

Magnified Story
drift (inches)
0.52
0.75
0.71
1.06

Allowable drift
limit (inches)
3.36
3.36
3.36
3.84

Elastic analysis is performed in SAP2000 with the brace member design as show in Figure 3.4.
The braces and boundary frame members are verified to check design requirements and required
capacity. Table 4.2 summarizes the story drift of the CBF determined in SAP2000. The tabulated
values shows that all story drifts are within the allowable story drift limit of 0.020h sx. Modal
analysis is performed and the time periods for the modes 1, 2 and 3 are 1.11, 0.95 and 0.94 sec
respectively. The deflection of the columns at each level is noted.
Nonlinear static analysis is performed to the Concentric Braced Frame system. Geometric and
Material nonlinearity parameters are also accounted as describes in previous section 4.1.
Figure 4.2 shows the pushover analysis result of load-deformation curve performed in SAP2000.
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See Appendix C for more information on pushover analysis results. The calculated target
displacement of the retrofit system with modified stiffness is calculated to be 10.8 inches.

Figure 4.2 Load-Displacement curve of Inelastic Analysis - CBF
4.3

Analysis Comparison of ductile system

Figure 4.3 shows the results of maximum lateral deformation for the two retrofit systems. The
inter-story drift estimated for the two systems is small when compared to the maximum moment
frame deflection of 3.48 inches. Steel Plate Shear Wall system experiences a maximum roof
deflection of 0.74 inches; as that of concentrically braced frame system deflection is 0.61 inches.
This classifies that the two retrofit systems considered is very rigid to deflection when compared
to moment resisting frame system.

Lateral deformation, Δ (inches)
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Figure 4.3 Comparison of lateral displacement of retrofit systems
Results of nonlinear static analysis or pushover analysis of the two retrofit systems as discussed
above and the nonlinear deformation curve of pre-Northridge moment frame of Chapter 2, section
2.2.2 is integrated to understand and study the system behavior. As noted in Figure 4.4 the nonductile system so known as the pre-Northridge Moment Frame system does not meet the expected
target displacement for a potential earthquake. From graphical consideration, the retrofit systems
– SPSW and CBF exceeds the expected target displacement the building will experience.
Comparing the stiffness of the retrofit system, both SPSW and CBF have added significant initial
stiffness to the system in elastic region when comparing to the non-ductile Moment Frame. The
results indicate that Steel Plate Shear Wall have a large effect on added strength to the MF under
large earthquake when compared to CBF. This may be observed from tensile yielding of the web
plates and infinitely rigid boundary elements allowing the plate to yield and provide expected
capacity of the web plates.
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Figure 4.4 Nonlinear behavior of retrofit system to non-ductile MF
The SPSW shows an over strength factor of almost 2.0 when compared to CBF, which provides
sufficient initial stiffness and meets, expected average target displacement of 10 inches. SPSW
provides a wide window of post-yield inelastic strength before the system reaches ultimate
capacity. The ductility of SPSW has provided a large lateral deformation before collapse in
comparison to CBF system. Over all, SPSW system adds stiffness, strength and post-yielding
ductility as discussed in previous chapters.
4.4

Cost Comparison

Cost estimates are performed for a two bay lateral resisting system along each perimeter line of a
four- story tall building that requires a retrofit. For each retrofit system, the total structural steel
required is estimated. The cost is based on the structural steel of primary retrofit members, and do
not include an allowable for bolts, connecting plates, connections, labor and equipment. This
general estimate is based on tonnage of steel. The total tonnage of steel required in retrofit design
is found as,
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Unstiffened Steel Plate Shear Wall: 9 US tons
Concentric Braced Frame: 28 US tons
A graphical plot is prepared to visualize the cost at each story level for two different lateral force
resisting system. The graph clearly shows the use of material in Steel Plate Shear Wall is almost
half the amount of material when compared to conventional Concentric Braced Frame system.

Figure 4.5 Material consumption to retrofit a lateral frame system
To understand the complete practical cost of the system it is necessary to estimate the fabrication,
skilled labor and erection cost, as it might be expensive for the lately new lateral system; Steel
Plate Shear Wall when compared to the bracing system. This comparison provides an
understanding of the material required and can be considered in most of the building construction
in near future.
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CHAPTER 5
CONCLUSION
The present analytical study showed that Moment Resisting Frames with insufficient lateral
stiffness can be retrofitted with SPSW and Braced Frame. The analysis performed in the study
provides a preliminary understanding of the two retrofit system mentioned; Un-stiffened Steel
Plate Shear Wall (SPSW) and Concentrically Braced Frame (CBF). Results obtained were used to
assist in comparing the system behavior when subjected to linear and nonlinear forces. Elastic
analysis results shows Un-stiffened Steel Plate Shear Wall and Concentric Braced Frame system
have reduced significant lateral deformation when compared to pre-Northridge Moment Frame.
This shows that SPSW and CBF have larger initial stiffness to lateral loads in elastic region. CBF
adds large initial stiffness without providing greater strength to exiting system. SPSW can
provide large initial stiffness with added strength to the non-ductile system.
In-elastic analysis results show that the seismic behavior of the retrofit system provides a
significantly inelastic deformation after elastic yield point is reached. SPSW adds sufficient
ductility and strength compared to CBF. It is also observed from the cost comparison plot that
the weight of steel for SPSW system is minimum as compared to braced frame system, thereby
reducing the entire weight of the steel building and occupy less space. This comparison can also
be related to the heavy concrete shear wall system used in many retrofit constructions. In a
complete costing for a retrofit system a large number of constraints exit such as skilled labor,
higher initial cost, new techniques, equipment erection for tall buildings, which likely makes
Steel Plate Shear Wall less preferable to many practice engineers. The cost can overcome the
choice of SPSW as a retrofit, when the structure is required to provide Life Safety and Immediate
Occupancy performance to function after large earthquakes.
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APPENDIX A
MOMENT FRAME DESIGN
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Design of Steel Moment Frame (pre-Northridge)
Design code: 1994 UBC

Figure A.1 Plan view of the retail store
Building Summary
Total Area of the Building, AT = 150’ x 150’ = 22500 ft2
Perimeter of the Building, P = (150’+150’) x 2 = 600 ft
Total Mean Height of the Building = 58 ft
Height of the parapet wall = 3.5 ft
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Figure A.2 Typical elevation view of Moment Frame system
Load Information
Table A.1 Gravity loads information
Loads
Roof Live load (Lr)
Rood Dead load (DL)
Second and Third Floor Live load (LL)
First Floor Live load (LL)
Floor Dead Load (DL)
Exterior Wall Cladding

Design Values
20 psf (reducible)
55 psf
75 psf + 15 psf (partition)
100 psf (reducible)
80 psf
45 psf

Live load reduction as per 1994 UBC – Section 1606 and Section 1607.
Roof live load is reduced using Table 16-C, method 2 for AT < 600 ft2
Minimum roof live load = 16 psf
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PLr = 16psf x (30x15)ft2 = 7200 lbs


15 
Floor Live load, PLL  Lo 
0.25  A 


I 

[1994 UBC Eqn. 7-1]

Where Influence Area, AI = 4*AT for column members



AI = 2*AT for beam members
Table A.2 Calculated load values for column and beam members
Column Loading
(kips)
DL
LL
29.5
7.2
54.9
24.3
54.9
24.3
54.9
27

Level
R
4
3
2

Girder Loading
(klf)
DL
LL
0.98
0.240
1.830
1.013
1.830
1.013
1.830
1.125

Seismic Weight, W
Roof = [45psf x (7’ + 3.5’) x 600’] + [55psf x 150’ x 150’] = 1521 kips
Level 4 = [45psf x (7’ + 7’) x 600’] + [80psf x 150’ x 150’] = 2178 kips
Level 3 = [45psf x (7’ + 7’) x 600’] + [80psf x 150’ x 150’] = 2178 kips
Level 2 = [45psf x (8’ + 7’) x 600’] + [80psf x 150’ x 150’] = 2205 kips
Total Seismic Weight, W = 8082 kips
Design Criteria:
1994 UBC – Section 1628 – Minimum Design Lateral Forces and Related Effects
Lateral Design: Static Lateral Procedure
Total Design Base Shear, V 




ZIC
W
RW

[1994 UBC Eqn. 28-1]

1.25S
T2 3

[1994 UBC Eqn. 28-2]

C
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Where, Z = Seismic zone factor = 0.4

[Zone 4; 1994 UBC Table 16-I]
[Occupancy Category – II, 1994 UBC, Table 16-K]

I = Seismic importance factor = 1.0

[1994 UBC, Table 16-N – Special Steel Moment Frame]

Rw = 12
S = Site coefficient = 1.5

[1994 UBC, Table 16-I]

W = Seismic dead load
Thus, Structure period per method A, T = Ct (hn ) 3/4

[1994 UBC, Eqn. 28-3]

Where Ct = 0.035 for steel moment resisting frames; total building height above grade, hn is 58ft.
T = 0.035 x (58)3/4 = 0.74 sec
Calculated, C 

1.25x1.5
 2.29  2.75
(0.74) 2 3

Total calculated base shear, V 


0.4x1.0x2.29
W = 0.0763W = 617 kips
12.0

The total base shear is used in determining the strength and stiffness of the members in the

 total base shear is distributed over the height of the building in accordance
moment frame. The
with 1994 UBC Eqn. 28-6, 28-7 and 28-8. Since T = 0.74 sec ≥ 0.7 sec, the concentrated force at
roof,

Ft  0.07TV  32kips

[1994 UBC Eqn. 28-7]

n

The total force,



V  Ft   Fi
i1

Fx 



[1994 UBC Eqn. 28-6]

(V  Ft )w x hx
n

w h

[1994 UBC Eqn. 28-8]

i i

i1

Table A.3 shows the calculated values distributed over the height of the structure.
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Table A.3 Vertical Distribution of Base Shear
Level
Roof
4
3
2
∑

hx
(ft)

Wx
(kips)

Wxhx
(kip-ft)

𝑾𝒙 𝒉𝒙
∑𝑾𝒙 𝒉𝒙

Story Force,
Fx (kips)

Story Shear,
∑Vx (kips)

58
44
30
16

1521
2178
2178
2205
8082

88218
95832
65340
35280

0.31
0.34
0.23
0.12

213
199
135
70
617

213
412
547
617

Elastic analysis is performed in SAP2000 with preliminary members as shown in Table A.4. The
members are verified to meet demand of the lateral loads calculated above and story drifts.
Table A.4 Preliminary member sizes – Moment Frame
Level
R
4
3
2

Column Sizes
W14x48
W14x68
W14x132
W14x145

Girder Sizes
W18x35
W21x62
W24x131
W24x146

In general, Moment Frame design is governed by story drift check. The expected lateral
deformation is calculated and the member sizes are redesigned to meet drift allowable limits.
Table A.5 summarizes the drift demands and verified to meet allowable story drift per 1994 UBC
section 1628.8. The final design member for typical Moment Frame bay is shown in Figure A.2.
Table A.5 Calculated story drift –Moment Frame
Story
No.
4
3
2
1

hsx
(ft)
14
14
14
16

Displacement from
Analysis, (in)
1.560
1.180
0.768
0.363

Drift from
Model, (in)
0.38
0.41
0.40
0.36

Allowable
Story Drift (in)
0.42
0.42
0.42
0.48

Seismic Evaluation Procedure
Non-linear Static Analysis procedure is selected to evaluate the moment frame designed using
1994 UBC. A mathematical model is constructed to perform seismic analysis directly
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incorporating the nonlinear load-deformation characteristics of individual components subjected
to monotonically increasing lateral loads until a target displacement.
Target displacement at a level is calculated as per FEMA 356, Eqn. 3-15
𝑇2

𝛿𝑡 = 𝐶0 𝐶1 𝐶2 𝑆𝑎 4𝜋𝑒 2 𝑔
𝐾𝑖
𝐾𝑒

Where, 𝑇𝑒 = 𝑇𝑖 √

[FEMA 356 Eqn. 3-14]

; Ti = 1.006 sec (from modal analysis); Ke = 204 kip/in (elastic stiffness of the

structure); Ke = 132 kip/in (from idealized force-displacement plot as defined in FEMA 356
section 3.3.3.2.4); Te = 1.25 sec.
C0 = 1.25

[FEMA 356 Table 3-2]

C1 = 1.0 and C2 as Te is greater than 1.0sec and 0.7 sec respectively.
Sa = 0.851 g as determined using the generalized response spectrum with 5% damping.
The calculated target displacement is found to be 16.2 inches.
SAP2000 structural analysis software by Computers and Structures Inc is used to perform
nonlinear static analysis. Due to regularity and repetitive geometry of the structure, analysis is
restricted to 2-dimensional for simplicity. Pre-qualified hinge definition for beams and columns
as in FEMA2000 is used to represent pre-Northridge welded flange and bolted web beam column
connection. The component backbone curve parameter to model beam and column plastic hinges
in SAP2000 is shown in Figure A.3.
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Figure A.3 Assumed pre-Northridge hinge definition

Pushover Analysis results of assumed Moment Frame structure when subjected to a
monotonically lateral force with assumed pre-Northridge hinge deformation properties shown
Figure A.4. Table A.5 shows the SAP2000 results of the plotted base shear –displacement curve.
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Figure A.4 Idealized Base shear vs. Displacement
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Table A.5 – Push over curve - Analysis Output data
Step
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Displacement
(inches)
0.009699
5.009699
8.056507
10.949063
12.877596
13.438173
13.515702
14.130076
15.389253
17.239714
22.239714
27.239714
32.239714
37.239714
42.239714
47.239714
50.009699

Base Force
(kips)
0
663.941
1068.279
1426.437
1537.599
1554.915
1554.915
1557.625
1558.921
1526.983
1526.16
1495.394
1464.683
1434.025
1403.417
1403.417
1355.939

49

APPENDIX B
RETROFIT SYSTEM DESIGN
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Design calculation of Un-Stiffened Steel Plate Shear Wall (SPSW)
Design code: ASCE 7-10/ CBC 2013
Unstiffened Steel Plate Shear Wall is designed in reference to AISC steel design guide 20.
The SPSW system is designed using elastic base shear as per ACSE 7, Section 12.8.1,
Elastic base shear, Ve = CS x W

[ASCE 7, Eqn. 12.8-1]

Where, Cs is seismic response coefficient and W is effective seismic weight. The coefficient C s is
determined in accordance to,
𝐶𝑠 =

𝑆𝐷𝑆

[ASCE 7, Eqn. 12.8-2]

(𝑅⁄𝐼 )
𝑒

Where, SDS is the design spectral response acceleration parameter in the short period; R is the
response modification factor; Ie, Importance factor.
The spectral acceleration at the site (shown above), SDS = 1.112g
The response modification factor, R = 7.0
Importance factor, Ie = 1.0

[USGS design Map Tool]
[ASCE 7, Table 12.2-1]
[ASCE 7, Table 1.5-2]

Seismic weight, W = 8082 kips
The calculated elastic base shear, Ve = 0.159 x 8082 = 1285 kips
The calculated base shear is designed based on the stiffness of each system to optimize the added
strength to the retrofit system. The stiffness is calculated by applying a unit lateral load to the
system and determining the roof lateral deformation.
The calculated stiffness of pre-Northridge moment frame = 204 kip/in
The calculated stiffness of added SPSW = 714 kip/in
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The calculated base shear for SPSW design Ve = 1002 kips along one direction. Table B.1
summarizes the vertical force distribution along one direction of lateral resisting force system.

Table B.1 Vertical Distribution of Story Forces
Level
R
4
3
2
∑

Wx
(kips)
1521
2178
2178
2205
8082

Story Force, Fx
(kips)
311
341
230
120
1002

Story Shear,
∑Vx (kips)
311
652
882
1002

In general, the lateral loads are distributed equally to each frame bay of the system. In this design
building there are four bay of moment frame system to resist lateral loads along one direction
under consideration. For simplification, SPSW is designed for one bay and the calculated
properties are symmetrical to other bays. Equation 3.1 of Chapter 2 is used to determine the
design shear strength with varying plate thickness and an assumed angle of tension of 32o. The
typical span of the bay is 30ft minus the column width. Table B.2 represents the design strength
of the web plates with various standard plate thicknesses in ASTM A36 material.

Table B.2 Web Plate design Strength
tw (inches) ɸvn (kips) ɸVn (kips)
0.0673
0.889
303.91
0.0747
0.986
337.32
0.1046
1.381
472.34
0.125
1.650
564.46
0.1875
2.476
846.69
0.25
3.301
1128.92
0.375
4.951
1693.39
0.5
6.602
2257.85
A preliminary design of the web plate is evaluated by the theory discussed in chapter 3, section
3.2. Table B.3 summarizes the preliminary web plate thickness corresponding to the required
shear strength at each level.
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Table B.3 Preliminary Design of Web Plate
Level
4
3
2
1

tw
(inches)
0.0625
0.0625
0.0625
0.0625

Required Shear
Strength (kips)
77.75
163
220.50
250.50

Design Shear
Strength (kips)
253.76
253.76
253.76
256.76

Demand/Capacity
ratio
0.31
0.64
0.87
0.99

Table B.4 shows the required stiffness of the vertical element of the lateral force resisting system
at each level. The required moment of inertia is calculated using equation 3.3 of chapter 3, section
3.2. The required moment of inertia is compared to the existing moment frame members to meet
the stiffness limitations of the system.

Table B.4 Required Column Moment of Inertia
Level
4
3
2
1

tw
(inches)
0.0625
0.0625
0.0625
0.0625

Panel Proportions
H (inches)
168
168
168
192

L (inches
345.96
345.96
345.96
345.96

Required Ic
(in4)
441.80
441.80
441.80
753.70

Table B.5 summarizes the boundary elements of the web plate system as considered as existing
moment frame beam-column.

Table B.5 Boundary Element Section Schedule
Level
Roof
4
3
2
1

VBE
W14x370
W14x455
W14x655
W14x655

HBE
W24x84
W33x221
W36x232
W36x232
-

The angle of tensile stress is recalculated based on existing boundary element properties and the
required plate thickness. Finally the web plat thickness is also revised with the recalculated angle
and the boundary elements. Table B.6 shows the final and revised web plate thickness for entire
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height of the structure. The calculated web plate thickness and the angle of tensile stress are
identical in both the bay of the moment frame along a perimeter of the structure.

Table B.6 Angle of Stress and Revised Web-plate Thickness
Level
4
3
2
1

Angle of
Stress (o)
47.87
46.39
46.23
46.47

Web Plate Thickness,
tw (inches)
0.0625
0.0625
0.0625
0.0625

Design of Concentrically Braced Frame (CBF)
Design code: ASCE 7-10/ CBC 2013
As discussed earlier, this structure has no redundancy and equal to 1.0 for seismic design
category D. Similar to SPSW design the seismic coefficient for braced frame is determined using
ASCE 7, Section 12.8.1.
The response modification factor, R = 6.0
SDS = 1.112 g

[ASCE 7, Table 12.2-1]
[USGS Seismic design Map Tool]

Importance factor, Ie = 1.0

[ASCE 7, Table 1.5-2]

Seismic weight, W = 8082 kips
The calculated elastic base shear, Ve = 0.185 x 8082 = 1495 kips.
To optimize the design of retrofit system, elastic base shear is distributed based on their relative
stiffness.
The calculated stiffness of pre-Northridge moment frame = 204 kip/in
The calculated stiffness of braced frame system = 1000 kip/in
The calculated base shear for BF design = 1241 kips along one direction. Table B.7 summarizes
the vertical forces distribution along one direction of the building system under consideration.
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Table B.7 Vertical Distribution of Story Forces
Level
R
4
3
2
∑

Wx
(kips)
1521
2178
2178
2205
8082

Story Force, Fx
(kips)
385
422
285
149
1241

Story Shear,
∑Vx (kips)
385
807
1092
1241

Similar to Steel Plate Shear Wall, the vertical forces are distributed to either sides of the two-bay
moment frame system. Braces are designed as per AISC 341-05 specification. The frame system
is modeled in SAP2000 with all loads (gravity and lateral) applied to the system. The brace forces
are determined to verify the design.
For example calculation, the brace at first level is verified. The brace ends are pinned and braced
against translation. Using the basic load combination for strength design in ASCE 7-10, section
12.4.2.3,
The maximum compressive force in the brace is,
Pu = (1.2 + 0.25SDS)PD + ρPE + 0.5PL
Pu = 231.68 kips
The maximum tensile force in the brace is,
Tu = (0.9-0.2SDS)PD + ρPE
Tu = 194.88 kips
The length of the brace is calculated by the distance between the work point based on the
intersection of the centerlines of the braces, column and beams, 𝐿 = √162 + 152
L = 21.93 ft

KL = 1.0 (21.93) = 21.93 ft

Using AISC manual Table 4-4, HSS 8x8x1/2 is selected. The design strength of the brace in
compression is, φcPn = 352 kips > 232 kips ……………… O.K.
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Check element slenderness, According to AISC 341-05, Section 13.2a,
𝐾𝐿
≤ 4√𝐸/𝐹𝑦
𝑟
86.56 < 100.4 ……………. O.K
Check tensile strength of the brace,
Using AISC manual Table 5-1, the design of brace in tension is,
φtPn = 559 kips > 195 kips, Tu ……………. O.K.
The design of brace is satisfactory. Similarly, brace at each level is design to verify demand due
to the lateral loads applied. Table B.8 summarizes the final brace design at each level of the
structure. The brace design is also verified to satisfy local buckling requirements as per AISC
341-05. The gusset plate design, weld size and length of weld are out of scope of this project
design.

Table B.8 Final brace design of retrofit system
Level
4
3
2
1

Bay 1
HSS 6x6x½
HSS 6x6x½
HSS 8x8x½
HSS 8x8x½

Bay 2
HSS 6x6x½
HSS 6x6x½
HSS 8x8x½
HSS 8x8x½

57

APPENDIX C
PUSHOVER ANALYSIS DESIGN
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Pushover analysis results of Steel Plate Shear Wall (SPSW)

Figure C.1 Load-Displacement of Nonlinear static analysis – SPSW
The maximum inelastic base shear, Vult = 2497 kips and the corresponding lateral displacement,
Δult = 21.2 inches. The location of the ultimate load is represented by a large marker point size as
indicated in Figure C.1. The expected target displacement for the modified stiffness of the frame
is calculated to be 8.78 inches.
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Table C.1 Pushover curve – SAP2000 analysis output data
Step
0

Displacement
(inches)
0.059349

Base Force
(kips)
0

1

2.546821

1552.355

2

2.868066

1709.418

3

3.523058

1825.638

4

6.350093

2019.833

5

9.199646

2145.982

6

9.423276

2154.65

7

9.422557

2154.23

8

9.420185

2152.301

9

9.441105

2154.653

10

9.637454

2162.262

11

9.634926

2160.46

12

12.16722

2250.664

13

12.38609

2257.885

14

12.37871

2252.99

15

12.39812

2255.26

16

12.60409

2262.048

17

12.60528

2261.929

18

15.43956

2347.617

19

18.86076

2438.786

20

21.10454

2495.231

21

21.27826

2497.37

22

21.44756

2497.134

23

21.56498

2492.496

24

22.46859

2485.125

25

24.78125

2465.235

26

25.40589

2455.589
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Pushover analysis results of Concentric Braced Frame system

Figure C.2 Load-Displacement of Nonlinear static analysis - CBF
The maximum inelastic base shear, Vult = 1650 kips and the corresponding lateral displacement,
Δult = 19.92 inches. The location of the ultimate base shear is represented by a large marker point
size as shown in Figure C.2. The expected target displacement for the modified stiffness of the
system is determined to be 10.8 inches.
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Table C.2 Pushover curve – SAP2000 analysis output data
Step
0

Displacement
(inches)
0.004178

Base Force
(kips)
0

1

0.878099

770.127

2

2.380953

1529.327

3

2.463206

1556.16

4

2.61058

1572.498

5

2.793007

1580.695

6

4.545826

1619.132

7

5.205546

1626.882

8

8.705546

1632.427

9

12.205546

1637.945

10

15.705546

1643.437

11

19.92551

1649.103

12

19.92551

1649.103

13

21.106548

1648.174

14

25.652203

1623.805

15

28.832393

1605.416

16

28.832393

1605.416

17

29.216806

1603.189

18

29.216806

1603.189

19

33.945383

1575.789

20

33.945384

1575.789

21

34.271699

1573.897

22

34.2717

1573.897

23

35.004178

1569.651
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