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ABSTRACT

This report examines the effects of adding fluid viscous dampers to a steel special moment frame
through a series of analysis methods. Simple analysis procedures are first carried out and described,
including a linear static procedure and a linear dynamic procedure. Then further analysis is carried out
using a nonlinear dynamic analysis procedure. Multiple parameters are modified throughout the analy-
sis processes to determine the impact on results and the data from all the analysis methods are compiled
and used to demonstrate the overall impact of the use of fluid viscous dampers in a steel special moment
frame.



TABLE OF CONTENTS

0 - Lot PP 1
Table Of COMEENLS .. ...ttt et e et e ettt e e e 2
T o) iU 3
I o) )3 5
PO 6T o T L Lot ) o P 7
2. BackgroUund . ......o.iuiii e 8
3. ANALYSIS PrOCEAUIES . ...ttt ettt ettt et e e et e e et e et e e e et e et e e eeaeeanenens 11
3.1 Linear Static ANALYSIS .. ..ottt ettt et e e e e e 11
3.1.7 SHrUCTUTALl SYSTEIM ..t v ettt ettt et e e et et et et et et et e et et e e e e e e eaaneaeenans 11

3.1.2 MasS Of FTAIME ...ttt ettt ettt e e e e e e e et e 11

3.1.3 Equivalent Lateral Force Procedure .............c.cuiuinininininiinininininenenenenanns 13

3.2 Linear DynamiC ANalySiS ... ....uuenentenetit et et et e et e a et eae e eneae e aneaeanans 16
3.2.1 Response Spectrum ANaLYSIS ... ..ueueutnenentnttttte e 16

3.2.2 Linear Modal Time History ANalysis ..........cocuenininininiiiiiiiiiiinnne .. 19

3.3 Nonlinear Dynamic ANALYSIS ... .cuuutntnttt ettt e e eieaeanes 22
3.3.1 Direct Integration Time History Analysis .........couvriiiniiininriinieeienennenens. 22

3.3.2 Fast Nonlinear Analysis (FNA) . .....uuiii ittt 24

4. Parametric STUAY .. ....uttti et et e 28
4.1 GroUNd MOLIOTIS . .. ettt ettt ettt e et ettt e e et e e et et et e e 28
4.2 Linear vs Nonlinear Analysis . ........uuuntnenenenenttiit e eeiaaeaenes 36
4.3 Damper Model ... ... e 36
4.4 Damper LOCAtION .. ...ttt e e 46
4.4.1 Damper CONfigUIation ... ........ueueneneeneneeneneneeneneneeneneaeeneneaneneaeanenns 46

4.4.2 Damper OTientation ... ........uiuintiniiit ittt 54

4.5 Damper ProPerties .. ...ttt ettt ettt e 57
4.6 Nonlinear Frame With HINGES ...........ouiiiiiiiii e 65

D RESULIES .ttt e 74
5.1 Demand ValUes . ... ...ttt et e e e e e e 74
5.2Damping ENETIEY .. ...t e 80
5.3 BaSE SHEAT ...ttt e 84



5.4 COMCIUSION ettt ettt e et e e e e e e e e e e 85

Appendix A: Data Tables . ...ttt e 86
Appendix B: PYthOn SCIiPLS ...ttt ittt et e e e e e e e e 96
RO OTEIICES ...ttt ittt e e e e e 104

LIST OF FIGURES

Figure 1: Diagram of a Fluid Viscous Damper

Figure 2: Photo of Damper - 999 Sepulveda, El Segundo, CA
Figure 3: Photo of Damper - Cal Poly Pomona Library, Pomona, CA
Figure 4: Close Up of Fluid Viscous Damper

Figure 5: Frame Elevation

Figure 6: Frame Model with Applied Mass

Figure 7: Plot of Story Displacements

Figure 8: Plot of Response Spectrum

Figure 9: Response Spectrum Input in Etabs

Figure 10: Response Spectrum Load Case Input in Etabs

Figure 11: El Centro Ground Acceleration Input in Etabs

Figure 12: Etabs Input Window for El Centro THA Load Case
Figure 13: El Centro Acceleration Response Spectrum From Etabs
Figure 14: Etabs Input for Direct Integration THA Load Case
Figure 15: Damping Input for Direct Integration THA Load Case
Figure 16: Etabs Input for FNA Modal Case

Figure 17: Etabs Input for FNA Dead Load THA Load Case
Figure 18: Etabs Input for FNA El Centro Ground Motion Load Case
Figure 19: Ground Motion 1 Acceleration Plot

Figure 20: Ground Motion 2 Acceleration Plot

Figure 21: Ground Motion 3 Acceleration Plot

Figure 22: Ground Motion 4 Acceleration Plot

Figure 23: Ground Motion 5 Acceleration Plot

Figure 24: Ground Motion 6 Acceleration Plot

Figure 25: Ground Motion 7 Acceleration Plot

Figure 26: Plots for Ground Motion 1

Figure 27: Plots for Ground Motion 2

Figure 28: Plots for Ground Motion 3

Figure 29: Plots for Ground Motion 4

Figure 30: Plots for Ground Motion 5

Figure 31 :Plots for Ground Motion 6

Figure 32: Plots for Ground Motion 7

Figure 33: Etabs Input for Fluid Viscous Damper

Figure 34: Etabs Input for Damper Properties

Figure 35: Etabs Input for Sine Function



Figure 36:

Etabs Input for Damper Load Case

Figure 37a: Damper Model in Etabs
Figure 37b: Hysteretic Curve from Computer Model
Figure 37c: Hysteretic Curve from Taylor Devices

Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
Figure 74:
Figure 75:
Figure 76:
Figure 77:
Figure 78:
Figure 79:

Frame Elevation with 1 Damper

Bar Graph of Deflection Results with 1 Damper

Frame Elevation with 2 Dampers

Bar Graph of Deflection Results with 2 Dampers

Frame Elevation with 3 Dampers

Bar Graph of Deflection Results with 3 Dampers

Bar Graph of Change in Results Between 1 to 2 Dampers

Bar Graph of Change in Results Between 2 to 3 Dampers

All Damper Configurations with 1 Damper

All Damper Configurations with 2 Dampers in a Row of Bays

All Damper Configurations with 2 Dampers in a Column of Bays

All Damper Configurations with 3 Dampers

All Damper Configurations with 4 Dampers

All Damper Configurations with 6 or More Dampers

% Decrease in Deflection for Configurations with 1 Damper

% Decrease in Deflection for Configurations with 2 Dampers in a Row

% Decrease in Deflection for Configurations with 2 Dampers in a Column

% Decrease in Deflection for Configurations with 3 Dampers

% Decrease in Deflection for Configurations with 4 Dampers

% Decrease in Deflection for Configurations with 6 or More Dampers

Damper Configuration C28 with New Orientation

Damper Configuration C32 with New Orientation

Damper Configuration C34 with New Orientation

Damper Configuration C38 with New Orientation

Comparison of Results for Configuration C28 with Original and New Orientation
Comparison of Results for Configuration C32 with Original and New Orientation
Comparison of Results for Configuration C34 with Original and New Orientation
Comparison of Results for Configuration C38 with Original and New Orientation
% Decrease in Deflection for Damper Configuration 28 with C =1

% Decrease in Deflection for Damper Configuration 28 with C =2

% Decrease in Deflection for Damper Configuration 28 with C = 4

% Decrease in Deflection for Damper Configuration 32 with C = 1

% Decrease in Deflection for Damper Configuration 32 with C = 2

% Decrease in Deflection for Damper Configuration 32 with C = 4

Change in % Decrease in Deflection for Damper Configuration 28 when C goes from 1 to 2
Change in % Decrease in Deflection for Damper Configuration 28 when C goes from 2 to 4
Change in % Decrease in Deflection for Damper Configuration 32 when C goes from 1 to 2
Change in % Decrease in Deflection for Damper Configuration 32 when C goes from 2 to 4
Hysteretic Curves for Varying a Values with C = 2

Etabs Input for Level 1 Beam Hinge Property

Etabs Input for Level 2 Beam Hinge Property

Etabs Input for Level 3 Beam Hinge Property



Figure 80: Etabs Input for Interior Column Hinge Property

Figure 81: Etabs Input for Exterior Column Hinge Property

Figure 82: Displacement for the Frame with No Dampers - With and Without Hinges

Figure 83: Displacement for the Damper Configuration 28 - With and Without Hinges

Figure 84: Displacement for the Damper Configuration 32 - With and Without Hinges

Figure 85: % Decrease in Displacement for Damper Configuration 28 - With and Without Hinges
Figure 86: % Decrease in Displacement for Damper Configuration 32 - With and Without Hinges
Figure 87: % Decrease in Displacement for Damper Configuration 28 - Varying C Values

Figure 88: % Decrease in Displacement for Damper Configuration 32 - Varying C Values

Figure 89: Hinge Response Curve for Frame with Dampers

Figure 90: Hinge Response Curves for Frame with Configuration 28 for Ground Motion 2 and 6
Figure 91: Hinge Response Curves for Frame with Configuration 32 for Ground Motion 2 and 6
Figure 92: Axial Force Diagrams for Configuration 28

Figure 93: Axial Force Diagrams for Configuration 32

Figure 94: Axial Force Diagrams for Frame with No Dampers

Figure 95: Shear Force Diagrams for Configuration 28

Figure 96: Shear Force Diagrams for Configuration 32

Figure 97: Shear Force Diagrams for Frame with No Dampers

Figure 98: Moment Diagrams for Configuration 28

Figure 99: Moment Diagrams for Configuration 32

Figure 100: Moment Diagrams for Frame with No Dampers

Figure 101: % Change in Moment Demands for Configuration 28

Figure 102: % Change in Moment Demands for Configuration 32

Figure 103a: Legend for the Cumulative Energy Plots

Figure 103b: Cumulative Energy for Configuration 28 - Without Hinges

Figure 104: Cumulative Energy for Configuration - With Hinges

Figure 105: Cumulative Energy for Frame with No Dampers - Without Hinges

Figure 106: Cumulative Energy for Frame with No Dampers - With Hinges

Figure 107: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 2 - Without Hinges
Figure 108: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 2 - With Hinges
Figure 109: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 7 - Without Hinges
Figure 110: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 7 - With Hinges
Figure 111: Graph of Base Shear Values

Figure 112: Frame Elevations of Damper Configurations 28 and 32

LIST OF TABLES

Table 1: Vertical Distribution of Base Shear

Table 2: Response Spectrum Analysis Results

Table 3: El Centro Ground Motion Linear Analysis Results

Table 4: El Centro Ground Motion Nonlinear Analysis Results

Table 5: Linear and Nonlinear Analysis Results for 7 Ground Motions
Table 6: Hinge Locations in Etabs

Table 7: Max Demand Values from Etabs



Table 8: Data for Figure 39
Table 9: Data for Figure 41

Table 10:
Table 11:
Table 12:
Table 13:
Table 14:
Table 15:
Table 16:
Table 17:
Table 18:
Table 19:
Table 20:
Table 21:
Table 22:
Table 23:
Table 24:
Table 25:
Table 26:
Table 27:
Table 28:
Table 29:
Table 30:
Table 31:
Table 32:
Table 33:
Table 34:
Table 35:
Table 36:
Table 37:
Table 38:
Table 39:
Table 40:
Table 41:
Table 42:
Table 43:
Table 44

Data for Figure 43

Data for Figure 44 and Figure 45

Data for Figure 52

Data for Figure 53

Data for Figure 54

Data for Figure 55

Data for Figure 56

Data for Figure 57

Data for Figure 58 (Original Orientation)
Data for Figure 58 (New Orientation)
Data for Figure 59 (Original Orientation)
Data for Figure 59 (New Orientation)
Data for Figure 60 (Original Orientation)
Data for Figure 60 (New Orientation)
Data for Figure 61 (Original Orientation)
Data for Figure 61 (New Orientation)
Data for Figure 66

Data for Figure 67

Data for Figure 68

Data for Figure 69

Data for Figure 70

Data for Figure 71

Data for Figure 72

Data for Figure 73

Data for Figure 74

Data for Figure 75

Data for Figure 85

Data for Figure 86

Data for Figure 82

Data for Figure 83

Data for Figure 84

Data for Figure 87

Data for Figure 88

Data for Figure 101

Data for Figure 102



1. INTRODUCTION

Based on the current building codes used to design buildings today, structures are both allowed
and expected to experience damage during a seismic event. Typically, the preferred response is ductile
yielding, since it provides indicators of failure before it happens and it is gradual, unlike brittle failures
which can happen very suddenly. For this type of response to happen in a structure, the members must
yield and go beyond the elastic region to the point where permanent deformation takes place.

While this type of response may meet code requirements for life safety in the case of a seismic event,
it often leads to extensive damage in the structural, and nonstructural elements of the building. This
damage can often be very costly to repair and can take a significant amount of time. This makes the
building unoccupiable which negatively impacts anyone who uses the building. By limiting or even
eliminating this damage, the time after a seismic event before a building can once again be occupiable
can be decreased significantly.

The use of fluid viscous dampers allows for some of the force from the earthquake to be diverted into
the dampers so that the actual structure has to resist less force. This can cause the necessary yielding of
the structural members to be very minimal if not nonexistent, and therefore the structure experiences
less damage. Since the dampers are not integrally a part of the lateral force resisting system, if they
become damaged after a seismic event it is much easier to remove and replace them, leading to a much
shorter recovery period before the building is occupiable again.

In order to ensure that the additional cost of adding fluid viscous dampers is less than the amount
saved in the reduced recovery and repair time, it is necessary to know specifically what the effects of
the added dampers are, and how the dampers should be implemented in the structure to get the desired
outcome. This report investigates such affects by examining the many variables that impact the perfor-
mance of fluid viscous dampers when added to a steel special moment frame.



2. BACKGROUND

Fluid viscous dampers (FVDs) are devices that are designed to dissipate energy through heat. An
FVD is made up of a piston inside of a cylindrical container that is filled with a viscous fluid. When
the FVD experiences loading, one end of the damper moves relative to the other, causing the piston to
move through the viscous fluid, which pushes it through multiple orifices [7]. The work done by the
piston converts the kinetic energy from the movement of the structure into heat which is given off into
the environment. When applied in building structures, FVDs are used as a tool to divert energy from a
seismic event away from the structure of the building. FVDs are velocity dependent devices since they
rely on the movement of the ends of the damper. The relationship between the force in the damper and
velocity is shown in equation 1 below. The physical properties of the damper such as its size determine
the coefficient, C and the relationship between the velocity and the force can either be nonlinear or
linear, depending on what value is chosen for the damping coefficient a. Since FVDs are velocity depen-
dent and not frequency dependent, they do not have to be tuned to a specific frequency. FVDs also do
not add any additional stiffness to the structure which means that the use of FVDs does not change the
fundamental building period.

Taylor Devices Inc. is one of the industry leaders in the creation of FVDs. The company began in
1955 with the mission to create high quality products and to provide systems analysis, product devel-
opment, and manufacturing and testing capabilities to their customers [3]. Fluid viscous dampers were
originally made for NASA in the 1960s and then were later adopted into use for structural engineering
[4]. The first structures that FVDs were used in were for the military such as missile launch structures,
and then they were eventually sold commercially to be used in any buildings [5]. The technology of
FVDs continued to develop throughout the 1980s and 1990s and after the Northridge earthquake in
1994, there was increased interest in the use of FVDs to protect buildings during seismic events. The
fluid viscous dampers created by Taylor Devices can increase structural damping levels to as much as
50% of critical. The dampers they create are designed and tested to meet the necessary requirements
of the customer.

FVDs connect to the structure through a Clevis on either end and to allow for additional movement
there is typically a spherical bearing inside the Clevis [7]. Taylor Devices dampers are rated for forces
up to 1800 kips and they are analyzed for strength using finite element analysis [7]. Since FVDs only
provide resistance to force when the structure causes them to move, they do not carry any static load
in the structure. As a structure moves to its farthest point velocity goes to zero, and when it moves
back to the point where it started the velocity increases to a maximum. This means the damper force
is largest when the structure is not deflecting and it is at zero when the structure is at peak deflection
which means the FVD is out of phase with the movement of the structure, and it increases the building’s
ability to withstand earthquakes.

F=CxV® (Eq-1)

A diagram of a typical fluid viscous damper is shown in Figure 1, and Figures 2 through 4 show
images of fluid viscous dampers after they have been installed in buildings.
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Figure 1: Diagram of a Fluid Viscous Damper [7 ]

Cal Poly Pomona Library - Pomona, CA - Retrofit

Figure 2: Photo of Damper - Cal Poly Pomona Library, Pomona, CA [7]
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Figure 3: Photo of Damper - 999 Sepulveda, El Segundo, CA [7]

Figure 4: Close Up of Fluid Viscous Damper [6 ]
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3. ANALYSIS PROCEDURES

3.1 Linear Static Analysis

3.1.1 Structural System

The structural system is a steel special moment frame that would be used as the lateral force re-
sisting system in a typical steel building built in a high seismic area. The Frame is 3 stories tall and 3
bays wide. Each bay is 30 ft long, the height from the ground to the first level is 16 ft, and the height
from the first level to the second level, and from the second level to the third level is 14 ft. All columns
in the frame are W14x93 sections. The beams at the first level are W24x84 sections, the beams at the
second level are W18x76 sections, and the beams at the third level are W16x26 sections. An elevation

of the frame and member sections is shown in fig 5.
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3.1.2 Mass of Frame

The desired period for the frame is .7 which is the period of the building from which this frame
came from and is roughly .2 seconds per story. To get an initial estimation for the mass of the building
based on a period of .7, the following equation is used:

m
T = 2m* E—)m

(

T

27

Figure 5: Frame Elevation
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To find the stiffness of the structure the assumptions below are used:

for the first level: k = @
H3
for all other levels: k = E
3

for W14x193 columns, the moment of inertia is I = 2400 in* and for steel the modulus of elasticity
is E = 29000 ksi.

Column stiffnesses on the same level are in parallel so their stiffness values will be added, while the
stiffnesses from each level are in series so the inverse of their stiffnesses will be added together.

6 % 29000 ksi % 24000 in*
k, = = 59 k/i
1T 6 ft x12in/f 0P ? K/in

Since there are 4 columns on one level: 4% 59 k/in =236 k/in

_3%29000 ksi * 24000 in*
27 (14ft x12in/ft)3

Since there are 4 columns on one level: 4x44 k/in =176 k/in

= 44 k/in

To find the total stiffness for the building:

1 1 1 1
- + + Keorat = 641 k/i
keotar 236 k/in 176 k/in 176 k/in — Ktotal /in

Using the equation for mass previously determined:

2
m = (—7) (64.1k/in) =.796 ks?/in
27

To determine the distribution of mass in the frame, the total mass is divided by 2.9 to get the mass
at each floor and that value is multiplied by .9 to get the mass at the roof.

floor mass: .796 ks2/in/2.9 = .2745 ks%/in %(1000 Ib/k)* (12 in/ft)=3292 Ib—s?/ft
roof mass: .2745 ks?/in%.9 = .2470 ks?/in %(1000 Ib/k)* (12 in/ft)=2963 lb—s2/ft

The portal method is used to distribute the mass between the columns at each level, where the in-
terior columns receive twice the mass as the exterior columns:

interior floor column mass: 3292 [b—s2/ft /3 = 1097 Ib—s?/ft
exterior floor column mass: 3292 Ib—s2/ft /6 = 548.7 Ib—s2/ft
interior roof column mass: 2963 1b—s2/ft /3 = 987.7 Ib—s?/ft
exterior roof column mass: 2963 Ib—s2/ft /6 = 493.8 [b—s%/ft

12



The frame is modeled in Etabs and the mass is applied in the x direction to the joints where the
columns and beams intersect at every level. The frame is analyzed with modal analysis and the period
with the initial assumption for mass determined above is .6091 seconds. To increase the period so that
it is closer to .7 seconds, the mass is increased by approximately 40%. The new mass values are:

interior floor column mass: 1553 Ib—s%/ft
exterior floor column mass: 776.5 [b—s2/ft
interior roof column mass: 1398 [b—s2/ft
exterior roof column mass: 699.2 1b—s2/ft

An elevation of the frame with the masses applied is shown in Figure 6 below.

Figure 6: Frame Model with Applied Mass

With these new masses, the period increases to .7142 seconds, which is determined to be close enough
to .7 to be acceptable.

3.1.3 Equivalent Lateral Force Procedure

The seismic base shear, V is calculated for the frame based on the equivalent lateral force proce-
dure presented in ASCE 7-16. The site class is assumed to be site class D - Stiff Soil, and the risk
category selected for a typical building that this frame would be a part of is category II. The location
used to determine the spectral acceleration values is located in a high seismic region of the Bay Area.
The coordinates are: latitude 37.87319797, longitude -122.01933144. Using the SEAOC Seismic Maps
Tool, the spectral accelerations are determined to be Sg¢ = 2.142 and S; = .716. The site coefficient
modification factors are found in tables 11.4-1 and 11.4-2 in ASCE 7-16: F, = 1.0 and F, = 1.7. The
modified and design spectral response accelerations are found as shown below:

13



Sus = F.Ss =1.0%2.142 = 2.142 [ASCE 7-16 Eq. 11.4-1]

Sy1= F,S, =1.7%.716 = 1.217 [ASCE 7-16 Eq. 11.4-2]
2 2

Sps = SSus =3 *2.142 =1428 [ASCE 7-16 Eq. 11.4-3]
2 2

Spr= S =3*1.217 = 8115 [ASCE 7-16 Eq. 11.4-4]

The seismic response coefficient is determined using the S;¢ and Sj; values previously calculated.
The period, T is .7 as assumed above. From ASCE 7-16 Table 12.2-1, the response modification factor, R
for a steel special moment frame is found to be 8. For a risk category II building, the importance factor,
I, is equal to 1.0 . Assuming that the period is less than T;, the seismic response coefficient, Cg will be
the lesser value from the two equations below:

S 1.428
Co=-"2 =72 =1785 [ASCE 7-16 Eq. 12.8-2]

ro (0

S .8115
Cs= bl _ =.1449 [ASCE 7-16 Eq. 12.8-3]

(7))

Cs also cannot be less than: .044S,5I, > 0.01 = .0444x1.428+x1 =.0628 > 0.01

055, _ .5%.716

For an S, value larger than .6g, Cs shall not be less than: R g =.0448
GG
Based on all the requirements from ASCE 7-16, Cg = .1449
The seismic base shear is calculated with the following equation:
V = CW [ASCE 7-16 Eq. 12.8-1]

The seismic weight, W is found by multiplying the frame mass found previously by gravity:
W = (.796 ks?/in)*(386.4 in/s®>) = 307.6 k
Seismic base shear, V =.1449 «307.6 = 44.57 k

The seismic base shear is distributed vertically to each level with the following equation:

k
w,h

F, = C,V where C,, = Zwihi.‘

14



w, and w; are the portions of the seismic weight at level x or i

h, and h; are the heights from the base to level x or i

the exponent k is related to the period, and for a period of .7142 (between .5 and 2.5 s), k is determined
through linear interpolation between 1 and 2:

k=1+ [(225__15) x(.7142 — .5)] =1.1

the table below shows the distribution of forces to each level:

level x | h, hi‘c w, wxhﬁ Coy F,

3 44 | 64.24 | 95.45 | 6132 | .4775 | 21.281
2 30 | 42.15 | 106.1 | 4471 | .3481 | 15.516
1 16 | 21.11 | 106.1 | 2239 | .1744 | 7.7711
totals 307.6 | 12842 | 1.00 | 44.57

Table 1: Vertical Distribution of Base Shear

The distributed forces in the table are applied to the frame model in Etabs to determine the story dis-
placements at each level

Maximum Story Displacement

.7800"

Story3

o2 4760"

.2096"

Story1

0 20 160 240 320 100 480 s60 640 720 200 £3
Displacement, in

Figure 7: Plot of Story Displacements
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The elastic displacements from Etabs are used in the following equation to determine the deflection
used to calculate the story drift:
Cd 6xe

5, =~ [ASCE 7-16 Eq. 12.8-15]

e

Cy is the deflection amplification factor and it is found in ASCE 7-16 table 12.2-1
For a steel special moment frame C; = 5.5

5.5%.7800
forlevel 3: 6, = % =4.29 in
5.5%.
forlevel 2: 6, = —*14760 =2.62 in

5.5%.2096
forlevel 1: 6, = +9 =1.15in

The story drift, A is equal to the change in displacement between the 2 adjacent stories:
for level 3: A; = 4.29 in—2.62 in = 1.67 in

for level 2: A, = 2.62in—1.15in = 1.47 in

forlevel 1: A; = 1.15in—0in = 1.15in

Through this initial simple analysis procedure, a general idea of the story drift in the frame is deter-
mined. To ensure the reliability of the Etabs model, the base shear is compared to the value found by
hand:

V (by hand) =44.5684 k
V (Etabs) = 44.5682 k

44.5684 — 44.5682
44.5684

percent difference: ( )* 100 = .00045%

3.2 Linear Dynamic Analysis
3.2.1 Response Spectrum Analysis

To determine the maximum performance of the structure, Response Spectrum Analysis is carried
out to determine how the frame deflects for each mode. The analysis is done both by hand and in Etabs
to ensure that the results from the computer model are reliable.

The calculations for the response spectrum analysis by hand were done in python and the code
can be found in Appendix B. For the hand calculations, double bending was assumed for stiffness, and
it was assumed that the bottom level of columns would have greater stiffness than the upper levels.
Eigen analysis was used to determine the mode shapes and squared frequency values (® and 92). The

16



response spectrum was created based on the equations found in section 11.4 in ASCE 7-16 and the
same values from the Equivalent Lateral Force Procedure were used for S; and S;. The plotted response
spectrum can be seen in Figure 8. The period for each mode was calculated using ©? and for each
period the associated acceleration from the response spectrum was determined, which was then used
to determine the displacement for each mode. This, along with the modal participation factor, allowed
for the calculation of the max q values which were then converted back into u (displacement) values.
Once the max displacements from each mode were found, they were combined using the square root of
the sum of squares (SRSS) method to determine the max displacement at each degree of freedom (DOF).

500 -

400 ~

300 ~

200 4

Response Acceleration, A (in/s”2)

0 1 2 3 4 5
Period, T (s)

Figure 8: Plot of Response Spectrum

In Etabs, to create the response spectrum the same Sg and S; values that were used for the hand calcu-
lations were entered as shown in Figure 9. To stay consistent with the hand calculations, the modal case
sub type used was Eigen. For the load case, the accelerations were scaled by 386.4 to get the values in
the same units as the hand calculations and the modal combination was selected to be SRSS which can
be seen in Figure 10.
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Response Spectrum ASCE 7-16 Function Definition

Function Name

Parameters

0.2 Sec Speciral Accel. S 2182
1 Sec Spectral Accel, 1 0718
Long-Period Transttion Period

Ste s
Site Coefficient, Fa 1
Site Coefficient, Fv 17

Calcuiated Values for Response Spectrum Curve

SDS=(2/3)"Fa* Ss 1428
SD1=(2/3)"Fv " 51 08115

Function Graph

Fu

Function Damping Ratio

E—

|
00 10 20 30 40 50 60 T 8O 90 100

Plot Options

@ Linar X~ Linear Y
O Linear X-Log ¥
O Log X - Linear Y
O LogX-Log Y

Figure 9: Response Spectrum Input in Etabs

Load Case Data

General

Load Case Name | | Design... |

Load Case Type Resporse Spectum v [ Notes |

Mass Source | Previous. (MsseT)

Analysis Model | Defaut
Loads Applied

Load Type Load Mame Function Scale Factor o
U1 Response Spectum  |386.4 Add
] Advanced

Other Parameters

Modal Load Case Modal |

Modal Combination Method 'SRSS ~|

[ Include Rigid Respanse

Earthquake Duration, td

Directional Combination Type

Rigid Frequency, f1
Rigid Frequency, f2

Periodic + Rigid Type

SRS5

Absolute Directional Combination Scale Factor

Modl Damping |Constart at 0.05

Diaphragm Eccentricity |Dfor All Diaphragms

Figure 10: Response Spectrum Load Case Input in Etabs
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The max displacements from the response spectrum analysis by hand and from Etabs can be found in
Table 2 below. The large percent error is caused by the fact that double bending was assumed for the
hand calculations, but this is not the case for Etabs. Etabs does not model the members as perfectly
rigid to make the model more realistic. This lower stiffness means that for the same force, the frame
will deflect more.

Level | Hand Calculated Displacement | Etabs Displacement | % error

3 6.233 in 7.765 in 24.6%
2 4.881 in 4.8341 in .964%
1 2.351in 2.157in 8.24%

Table 2: Response Spectrum Analysis Results

3.2.2 Linear Modal Time History Analysis

To see how the frame initially performs under earthquake loading, the frame is analyzed using
the linear time history analysis (THA) method with the El Centro ground motion. The results from
this analysis can be compared to that of the earthquake response spectrum generated by Etabs and the
results from this analysis will serve as a baseline for further analysis of the frame. Looking at a time
history analysis provides a better view of the overall performance of the frame compared to the response
spectrum analysis, and it allows for comparison of performance by looking at the affects from multiple
ground motions. Inputting the El Centro ground motion is shown in Figure 11 and the load case created
to run the linear time history analysis is shown in Figure 12.
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E Tirne History Function Definition - From File

Time History Function Mame

Function File Values are:
File Name Browse... () Time and Function Values
D:\Senior Project\elcentro dat b @® Values at Equal Intervals of

Header Lines to Skip T
Prefix Chars. Per Line to Skip l:l @ Free Fommat
Number of Paints per Line () Fixed Fomat

Convert to User Defined View File Characters per kem

Function Graph

E-3
300 —
200 —
100 —

] 25 50 % 100 125 150 175 200 225 250

OK Cancel

Figure 11: El Centro Ground Acceleration Input in Etabs
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The acceleration value for the linear modal THA in Table 3 above was found using the relation between
the displacement, acceleration, and frequency squared, as well as the relationship between the period

Load Case Data x
General
Load Case Name Design...
Load Case Type/Subtype Time History ~ | Linear Modal L Motes... I
Mass Source Previous (MsSrcl)
Analysis Model Default E
Loads Applied
| Load Type Load Name Function Scale Factor i/
| U elcertro dat 3864 Add
Delste
[] Advanced
i Other Parameters
Modal Load Case Modal e
Time History Motion Type Transient ~
Mumber of Output Time Steps 2000
Cutput Time Step Size sec
Madal Damping Constant at 0.05 Modify/Show
OK Cancel [

Figure 12: Etabs Input Window for El Centro THA Load Case

Etabs Computer Model Results

Max Deflection (in)

Max Acceleration (in/s%)

EQ Response Spectrum

.6204

48.021

Linear Modal THA

.5909

45.7335

Table 3: El Centro Ground Motion Linear Analysis Results

and the frequency, as shown by the equations below:

2 2
w =T T 8.798 rad/s
T 7142
. A 2
Displacement, D = — —A = Do® =

w
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Response Spectrum for Specified Damping Ratios X
File

Response Spectrum Piot Defined Time Histories Spectied Damping Ratios

Time History Scale Factor P ][ aad
25— 6

Damping Ratio_ Color
Legend Png
005

25— ——— Damping 005

29
20-
72—
Delete
3|

Response Spectum Plt Optons Plot Aves Optons
e Horizrtal Asis kem
@® Feriod

O Frequency

@ Plt spectumfor selected history

Psuedo Spectral Acceleration, PSA

Horizontal Avis Scale

@© Linear Scale
O ' 1 ' ' ' ' ' ' ' ! O Logarthmic Scale
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Period, sec Vetical Axs Scdle
Response Spectum Widening Options @® Linear Soale

Logarthic Scale
(0.709046. 33.614767) ® Donot widen O Widen by O Lo

oK

Figure 13: El Centro Acceleration Response Spectrum from Etabs

The acceleration from for the earthquake response spectrum is found from a graph in Etabs shown in
Figure 13. The acceleration value is divided by .7 to get a more accurate estimate of what the accel-
eration would be at the top level of the frame. The same equation used above is used to calculate the
displacement based on that acceleration value:

A 48.021
A = (33.615in/s%)/.7 = 48.021in/s> D = — = —— = 6204i
( in/s*)/ in/s* — 7 87932 in

3.3 Nonlinear Dynamic Analysis
3.3.1 Direct Integration Time History Analysis

Nonlinear analysis using direct integration involves solving the equations of motion through in-
tegration. The integration takes place at very small time steps compared to how long the structure is
being loaded for. The equation of motion is:

Mii(t) + Cu(t) + ku(t) = F(t)

In the equation above, M, C, and K are the mass, damping, and stiffness matrices, respectively.
ii(t), u(t), and u(t) are the acceleration, velocity and displacement vectors, respectively.

To run direct integration in Etabs, a nonlinear time history load case has to first be created. As
with the linear modal time history analysis, the El Centro ground motion is input into Etabs as a time
history function. For the direct integration load case, the initial conditions are set to start from zero, and
the load type is chosen to be acceleration in the x direction. The scale factor is put in as 386.4 to get the
results in the correct units by multiplying by gravity. The number of time steps and the time step size
are changed to match the El Centro ground motion data. The input for the direct integration load case
is shown in Figure 14. To get the correct damping for this analysis, the settings are changed to specify
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damping by period, and for the fundamental period of the structure, .7142, a damping value of .05 is
entered. For the second period a value of .1 is entered to create a large enough range between the two
periods, and a damping value of .05 is also entered. Doing this forces the damping to be 5% between
the first and second period. An in-depth analysis would be required to determine the best value for the
second period which is outside the scope of the project. The modal settings for the direct integration
load case can be seen in Figure 15. The deflection results from the direct integration time history anal-
ysis are shown in table 4 in the next section.

Load Case Data X
General
Load Case Name TH load case| Design...
Load Case Type/Subtype Time History ~ | Nonlinear Direct Integration -~ Motes I
Mass Source MsSrct ~
Analysis Model Diefault E

Initial Conditions
(® Zero Initial Conditions - Start from Unstressed State
() Continue from State at End of Nonlinear Case (Loads at End of Case ARE Included)

Nanlingar Case

Loads Applied
i Load Type Load Name Function Scale Factor i
ut eloentro dat 3864 Add
Delete
[1 Advanced

Cther Parameters

Geometric Nonlingarity Option None L
Mumber of Output Time Steps
Cutput Time Step Size sec
Damping Period Ratio for Mode 1 Modify/Show
Time Integration Hilber-Hughes-Taylor Modify/Show...
Monlinear Parameters Defautt Modify/Show...

OK Cancel

Figure 14: Etabs Input for Direct Integration THA Load Case
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m Direct Integration Damping *

Modal Load Case Modal ~

Vizcous Proportional Damping

Mass Proportional Stiffness Proportional
Coefficient Coefficient

O Direct Specification
@ Specify Damping by Period

O Specify Damping by Frequency

Specify as Period Ratio, T/'T_mode, for This Mode
Period Ratio Damping
Additional Modal Damping
Include Additional Modal Damping
Maximum Considered Modal Frequency 100 1/sec

Meodify/Show Modal Damping Parameters...

oK Cancel

Figure 15: Damping Input for Direct Integration THA Load Case

3.3.2 Fast Nonlinear Analysis (FNA)

FNA is a modal analysis method that is an alternative analysis method that works by separating
the nonlinear object force vector Ry, (t) from the elastic stiffness matrix and the damped equations of
motion [1]. The equation of motion for FNA is:

Mii(t) + Cu(t) + ku(t) + Ry, (t) = R(t)

In the equation above, R(t) is the external applied load vector and Ry (t) is the force vector from
all the nonlinear elements. The rest of the variables were defined previously.

FNA works well for structures where specific elements are expected to go nonlinear and the rest
of the structure remains elastic. This will be the case when dampers are added to the model. The ad-
dition of the dampers allows for the rest of the frame to remain elastic or linear, while the dampers go
nonlinear, but FNA does not consider geometric or material nonlinear behavior. FNA is also very effi-
cient, and it is much faster compared to direct integration. FNA is very efficient because it relies on ritz
vectors, which are used to determine a sufficient number of structural modes to represent the behavior
of the structural response [2]. Only vectors that respond to the particular loading used are sought out.
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The ritz vectors represent the equilibrium relationships within the elastic structural system [1]. At every
time increment the modal equations are uncoupled and solved, and the forces in the nonlinear degrees
of freedom are resolved through an iterative process that will converge to reach equilibrium [1]. As
long as FNA has good mode shapes the analysis will produce accurate results, whereas direct integra-
tion needs to have small enough time steps to accurately characterize dynamic behavior [1]. FNA also
relies on only modal damping and direct integration uses mass and stiffness proportional damping. This
is useful since modal damping does not require the formation or storage of a fully populated damping
matrix.

To begin to analyze the frame with FNA in Etabs, the modal load case is changed from Eigen to Ritz.
For this modal case, the load types are acceleration in the x direction and dead load. The maximum
number of modes is set at 100 to ensure that enough modes will be used. The ritz vector modal case
input can be seen in Figure 16. Next, in order for FNA to work, there needs to be a load case for dead
load. The dead load that is applied to the structure is 100 k at the exterior columns at all levels and 200
k at the interior columns at all levels. To determine if the amount of dead load has any significant effect
on the results, the analysis was run with a range of dead load values for the exterior columns: 10 k, 15
k, 20 k, 50 k, 75 k, and 100 k while the interior columns had double the exterior column weight. The
results revealed that the dead load applied had a negligible effect on displacement so all results moving
forward are based on the 100 k and 200 k dead loads. For this load case the loads applied are just the
dead load with the default ramp function used. The modal load case is changed to be the ritz vector
modal case that was previously made. For FNA the damping is kept at a constant value of .05. The FNA
load case for dead load can be seen in Figure 17.

Meodal Case Data be
General
Modal Case Mame Modal1 Design...
Modal Case SubType Ritz ~ Notes.. I
Mass Source MsSrc1
Analysis Model Defautt
P-Delta/Monlinear Stiffness
(@ Use Preset P-Delta Settings None Modify./Show...

(C) Use Nonlinear Case (Loads at End of Case NOT Included)

Norlinear Case

| Losts ropied
Target Dyn. Par. t‘
Load Type Load Name Maximum Cycles Ratio. %
= Add
Delete
Load Pattem Dead ] 59
Cther Parameters
Maximum Mumber of Modes
Minimum Mumber of Modes

0K Cancel

Figure 16: Etabs Input for FNA Modal Case
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Load Case Data X

General

Load Case Name |FNA dead| | Deesign

Load Case Type/Subtype Time History ~ | Nonlinear Modal (FNA) s Motes... I
Mass Source Fravious (MzSrcl)

Analysis Model Default E

Initial Conditions
(® Zaro Initial Condtions - Start from Unstressed State
() Continue from State at End of Norlinear Case (Loads at End of Case ARE Included)

Nonlingar Case

Loads Applied
Load Type Load Mame Function Scale Factor o
[ Dead Rarp TH * Add
Delste
[] Advanced

Other Parameters

Modal Load Case Modal1 i
Mumber of Output Time Steps
Qutput Time Step Size sec
Modal Damping Constant at 0.05 Modify/Show...
3l Monlinear Parameters Default Modify/Show
OK Cancel

Figure 17: Etabs Input for FNA Dead Load Time History Analysis Load Case

After creating the FNA load case for dead load, a load case needs to be created for the El Centro ground
motion. For this load case, instead of starting at zero initial conditions, it is changed to continue from
the FNA dead load case. The loads applied is selected as acceleration in the x direction and the function
is the El Centro ground motion with the scale factor set as 386.4. The modal case is change to the ritz
vector modal case, and as for the dead load case, damping is kept as .05. The input for this load case is
shown in Figure 18 below.
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Load Case Data x

General

Load Case Name TH load case| ‘ Design...

Load Case Type/Subtype Time History ~ | Nonlinear Modal {FNA) ~ Notes..

Mass Source Previous (MsSrcl)

Analysis Model Default B
Initial Conditions

(O Zero Initial Conditions - Start from Unstressed State

® Cortinue from State at End of Monlinear Case (Loads at End of Case ARE Included)

Monlinear Case FMA dead ~
Loads Applied
Load Type Load Mame Function Scale Factor t‘
Ut slcentro dat 1864 Add
Delete
[ Advanced

Other Parameters

Modal Load Case Modal1 ~

Mumber of Qutput Time Steps 2000

Cutput Time Step Size seC

Modal Damping Constant at 0.05 Modify/Show...

3| Monlinear Parameters Default Madify/Show... i
0K Cancel

Figure 18: Etabs Input for FNA El Centro Ground Motion Load Case

Etabs Computer Model Results

Mazx Deflection (in)

Min Deflection (in)

Max Acceleration (in/s%)

Direct Integration THA .2938 -.5221 40.4086
FNA THA .3531 -.5909 45.7334
Linear Modal THA .3531 .5909 45.7335

Table 4: El Centro Ground Motion Nonlinear Analysis Results

The results from FNA and the direct integration analysis are shown in the table above as well as the
results from the linear time history analysis to compare to. From these results it is clear there is not a
significant difference between the two analysis methods. In fact, for El Centro the results from the linear
modal THA and FNA were the same. Because of this, moving forward FNA will be used for all analysis

since it tends to be more accurate than direct integration and the analysis takes much less time.

27




4. PARAMETRIC STUDY

4.1 Ground Motions

For further analysis seven ground motions were chosen. These ground motions are samples of seis-
mic activity from the bay area in California, which is considered to be a high seismic region. The ground
motions were acquired from a structural engineering firm and they are maximum considered earthquake
(MCE) ground motions. The acceleration plots of the ground motions can be seen in Figure 19 through
Figure 25 below. Figures 26 through 32 show the displacement and velocity plots for all of the ground
motions.

Plot of Ground Motion #1 Acceleration
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y i ‘ i TN SR
(i

Ground Acceleration, (in/s~2)
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=)
—
o
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Figure 19: Ground Motion 1 Acceleration Plot
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Ground Acceleration, (in/s~2)

Ground Acceleration, (in/s”2)

Plot of Ground Motion #2 Acceleration
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Figure 20: Ground Motion 2 Acceleration Plot
Plot of Ground Motion #3 Acceleration
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Figure 21: Ground Motion 3 Acceleration Plot
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Figure 22: Ground Motion 4 Acceleration Plot

Plot of Ground Motion #5 Acceleration
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Figure 23: Ground Motion 5 Acceleration Plot
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Ground Acceleration, (in/s”2)
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Plot of Ground Motion #6 Acceleration

100

0 ALk ’LI ‘ .]\i.‘.‘ I‘ I |IFd AMVA R LY, O ST =N

(N \‘| r ’“I"H\ll \l’w HvH WY WW AW A e v
-100
-200

0 20 40 60 80

Time, t (s)
Figure 24: Ground Motion 6 Acceleration Plot
Plot of Ground Motion #7 Acceleration
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Figure 25: Ground Motion 7 Acceleration Plot
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Figure 26: Plots for Ground Motion 1
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Ground Motion 1 Velocity plot
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Figure 27: Plots for Ground Motion 2
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Figure 28: Plots for Ground Motion 3
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Figure 29: Plots for Ground Motion 4
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Figure 30: Plots for Ground Motion 5
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Figure 31: Plots for Ground Motion 6
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Figure 32: Plots for Ground Motion 7
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4.2 Linear vs Nonlinear Analysis

To begin investigation into the 7 different ground motions, they are each applied to the frame model
and analyzed with linear modal THA as well as FNA. This provides a general idea of how the frame will
perform when subjected to each ground motion and allows for the results from each to be compared
relative to each other. The accuracy of the models can be determined based on how close the results
from the 2 analysis methods are. Since the model does not currently have any nonlinear elements, the
results from the two analysis methods should be very similar. The input for the two analysis methods
is entered into Etabs for each ground motion the same way as for El Centro which is shown in section
3.2.2 and 3.3.2. Note that the time step size and number of time steps are based on the ground motion
data that is being input into Etabs. The results from both analysis methods for all seven ground motions
are shown in Table 5. In the table GM# represents ground motion and which number ground motion it
is.

FNA THA Results Linear Modal THA Results
Max Deflection (in) | Min Deflection (in) | Max Deflection (in) | Min Deflection (in)

GM 1 7.78 -7.86 7.73 -7.91
GM 2 6.72 -7.65 6.70 -7.67
GM 3 7.69 -7.39 7.46 -7.62
GM 4 7.57 -7.59 7.43 -7.72
GM 5 5.30 -8.41 5.33 -8.38
GM 6 8.22 -6.82 8.23 -6.81
GM 7 6.50 -7.75 6.57 -7.67

Table 5: Linear and Nonlinear Analysis Results for 7 Ground Motions

The results in the above table show that the analysis methods, FNA THA and linear modal THA, produce
deflection values that are relatively close for all seven ground motions.

4.3 Damper Model

The Damper that is being modeled in Etabs is based on a fluid viscous damper (FVD) made by
the company, Taylor Devices Inc. For this damper, Taylor Devices performed experimental tests to de-
termine the hysteretic behavior of the damper. The results from the computer analysis of the damper
will be compared to the experimental results acquired from Taylor Devices, to ensure that the model
accurately represents the actual performance of the damper.

To create the damper in Etabs, a new link section property was made. To model a fluid viscous
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damper, the damper type in Etabs is changed to damper - exponential. Since the frame is modeled
along the x-axis, the Ul direction is selected for the direction and the box for nonlinear properties is
checked which can be seen in Figure 33. The linear and nonlinear properties of the specific damper
are entered, which include the stiffness and effective stiffness, the damping and effective damping, and
the damping exponent and are shown in Figure 34. In Etabs, the damper properties are based on the
Maxwell model of viscoelasticity where there is an exponential viscous damper in series with a linear
spring [7]. The stiffness in the Maxwell model reflects the stiffness of the brace that is often used to
connect the damper from one story to another.

Link Property Data «%
General
ok oy e S S
Link Type Damper - Exponential v Acceptance Criteria Modify/Show
Link Propetty Notes Modify/Show Notes... Nane specfied

Total Mass and Weight
Mass Cllbizﬁt Ratational Inertia 1 Cl kipft-s*
Weight b ke Rotational Inertia 2 (I
Ratational Inertia 3 Cl kipft-s*

Factors for Line and Area Springs

Link/Support Property is Defined for This Length When Used in a Line Spring Property [
Link#Support Property is Defined for This Area When Used in an Area Spring Property ft‘
Directional Properties
Direction  Fixed NonLinear Properties Direction Fixed MNonlinear Properties
O Modify./Show for U1.. [0 Rt O
0 uz O O rz O
Owu O O r3 O
Fix All Clear All
Stiffness Options
Stiffness Used for Linear and Modal Load Cases Effective Stiffness from Zero, Else Nonlinear ~
Stiffness Used for Stiffness-proportional Viscous Damping Inttial Stiffness (KO} .
Stiffness-proportional Viscous Damping Coefficient Modfication Factor
Cancel

Figure 33: Etabs Input for Fluid Viscous Damper
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Link/Support Directional Properties *

|dentification
Property Mame FVD
Direction ut
Type Damper - Exponential
MNonLinear Tes

m

Linear Properties

Effective Stiffness 10000 kipin
! Effective Damping kip-s/in
MNonlinear Properties
b Stiffness kip/in
Damping kip“(s/in)"Cexp
Damping Exponent

‘ Cancel

TS T BT T T L e e T

Figure 34: Etabs Input for Damper Properties

For the analysis of this damper, a sine function time history is entered, which is what was used for the
experimental testing. The period of the function is 1.88 seconds, the number of steps per cycle is 20,
the number of cycles is 5, and the amplitude is 21. The input for the time history function is shown in
Figure 35.
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Time History Function Definition - Sine X

Time History Function Name ime History Function

Parameters Define Function
Number of Steps per Cycle
Humber of Cycles
:
Ampitude 0376 19.972187
047 2
0.564 19.572187
Convert to User Defined 0658 16.989357
0.752 v 1234345 v

Function Graph

'
100

OK Cancel

Figure 35: Etabs Input for Sine Function

A load case is created for the analysis of the damper, using nonlinear direct integration. The initial
conditions are starting from 0, and the load pattern that is created uses the sine time history function
that was previously created. The Number of output steps entered is 200, and the output time step size
is .1. When the damper section property is placed in Etabs, it has a pinned support at one end and a
roller support at the other end. A one kip load is applied at the roller support pointed toward the other
end of the damper. The load case input is shown in Figure 36 and the model of the damper is shown in
Figure 37.
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Load Case Data

General
Load Case Name | Design...
Load Case Type/Subtype | Time History ~ | Norlinear Direct Integration | | MNetes... |
Mass Source | Previous s ‘
Analysis Model | Defaut

Initial Conditions
® Zero Initial Conditions - Start from Unstressed State
(O Cortinue from State at End of Monlinear Case (Loads at End of Case ARE Included)

Monlinear Case |

Loads Applied
Load Type Load Mame Function Scale Factor o
Damper Time History Function |1 Add
[ Advanced

Other Parameters

Geometric Nonlinearty Option None: ~ ‘
Mumber of Qutput Time Steps
Cutput Time Step Size seC
Damping | Mass: 0; Stiff: 0; Modal: No Modify/Show...

Time Integration | Hilber-Hughes-Taylor Madify/Show...
Nonlinear Parameters | Default Modify./Show...

Figure 36: Etabs Input for Damper Load Case
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Figure 37a: Damper Model in Etabs
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The hysteretic curves from the Etabs model of the damper and from the experimental testing by
Taylor Devices are shown in Figures 37b and 37c below. The results show that the hysteretic curves
match each other so the damper was modeled correctly in Etabs.

100 -

Axial Force, kip
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Figure 37b: Hysteretic Curve from Computer Model
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Figure 37c: Hysteretic Curve from Taylor Devices [8]
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The damper will now be added to the frame which will be analyzed with FNA for each of the seven
ground motions. The orientation of the dampers will be diagonal, going from the lower left corner of a
bay in the moment frame to the upper right corner. First a single damper will be added to the top level
middle bay. Then a second damper will be added to the bay below, and finally a third damper will be
added to the middle bay in the bottom level. The Etabs Models of the three configurations of dampers,
and graphs showing the decrease in deflection relative to the frame without any dampers are shown
below in Figures 38 through 43. The data for Figures 39, 41 and 43 is shown in Appendix A Tables 8,
9, and 10.

Figure 38: Frame Elevation with 1 Damper

Change in Deflection with 1 Damper
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Figure 39: Bar Graph of Deflection Results with 1 Damper
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Figure 40: Frame Elevation with 2 Dampers
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Figure 41: Bar Graph of Deflection Results with 2 Dampers
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Figure 42: Frame Elevation with 3 Dampers

Change in Deflection with 3 Dampers
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Figure 43: Bar Graph of Deflection Results with 3 Dampers

The graphs above show that as dampers are added to the frame, the deflections for all ground motions
decrease both in the positive and negative x direction. The deflection from ground motion 3 decreases
by the largest amount and the deflection from ground motion 5 decreases by the smallest amount. The
difference in percent decrease in deflection between the maximum and minimum deflection stays con-
sistent as more dampers are added.
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