Department of Civil, Architectural and Environmental Engineering
University of Texas at Austin
Spring 2006

DYNAMIC RESPONSE OF STRUCTURES
CE 384P - Unique No. 14675

Instructor: Lance Manuel

Office: EC] 4.718

E-mail: Imanuel@mail.utexas.edu

Phone: 512-232-5691

Fax: 512-471-7259

Class schedule: Tue/Thu 9:30-11am (ECJ 5.410)

Office hours: Mon 2-4pm, Tue 2:30-4pm, Wed 10am-noon
Other times may always be arranged by appointment.

Textbook: A. K. Chopra, “Dynamics of Structures: Theory and Applications to
Earthquake Engineering,” Prentice Hall, Inc., Second Edition, 2001,

0-\3-0%2T3-2

Reference books: R. W. Clough and J. Penzien, "Dynamics of Structures,” McGraw-Hill,
New York, 1993,
G. C. Hart and K. Wong, “Structural Dynamics for Structural
Engineers,” John Wiley & Sons, Inc., 2000.
J. W. Tedesco, W. G. McDougal, and C. A. Ross, “Structural Dynamics:
Theory and Applications,” Addison-Wesley Longman, Inc., 1999,

Course Web site: http://www.ce.utexas.edu/prof/Manuel/Spring2006_CE384P/home.htm

Course objectives

o To learn methods for analyzing structures that are subjected to dynamic excitation
(including computation of displacements, forces, stresses, etc.)

e To understand the analytical procedures in a manner that emphasizes physical insights.

e To be able to apply the theory of structural dynamics theory to practical problems,
especially in earthquake analysis and design of structures (using appropriate structural
idealizations to represent real structures).

Prerequisites

Differential equations; linear algebra; matrix structural analysis; mechanics of materials.
Also, some computer pregramming knowledge (e.q., in C or Fortran) or familiarity with
mathematical software packages such as Matlab, Mathcad, Maple, etc. is required.

Course Outline
The following is a tentative list of topics that will be covered in this course:
1. Introduction to the subject of structural dynamics
Differences between static, quasi-static, and dynamic analyses
Why study dynamics? When is a dynamic analysis necessary?
2. Single-degree-of-freedom (SDOF) systems
Formulation of equations of motion
Free vibration
Response to harmonic and periodic loading



Unit impulse response; response to arbitrary loading; response to step and pulse
excitations; shock spectra
Numerical methods
Response to seismic excitation; earthquake response spectra, design spectra
3. Generalized SDOF systems
Systems with distributed mass and elasticity; lumped-mass systems
Rayleigh’s method for estimating natural frequencies
Selection of shape functions
4, Multi-degree-of-freedom (MDOF) systems
Equations of motion
Free vibration; natural vibration frequencies and mode shapes
Modal analysis of linear systems
Damping in structures
Response of linear systems to seismic excitation
Response spectrum analysis
5. Special topics (if time permits and there is interest in any of these; interspersed
throughout the semester): Frequency domain methods; structural control of vibrations;
wind engineering; offshore structures; floor vibration; blast/explosion loading.

Electronic Reserves web site (for handouts)
http://reserves.lib.utexas.edu/eres/coursepage.aspx?cid=3261

Grading

Homework 20%

Exam 1 25% (tentative date: March 2)
Exam 2 25% (tentative date: April 13)

Final Exam 30% (Batarday, May 10, Sam-noon)

There will be 10-12 homework assignments in this course. Homework will be collected at
the start of class on the due date. Generally, no credit will be given for late homework.
The dates for the two exams during the semester are subject to change.

A missed exam will be excused only in special circumstances (e.g., medical reasons). In
such cases, please make every attempt to notify the instructor of absence before the
scheduled exam time.

Course evaluation
Students will be asked to evaluate the course and the instructor using the approved forms
from the Measurement and Evaluation Center.

Disabilities

The University of Texas at Austin provides, upon request, appropriate academic adjustments
for qualified students with disabilities. For more information, contact the Office of the Dean
of Students at 471-6259, 471-4241 TDD or the College of Engineering Director of Students
with Disabilities at 471-4321.

Important Dates

Feb 1 Last day to add/drop
March 13-17 Spring break
May 8-9 No-class days

May 10 Final exam.
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Chapters 1 & 2: Free Vibration Chapter 5: Numerical Evaluations

Frame Properties Interpolation of Excitation— pg 169
_24F1, 12p+1 Initial calculations
T K 12p+4 g s
3
5 Generally, k=12EI/L v, =0, - £2
T
Lp= m—n sin(w, Af)
1 cos(m,Af)
Ja= E U,y =Au, + Bu,'+Cp, + Dp, |
e U'=A'u; +Bu,'+C'p, + D' p,,
W, = £ IR Central Difference Method — pg 173
8, /i Initial calculations
Damping, c, in force-time/length T cu,'-ku,
c ( ¢ m
— — — 2
2maJ,, C, u, =uo—Atua'+ATtu,,"
Less than 1.0, underdamped
m (&
khat = T P E
Chapter 3: Forced Motion & £
Steady state LA
» 1 At 2
u(z‘)zf————zsm(mt) b=k—2—";
@, Newmark’s Method —pg 177
v=0.5

Deformation response factor, Ry

)

Average acceleration, f = 0.25
Linear acceleration, f = 1/6
Initial calculations

1
_ P, —cu,'ku,

%)
W A
%)
AL
N
(o)
™y
)
8
e
[

ua
m
R, @
=R, =R, Khat = k+—L—c+——m
% @, PAt BAt
n 1 }’
s w1 e . a=——rm+—c¢
Transmissibility ratio, TR BAt B
2
1+(2g%} T SO S
IR= ~ < : 28 28
1-| @ _,_(2 @ ) Stability
( (A)) j Yo, Central Difference — pg 172
Fourier series — page 114 Ar 2 1
T, =«

n

Chapter 4: Arbitrary loadings N T
Duhamel integral — page 129 ewmar Ast P:l 1

Summary of force responses — page 151 e
} T, m2.\y-28

Iy
lm= .[ p@)at For average acceleration, always stable (but not
: accurate for large At)
. = dm _Im27 For linear acceleration,
° mew, kT At

" ===0:551
T

n



Chapter 6: Earthquake Response
Pseudo-response — pg 209
D=u,
V=, D= s D
T

n

2
A=w0,'D= (2—”] D
Tn
fo = me2u(f) = mA(?)
Structural Response —pg 217
v.=D=a V=04
[ =kd=md
V,, =kD=md, M, =hV,,,V,

beolumn = k colo
neven column example, pg 221
Elastic Design Spectrum — pg 231
Important points:
T, =0.035s
T, =0.125s
T.=0.5s*
Ta=3.0s%
T.=10s
Tf =15s
*vary with damping
Damped Systems — refer back to earlier chapters
1

B~
V- (@/@,)’ T +[26(0/ ,)]

L,
z, = o R,
General Equations
miz''+ciz'+kiz = —Ltu " (t) = pi(1)

Uy M= A
for small values of T,

U

Chapter 8: Generalized SDOF Systems
Lots of equations — pg 312+
Small ®,, more accurate v

mt = [m(x)(y ()’ dv
k= [EIG)" ()’ dx

L
Br= Im(x)t//(x)dx

L
I"t=—t,a) 4 :ﬁ

n

mi mi
f.(x0) =0, m)y (x)z()
Jo () =T'tm(x)y (x)4
u,(x) =I'Dy (x) =y (x)z,
Shear and Bending

L
V,(x)=Tt4 [m(w (x)dy

L
M, (x)=Tt4 [(x - x)m()w ()dx

Lumped Mass Systems — pg 324

mt=3my,’ pt=2ri ¥
k’:Z"‘j(Wr%-;Y I Xk= 2L
Lt =ijwj

Shear and Bending

Jpo=Ttmy A
b kb =
Vie = k;(uy, _uj-]) =kz,(¥; — ¥,

V.‘o = Zj_‘i'o Mr‘a = Z(hJ - hi)j;'a
Vio = LiTtA, M, =TtA) hmy,
Reduce things by v

Peak Earthquake Response —pg 313

L
"

Jo(x) = Ttm(x)y (x)4
T" matrix only used in earthquake response
smal) T i = \;'\F)C

]O\qu Tn, B D= Ugo



Chapter 9: MDOF General Equations
Similar equations, but use matricies

[m][u" ]+ [e]lu']+ [K][u] = [p(£)]
Chapter 10: MDOF Free Vibration
Eigenvalue calculation

[k1- w2[m1}p, = 0, det{[k] - @2[m]] = 0

Normalization of modes

M, =g, [mlg,
K, = ¢, [k,

Free vibration response

NeRALLY)

u,(t) =9, qn(f)
[u()] = Z¢ {qn(O)COS(ﬂJ Pl

Classically damped page 72 (forceo ) Fv cec:pQ 427
o

q,,( )

sin(ew, t):l

mﬂ
_F 1-r2
ok (l—r':!)z+(2r§)2
_ D, —2rg

1—1‘2)2 +(2r;')2
General procedure — page 477
Modify forcing function by mode shape
PHD = ¢;lrph (t)
Replace uy; (p,/k) with P,/K,, in C, D equations
Solve for g,(t)
q,(t) = Csin(at) + D cos(wt)
Multiply g,(t) by mode shape to get u,(t)
Shears and Moments
[ ) = @, [m][8,1g, ()
Shear on floor equals sum of shears on
that floor and floors above

e

Chapters 12 & 13: Dynamic and Earthquake Analysis

N
rlt)= Z r, (1) , where r = any calculation
h=l
Spatial vector
§ =[m][1], where [1] is a column of ones

s, =T, [mld,,s =an
P(t) =[s]1p(®)

r 8kl
M,
Earthquake loads

Find A from data, calculate D using w,
9,0 =L,D, (1)
f,@®) =s,[0;D, ()]

Generalized calculations, r(t)

r () =174, (0) )
w0 = PoT, n'R FAAWRONG,

Wiy, =
peak = Zr”i

TABLE 13.2.1 MODAL STATIC RESPONSES

Response, r Modal Static Response, rg
N
Vi Vi = 21-1 Sjn
M; Ma = hi)sjn
Vs Vin = }:,--1 sin = TaL} = M;
My Mg =TI hisin =TaLd = hiM}

uj u$t, = (Tn/@?)yn

A; A%, = (Tn/@})(@jn = bj-1)
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The University of Texas at Austin Dept. of Civil, Architectural and Environmental Engineering
CE 384P — Dynamic Response of Structures

Homework No. 1
Assigned: January 24, 2006
Due: January 31, 2006

1. Consider the frame shown in Figure 1. You have seen that the lateral stiffness of this frame
is 96/7EIR’ if I, = I,

Ely,, m
B - C
El, El,| h
A D |
/778 B ity /7
Fig. 1

Now, we will study the same frame but for different support and joint conditions.
(1) Same as Fig. 1 but with a hinged support at D

(i1) Same as Fig. 1 but with hinges at both A and D

(1ii)Same as Fig. 1 but with a hinged joint at corner C

(iv)Same as Fig. 1 but with hinges at both C and D.

Determine the lateral stiffness of the frame for Cases (i) to (iv).

When you are done, comment on the influence of variation in support and joint conditions on
the overall lateral stiffness of this simple frame.

2. a) Solve Problem 1.9 from the textbook.
b) Redo Problem 1.9 for a case where the displacement of interest, u, and the weight, w, are
located a distance L/3 from the left support instead of at the center of the beam.
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The University of Texas at Austin Dept. of Civil, Architectural and Environmental Engineering

CE 384P - Dynamic Response of Structures

*6.

Homework No. 2

Assigned: January 31, 2006
Due: February 7, 2006

Use of free vibration experiments to determine mass and stiffness of a structure.
Solve Problem 2.1 from the textbook.

Solve Problem 2.2 from the textbook.
What is the maximum velocity of the electromagnete
What is the displacement of the mass at that instante Why?

Solve Problem 2.6 from the textbook.
Solve Problem 2.14 from the textbook.

Solve Problem 2.15 from the textbook. You may assume light damping but you
need tfo verify if this assumption may be justified from the test results.

Optional Question
Consider a SDOF system with any mass and stiffness of your choice.
Sketch phase plane plots (displacement vs. velocity) for free vibration if your
system is

(a) undamped;

(b) underdamped;

(c) critically damped;

(d) overdamped.
Use any reasonable but general initial conditions that help to illustrate the time-
varying response in each case.

You do not need to solve the differential equations for critically damped and
overdamped free vibration. Displacement solutions for cases (b) and (c) are
given in the problem statements of Problems 2.8 and 2.9 (pg. 63), respectively.

Comment on your results.

It would be interesting to see if you can animate your results and compare the
behavior of these four systems, starting each one from the same initial conditions.
Send me by e-mail your “.avi" or other animation file (zipped if it's very large)
and I'll show it to the rest of the class. The use of Matlab or MathCad might help.
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The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Sfructures

Homework No. 3
Assigned: February 7, 2006
Due: February 14, 2006
1. Solve Problem 3.1 from the textbook.
2. Solve Problem 3.4 from the textbook.

In a tabular form, summarize your results for the three operating speeds (for the
undamped and 25% damping cases).

3. Air-conditioner supported on two beams.
Case (I) Solve Problem 3.5 as given in the textbook.
Case (ll) The steady-state displacements and accelerations in Case (I) seem

rather small. How much would they change if the two beams have
spans of 24 feet instead of 8 ft2

Case (Ill) Suppose Case (ll) is unacceptable.
Instead of simply-supported beams of 8-ft spans, you try fixed
supports at the left end of each beam and rollers on the right. You
also change each beam span to 16 feet. How does the steady-
state response compare with Cases (I) and (l1)2

Note: In Cases (ll) and (ll), assume that the air-conditioning unit is placed at mid-

span.

Make brief comments on what you learned here.

4, Solve Problem 3.26 form the textbook.
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The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Sfructures

Homework No. 4

Assigned: February 14, 2006
Due: February 21, 2006

Problem 1

A portable harmonic-loading machine provides an effective means for evaluating the
dynamic properties of structures in the field. By operating the machine at different
frequencies and measuring the resulting structural response amplitude and phase
relationships in each case, it is possible to determine the mass, damping, and stiffness of
a single-degree-of-freedom structure.

Two tests were performed each with a force amplitude of 500 Ib.

Test 1: Operating frequency, a1 = 16 rad/sec
Measured response amplitude = 0.0072 in.
Measured phase angle = 15°

Test 2: Operating frequency, w2 = 25 rad/sec
Measured response amplitude = 0.0145 in.
Measured phase angle = 55°

1. If you only knew the phase angles (i.e., you did not know the amplitude), which test
would you say was conducted at a frequency closer to resonance? Why?

2. Would you expect that the natural frequency of the structure is closer to 16 or to 25
rad/sece Why?

3. Evaluate the mass, damping coefficient, and stiffness of the structure.



Problem 2

Deflections sometimes develop in concrete bridge girders due to creep, and if the
bridge consists of a long series of identical spans, these deformations will cause a
harmonic excitation in a vehicle traveling over the bridge at constant speed. One can
usually assume that the springs and shock absorbers of the car will provide a vibration
isolation system that will limit the vertical motions transmitted from the road to the

occupants.

Consider an idealized model of a vehicle with a weight of 4000 lb. Assume that the
spring stiffness is measured by a test that showed that adding 100 Ib to the vehicle
caused a deflection of 0.08 in. The bridge profile is approximated by a sine curve
having a wavelength (girder span) of 40 ft and an amplitude of 1.2 in. Assume that the
caris traveling at a speed of 45 mph and that damping is 40 percent of critical.

1. Based solely on this information, would you expect that an increase in the damping
would lead to larger or smaller vertical motions, vy, in the vehicle?

(Hint: Note that u,f is related to the effective ground “displacement” amplitude, ugo
such that v, = TR x uge. Does TR increase or decrease with a damping increase for

this frequency ratio?)

2. Estimate the steady state vertical motions, v, in the car.

What would be the effect of a 10% increase in the damping ratio?
Comment on the effectiveness of an increased damping.

3. If the girder span were changed to 25 ft with the same amplitude of 1.2 in and the
vehicle were sfill to traveling at 45 mph, estimate the steady state vertical motions,
Uy
What would be the effect of a 10% reduction in the spring stiffness now?2
What would be the effect of a 10% increase in the damping ratio?

Does an increase in damping reduce vertical motions?
Comment on your observations.



Problem 3
The phenomenon of “beating”

Consider undamped forced vibrations of a SDOF system to a harmonic force.
The general solution for this problem is given by Eqg. 3.1.5 in your textbook.

Now, consider the special case where the initial displacement and inifial velocity are
both zero. This will result in Eq. 3.1.6b.

When the difference between o and o is very small but not zero, show that the solution
for the displacement, u(f) may be approximately given as:

Mcoswtsingt (1)
2

u(t)y=-

where £= (on - ®)/2.

When the solution is written in this manner, it can be observed that your response is a
product of two oscillatory terms. The term sinst will oscillate with a period much longer
than the term coswf. The resulting motion is a rapid oscillation with a slowly varying
amplitude and this is termed a “beat.” The beat period is 2r/e and the number of
oscillations in each beat is (2n/g)/(2rn/0) = w/e. Sometimes, the two oscillating terms add
together and sometimes they cancel one another out.

An undamped system is excited by a harmonic force close to resonance, resulting in @
beating condition. The natural frequency of the system is 1800 cpm (cycles per minute)
and the frequency of the load is 1785 cpm. Determine the beat period and the
number of oscillations within each beat.

Graph your displacement for at least one whole beat period using the approximate
solution (Eq. 1) as well as using Eq. 3.1.46(b). You can plot u(t)/(ust)o so that you won't
need to know the force amplitude or stiffness.
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The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Structures

Homework No. 5

Assigned: February 21, 2006
Due: February 28, 2006

1. Solve Problem 4.5 from the textbook.

2. Solve Problem 4.14 from the textbook.

3. Solve Problem 4.15 from the textbook.

4, Solve Problem 4.18 from the textbook.
Note: Use of Figure 4.8.3(c) is all you need to obtain the deformation response
factor.

5. Solve Problem 4.26 from the textbook.

In part (b), first summarize all your results for the empty and full tank by including
in a single table, the maximum displacement, maximum base shear, and
maximum overturning moment in each case. Then, comment on what effect
the mass has on these various response measures.
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Wiy =5 =
s B 7 2519
t Pi Uiq u; Pi Uisq
0.000 0.0 0.0 0.0 0.0 0.0
0.333 9.8481 0.0 0.0 9.8481 3.9103
0.667 0.0 0.0 3.9103 -21.2744 -8.4472
1.000 0.0 3.9103 -8.4472 37.9775 15.0794 /
1:333 0.0 -8.4472 15.07%4 -64.8011 -25.7300 l’ r
1.667 0.0 15.0794  -25.7300 109.2112 43.3636
2.000 0.0 -25.7300 43.3636 -183.4115  -72.8257
e Theoretical
TR volues are sp fov of¢ 1ha theevetical (shown —, £
wiry AL =0.1S, Upto £=1.08 ) Lecavse of e mucin o 0
\ovaey Value OF AL. T \Q-.'qf‘e tihe At usﬁd, FAe e 0.1 0.0328
acCUyat€ tha apPproXipaation . 0.2 0.2332
\;/ 0.3 0.6487
. ) 5 0.4 1.1605
Sl E 0.5 15241
<l 4%— < ey o.w 14814
o1 0.9245
O-g 0.0593
“4 -0.7751
1.0 -1.2718




C.HOVELL

| YA MOy (
o. s
Up= O n =0,25%3 k-8%/in
U= O O Kl
k=26.02b K/10 C=o0.J59Z K-§/1n
QA =24 c_ii k10
b= ~40.bb E[ 1N
& Pi Uiq u; Pi Ui
0.0 0.0 0.0 0.0 0.0 0.0
0.1 50 0.0 0.0 5.0 0.1913802
0.2 8.660 0.0 0.1914 16.4418 0.6293
0.3 10.0 0.1914 0.6293 30.8931 1.1825
04 8.660 0.6293 1.1825 41.2994 1.5808
0.5 5.0 1.1825 1.5808 40.2638 1.5411
0.6 0.0 1.5808 1.5411 23.8799 0.9140
0.7 0.0 1.5411 0.9140 -0.6459 -0.0247
0.8 0.0 0.9140 -0.0247 -23.4300 -0.8968
0.9 0.0 -0.0247 -0.8968 -35.8576 -1.3725
1.0 0.0 -0.8968 -1.3725 -33.8032 -1.2939
1.1 0.0 -1.3725 -1.2939 -18.9353 -0.7248
1.2 0.0 -1.2939 -0.7248 2.2742 0.0870
1.3 0.0 -0.7248 0.0870 21.3209 0.8161
14 0.0 0.0870 0.8161 31.0461 1.1883
15 0.0 0.8161 1.1883 28.2955 1.0830
1.6 0.0 1.1883 1.0830 14.8821 0.5696
1.7 0.0 1.0830 0.5696 -3.4102 -0.1305
1.8 0.0 0.5696 -0.1305 -19.2826 -0.7381
1.8 0.0 -0.1305 -0.7381 -26.8072 -1.0261
2.0 0.0 -0.7381 -1.0261 -23.6125 -0.9038
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LHof (OREI™-0
3. At=o0.lS
Y=V p=/4
g ;{U =30
& A ¥ l-r-. 3 ae Nl e ) JrE= 5
X =k ink C + YT =10 * PR 0.159 Va , TET 114,50
M L £ AP S - £92) = 10.46
= A= ant - B° Valo (g 101592 i i
= } — = = e a ‘u(.f'n,\ >0, ; e e e S0Obls
g b pac (2/5 "J £ 204> e B [ 8.5 = Sl
4. ¥=V2, p="Ye
; = bl . Tk
pd
a=15. b2
| b= 0168
|
\
' Average Acceleration (2 R
At Pi i Ap; Ap; Ay, Ag; Aii; U; u;
0.0 0.0 0.0 5.000 5.000 0.043667 0.873332 17.46664 0.0 0.0
| 0.1 5.000 17.467 3.660 21.636 0.189 2.032 85.713 0.873 0.044
i 0.2 8.660 23.180 1.340 43.448 0.379 1.778 -10.808 2.906 0.233
, 0.3 10.000 12:372 -1.340 53.870 0.470 0.043 -23.889 4,683 0.612
| 0.4 8.660 -11.517 -3.660 39.893 0.348 -2.484  -26.644 4,726 1.083
‘ 0.5 5.000 -38.161 -5.000 -0.902 -0.008 -4642  -16.511 2.242 1.431
0.6 0.0 -54672 0.0 -52.774 -0.461 -4.419 20.973 -2.400 1.423
0.7 0.0 -33.700 0.0 -88.325 -0.771 -1.791 31.579 -6.818 0.962
0.8 0.0 -2.121 0.0 -91.045 -0.795 1.316 30.563 -8.609 0.191
0.9 0.0 28.442 0.0 -61.808 -0.540 3.791 18.928 -7.293 -0.604
1.0 0.0 47.370 -3.503 -1.144
| ,
Linear Acceleration [ 4-) X
At | Pi i; Ap; Ap; Au; AG; Aiy; u; y;
. 0.0 0.0 0.0 5.000 5.000 0.029984 0.899518 17.99036 0.0 0.0
| 0.1 5.000 17.990 3.660 31.575 0.189347 2.08235 5.666285 0.900 0.030
0.2 8.660 23.657 1.340 66.247 0.397271 1.789691 -11.5195 2.982 0.219
0.3 10.000 12.137 -1.340 82.777 0496396 -0.02967 -24.8677 4772 0.617
0.4 8.660 -12.730 -3.660 60.897 0.365183 -2.63365 -27.212 4742 1.113
0.5 5.000 -39.943 -5.000 -2.622 -0.01573 -4.79936 -16.1022 2.108 1.478
‘ 0.6 0.0 -56.045 0.0 -85.219 -0.51104 -4.45568 22.97581 -2.691 1.462
0.7 0.0 -33.069 0.0 -137.423 -0.82409 -1.62898 33.55816 -7.147 0.951
0.8 0.0 0.489 0.0 -137.190 -0.8227 1.621918 31.45987 -8.776 0.127
0.9 0.0 31.949 0.0 -87.609 -0.52537 4.103026 18.16229 -7.154 -0.695
1.0 0.0 50.111 -3.051 -1.221
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The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Structures

Homework No. é

Assigned: February 28, 2006
Due: March 21, 2006

1. For the half-cycle sine pulse shown in Figure ES5.1 of the textbook, use the central
difference method with At = 1/3 sec and compute the displacement up to 2 sec.
Comment on what happens to your solution. Why?

2; Repeat Problem 1 using with At = 0.1 sec.

3 For the same half-cycle sine pulse force, use the average acceleration method
with At = 0.1 sec to compute the displacement up to 1 sec.

4. Repeat Problem 3 using the linear acceleration method instead of the average
acceleration method.

5. Create a plot showing displacement versus time up to t = 1 sec based on your
results from Problems 2, 3, and 4. Also, include the theoretical (exact)
displacement values on your plot. Thus, on one plot, you should show theoretical
values as well as results from three methods: central difference, average
acceleration, and linear acceleration (all with At = 0.1 sec).

Note: You may use the theoretical values from Table E5.4 if you wish but for extra
credit, derive expressions for the theoretical displacement and use your
values instead. Include any work associated with computing theoretical
values.



Q19
oy o8y
(s) awiy
_ 0¥ 0-
$ 20'Z =11e BzggLe 0- = °n ‘uonelsjeooy Wnwixepy
m S — —t— - D ——— — i i -1 0g0-
£ e —— p—— — . 1 HOZ0r
O Q
GE 0
_ - 000
5 = - 0L0
..... — — - - . %- + 020
: — ——— E— A
z — 1 (0) 40}
- asuodsay uolelajeo0y punols)
* 06l ‘@enbyjes onuag |3
| 2

(B) uoneisjeooy



C.[C.- b?/—}*? ‘D '?r 1"\','5“7_“,'_"(: _ 04' o rj}f
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1, (ont'd)
Plot 2-nievpolotion of excitohon
Calcv]ations: "
9 wn, K, e Eange L Dp L sermmariied on pa WD,
% A%, C,D LN B e, D ( tabk\e 5.2.) \
=]
g $ind vAGXItNUM U | vaiuc
g D= Ui,
“_J(j V=1wnp\lio
© 1 L2l
25 RO Pt B
@ g Nerymol 1 2C 3o ©
\2.9 o MO IZC TO & £€=0 €=005 ¢€=0.20
Z U Tn Alg Alg Ag
B, W Ty 0.02 0.32512 0.318149 0.315948
ﬁi Plot 2 on NCXT PAge 0.035 0.531516 0.315314 0.313788
=E 0.125 1.229%45 0.714503 0.480896
E 0.5 1.314004 0.914939 0.462185
1] 1 0.758426 0.451431 0.180629
E 1.5 0.340737 0.188712 0.111393
n 3 0.260323 0.122274 0.066755
C“:ﬁ
Plat - NewymalK'g medhod , hoear geeorexGon
o, £,0,b — colcolate with 8= Ya,p=Y,
D‘?‘ﬁ'\ o A L-.-‘l. . ﬂUt from equaionNs mtablc 5 4.2
find AN SGME wo ¥, nor malz& ,//
///
£E=0 £=005 ¢£=0.20
T Alg Alg Alg approx. \3
0.02 vosiagiC
0.035
0.125 1.869696 0.682444 0.493227
0.5 1.650122 0.912848 0.478489
1 0.753167 0.448008 0.192945
1.5 0.342574 0.193534 0.121721
3 0.260157 0.127212 0.077342
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I, Execl derai\g

C.HOVE L L

~ X

3 g
Tn 1.0
Interpolation of Excitation
t pi*g pi Cpi Dpi+1 Bu'; u’ Ay, y;
47 25.03486 0.06479 0.003327 0.000429 0.424948 21.43753 3.04106 3.065176
472 6.456744 0.01671 0.000858 -0.0008 0.375038 18.91971 3.442463 3.469763
474 -121214 -0.03137 -0.00161 -0.00204 0.312592 15.76982 3.787518 3.817554
476 -30.6995 -0.07945 -0.00408 -0.00327 0.238763 12.045 4.064236 4.096467
478 -49.2776 -0.12753 -0.00655 -0.00451 0.154828 7.810701 4.261849 4.295647 . LA /f\
4.8 -67.8557 -0.17561 -0.00902 -0.00574 0.062233 3.139495 4.37096 /4.40562 448
4.82 -86.4338 -0.22369 -0.01149 -0.00697 -0.03747 -1.89012 (4.383671) 4.418436/
4.84 -105.012 -0.27177 -0.01396 -0.00407 -0.14262 -7.19502 4.293694 4.327745
486 -61.2483 -0.15851 -0.00814 -0.00116 -0.23921 -12.0676 4.100529 4.133048
488 -17.4846 -0.04525 -0.00232 0.001745 -0.31367 -15.824 3.82171 3.852018
49 26.28293 0.06802 0.003493 0.004651 -0.36512 -18.4194 3.479863 3.50746
4.92 70.04659 0.18128 0.009309 0.003711 -0.39304 -19.8278 3.098317 3.122887
494 558889 0.14464 0.007427 0.002771 -0.40873 -20.6192 2.696911 2.718298
496 41.7312 0.108 0.005546 0.001831 -0.42339 -21.3588 2.280299 2.298382
498 2757737 0.07137 0.003665 0.000891 -0.4368 -22.0354 1.849622 1.86429
5 13.41967 0.03473 0.001783 0.00248 -0.44877 -22.6393 1.406228 1.417379
Linear Acceleration
t pi"g Pi U; Ap;  Apj-hat Ay; Au’; AL, u'; U
47 25.03486 0.06479 -110.328 -18.5781 6152.429 0.406538 -2.53689 -33.0336 21.54027 3.024286
472 6.456744 0.01671 -143.361 -18.5781 5287.272 0.34937 -3.17101 -30.3783 19.00338 3.430824
474 -121214 -0.03137 -173.74 -18.5781 4238.666 0.280081 -3.7476 -27.2806 15.83237 3.780194
476 -30.6995 -0.07945 -201.02 -18.5781 3025.31 0.199905 -4.25835 -23.7945 12.08477 4.060275
478 -49.2776 -0.12753 -224.815 -18.5781 1668.246 0.110234 -4.69608 -19.9793 7.826428 4.26018
4.8 -67.8557 -0.17561 -244.794 -18.5781 190.5056 0.012588 -5.05487 -15.899 3.130343 4.370414
4.82 -86.4338 -0.22369 -260.693 -18.5781 -1383.28 -0.0914 -5.33006 -11.6207 -1.92452 4.383002
484 -105.012 -0.27177 -272.314 43.76366 -2964.94 -0.19592 -4.9005 54.57719 -7.25459 4.291598
486 -61.2483 -0.15851 -217.736 43.76366 -4280.25 -0.28283 -3.78167 57.30539 -12.1551 4.095682
488 -17.4846 -0.04525 -160.431 43.76753 -5249.6 -0.34688 -2.61755 59.1065 -15.9368 3.812853
49 26.28293 0.06802 -101.324 43.76366 -5862.12 -0.38735 -1.42697 59.95239 -18.5543 3.465972
492 70.04659 0.18128 -41.3721 -14.1577 -6170.58 -0.40774 -0.80301 2.443665 -19.9813 3.078618
494 558889 0.14464 -38.9284 -14.1577 -6405.65 -0.42327 -0.74834 3.022529 -20.7843 2.670881
496 41.7312 0.108 -35.9059 -14.1538 -6622.47 -0.4376 -0.68261 3.550705 -21.5326 2.247611
498 2757737 0.07137 -32.3552 -14.1577 -6817.87 -0.45051 -0.60701 4.009068 -22.2152 1.810014
5 13.41967 0.03473 -28.3461 23.92975 -6950.98 -0.4593 -0.14539 42.1537 -22.8223 1.359505

U“\
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The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Structures

Homework No. 7

Assigned: March 23, 2006
Due: April 4, 2006

Problem 1
The N-S component of ground acceleration time history recorded at the Imperial Valley

Irrigation District substation during the El Centro 1940 earthquake is available at:
http://www.ce.utexas.edu/prof/Manuel /Spring2006_CE384P/homework.htm

The data, recorded at time intervals of 0.02 seconds, are available in two formats:
EC.XLS Excel format

EC.TXT Plain text format

Use either of these files to complete your homework,

Required Plot 1
Plot the time history of the ground acceleration given.
What is the peak ground acceleration (in units of g)? Indicate this value on your plot.

Next, you are required to create response spectra for this earthquake record.

Use the following TWO methods:
Interpolation of excitation
Newmark's method (linear acceleration)

For THREE damping ratios equal to 0%, 5%, and 20% each taken one at a time, obtain a
response spectrum showing peak pseudo-acceleration response, A, versus period.

Use the following TEN natural periods for your plot(s).
0.02, 0.035, 0.125, 0.5, 1.0, 1.5, 3.0, 10.0, 20.0, 50.0 (seconds)

Required Plot 2

Method: Interpolation of Excitation

Plot A versus T, for periods up to 3.0 seconds.

This plot should look like Figure 6.6.5 except that you are using a lot fewer periods (seven)
and, so, will have a smoother spectrum. Include spectra for 0%, 5%, and 20% damping
ratios on the same plot. Use units of g for A.

Required Plot 3

Method: Linear Acceleration

Plot A versus T, for periods up to 3.0 seconds.

This plot should look like Figure 6.6.5 but will again be smoother. Include spectra for 0%,
5%, and 20% damping ratios on the same plot. Use units of g for A.




Required Plot 4

Damping ratio: 5%

Plot A versus T, for periods up to 3.0 seconds. Include spectra based on both methods on
the same plot. This plot should look like Figure 6.6.5. Use units of g for A.

Required Plot 5 (to be done by hand)

Make a copy of the four-way log scale paper in Figure A6.1 of the text and plot the 5%-
damped spectrum using all the ten natural periods (ranging from 0.02 to 50.0 seconds).

Plot only the spectrum resulting from the use of the method based on interpolation of
excitation. Your plot should look like the one in Figure 6.8.1 (with a lot fewer points for

plotting).

Important Notes for Problem 1

If you use Excel, turn in only any one response analysis worksheet (i.e., one damping ratio
and one natural period). Keep the output submitted to a minimum (save some trees!) by
printing only the most interesting part of the history where the response peaks (say +/- 0.2
seconds around the time where the peak response is observed). Print these once for each
method.

Summary: Choose one period (say, 0.5 seconds) and one damping ratio (say, 5%).

Then, for each of the two methods, print a small portion of the time history around where
the peak response was recorded.

If you use a program other than Excel, please include your program listing as well as a part

of the output for one response analysis.

Summary: Choose one period (say, 0.5 seconds) and one damping ratio (say, 5%).

Then, for each of the two methods, print a small portion of the time history around where
the peak response was recorded.




Problem 2

From the January 17, 1994 Northridge earthquake that occurred in the Los Angeles area,
there are a large number of ground acceleration records available at the following Web site:
http://www.quake.ca.gov/cisn-edc/login/register.asp (register at the site first).
After registering, if you start at http://www.quake.ca.gov/cisn-edc/, you can search in
different ways for what you need. For instance, you can search by Earthquake or by Station
name.

Using the attached sheet, identify the station assigned to you and download the data for all
three components of ground acceleration (two orthogonal horizontal components and one
vertical (designated UP)) at your station. If you have difficulties with the records assigned
to you, pick one of the extra stations listed at the bottom of the attached sheet. Please
identify your station in your report.

Note that you will use the V2 file that contains three channels of data for the three
components of ground acceleration. The time interval for the data will be specified in the
file. You will need to find a way to separate out the data of the three channels from the rest
of the stuff in the V2 file before you can use the records. Also, the data might be in a
format that shows 8 acceleration values per line; this might not be an ideal format for your
analysis. To facilitate analysis, you may want to have one value per line. Please ask me or
someone else for help with formatting if you need it.

Required Plots 1-3
Plot the time histories for the three components of the ground acceleration at your station.

On your three plots, indicate the peak ground acceleration values.

Required Plots 4-6

For the three components, use Newmark'’s linear acceleration method to obtain 5%-damped
spectra for (i) pseudo-acceleration response, and (ii) total acceleration. Include both
spectra on the same plot. Choose axes for your plots such as the ones used in Figure
6.12.2 (i.e., use a logarithmic scale for natural period on the horizontal axis, and use
acceleration values, normalized with respect to the corresponding peak ground acceleration,
on the vertical scale).

Using your results, include comments on:

1. the vertical peak ground acceleration value versus the two horizontal peak ground
acceleration values for the station that you analyzed;

2. the types of structures (i.e., what natural period range) that might have experienced the
largest base shear values at your station site;

3. the differences between -the pseudo-acceleration response spectra and the total

acceleration response spectra.

Include any noteworthy comments that you learned about the records you used and from
doing this exercise.
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The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Structures

Homework No. 8

Assigned: April 4, 2006
Due: April 11, 2006

s

1. Solve Problem 6.18 from the textbook.

2 Solve Problem 6.23 from the textbook.
3. Solve Problem 8.7 from the textbook.
4, Solve Problem 8.9 from the textbook.

5. Solve Problem 8.11 from the textbook.



CE 2384P: DYMAM\ICY

CATHERIME HOyELL
20 Aprl 2006

Engineer's Computation Pad

No. 937 811E

@ STAEDTLER®

HOMEWOR K #g 95
—
20
I, Prob.9,5 , u.rfd
Vi
mfz
- A 1221
) K o =
P ¥ h mﬁ\fmn W - 00{ J(’
<
— o 24€1 \SY o e
Pycx) . Kstory = % w“‘c;es r“:ﬂng o"‘o
1 o WX
j S £ e
g Z \
o 24ET
me s ES =
(o] \/2 =i | h
i Lol saer| 2 V|| Wi pre)
L) + o
™ o Vo || te W oy || v P2 (%) /




CE284FP: DYNAMILCS

L. HUV B

20 Apri\ Ob

Engineer's Computation Pad

No. 937 811E

? STAEDTLER®

HOMEWORK ¥9

2. Prok. 9.

Pty

R e S—
pilE) )

77 Vi

a) DOFs - 5
4
¢ 5 }-—' 2
B C © )—' \
b
77T 777

[ 481> ‘“Vh’i‘ o “In* “ln? o
B A A ey ol
- -b/h1 12/h l/h o Z/h\\
o K=ETL 2
) “ht "t [l 2 B /n =
l'”/hi _b/hl | O 2/'h B/h : s
\ =2
o Y2 N\ /i < */n ‘1/\”4/
m
i’
m= o
o
o
O .
P.(b)— I W i
Pg(‘(‘) ul
P(t):a o : u= Uz
(6] U4
(o] Ug
(o] i L Ue ]

oA




C.HOVELL
CE284P: DYNAMICS 20 ppri) O

Engineer's Computation Pad

No. 937 811E

@ STAEDTLER®

HOMEWORK ¥9

2. (cont'd)
Par iion mModricics”

U3z

M_°= Uy E*'.—- Uy

Us
U /

Mg © mMe= 0O

kee © 3 4 24 |7 Koy ™ o =l
b —b | N
o -&

\Z 2 @] z
El
Ros ™ 710 S 2 -
- I
s 2 & 2 X
= o 2

condenSed SN HNESS Moriy

A T
k.t"-= ktt_ Kﬁb KCQ kﬁb

C) n o u' - - ul P\(b)
ooy || [reem Keekad 'E%} )
o /2|l W 3 Ua et
Uz =
Ua = U
= "'KOO‘ Kot
Ug 2 e Uz




cuoveLL
CE 284 P: DYNAMICS 20ApYIl Ob

Engineer's Computation Pad

No. 937 811E

? STAEDTLER®

HomEWORL*B

3. Prob, I10.6

(@]
i 2481 | 2 -1
m= = s
- Rk h =y
mh® #

define 1:14E1 w

L 241 | 22 -
kK- wW'm= g - BEVR

dex =o'+ (2rANI=Hp)= (W) =0

2-2-2+7/2 -1 =0
!
L -2a%1=0

A=2.4V4 05806

SubpNg Lk Wy |

i
w;= 9,05 ;;; A 3414 —— ND,;EQ_Q_
o) i
'E-I. !/'.?.
w, = 305 = y A= 0586 —1 Mode {
mh
QS‘S\qn\ng
2481 = =y
k= &0 K Iz & t = o
—) - 1/1 %21

A=1.5, @ssume€ P =10

-2 ¢ = 10 . +”="‘/(5_

A=10, $22=1.0

ﬁ+,1=1.o, ‘1’\2"’\/\}_‘2:

_| e _| 'z

&Y | B T2

1.0 : 1.0 /




No. 937 811E

@ STAEDTLER®

[/ 10 L :/f' = lo] o

-1\ |

w
) /2
o
>
7T ﬂl7 7 e
L EI 2
€L |/ N 22 8
Wn=9.05 [m] wn=2% [mh’*"l
Mo de 8nopes ../

Normiol|3e mnoss .
M= 1>, m¢, =m

My=%2 M= m

VRN Rl

~ode gnopes are scated by /{m

d) 4=

C.HOVELL 5/

CE 384P: DYNAMICS 20 ApY Il Ol %

HOMEVVORK ¥9

3. (eont @)

b) check orinogonanty
®
T

5 m oo |5
2 Lt (e =16 v/
g. [ /\!—i ] (o] m/z_ 1,0 [ ]
E —
(=)
(&)
0 k¢ r
@ K¢, =0
@
=
I=)]
=
L



EHONEELE

? STAEDTLER®

CE3L4P . PYNAMICE 20 ppv) Ob
HOMEWORK H3
4, Prob. 10,8
iniTal displacerment
T
S 50 \ +'.' Py
0. B g I TR
5 ‘rr ‘,. %‘ Ml
g ] m O 1.0
£ =L \] o
=i (e) (b 1
©
P~ g - |
o & 1 LY
=l =942 =0

- ‘ -
BT ANy 1A

% (t)z(:f—%ﬂo) cosw,t
G lt) = (‘/\E-H,o) coswWst

H(t)= g‘*n %nb‘h)

P

pisplacerment (a)

WED) —©0.207 \.2077
ik = Cosuyt +
Uz () 0.293 z 1,107

WITh W, , Wy de fined v PYoe.3

cos Wyt

G

| = }] 1.0
] 4k M e

P22 ™ ~/24A Yz = -0207

W

1.207

pisplacement (b)

U Le)=—0.856>cosWyt — 0. l46CosLz b

Uz Le) = 1,207¢cosw,t —0.207coswg b
> 4

7




The University of Texas at Austin Dept. of Civil, Architectural, and Environmental Engineering
CE 384P - Dynamic Response of Structures

Homework No. ¢

Assigned: April 11, 2006
Due: April 20, 2006

Problem 1
Equation of motion for a 2-DOF system.
Solve Problem 9.5 from the textbook.

Problem 2

Same as Problem 1 but beams are not rigid.

Solve Problem 9.6 from the textbook.

In part (c), you may write your stiffness matrix in terms of inverses and/or transverses of
submatrices of the original stiffness matrix - i.e., you do not need to cary out any
needed matrix multiplication or inversion. State, with equations, how you would
determine the rotations.

Problem 3
Eigenvalue analysis of frame in Problem 1.
Solve Problem 10.6 from the textbook.

Probiem 4
Free vibration analysis of frame in Problem 1.
Solve Problem 10.8 from the textbook.



Gmail - homework questions http://mail.google.com/mail/?&ik=9fce7875c3 &view=pt&th=10aeb...

G M I ! Catherine Hovell <cghovell@gmail.com>

homework questions

Lance Manuel <lmanuel@mail.utexas.edu> Sun, Apr 30, 2006 at 12:24 PM
To: Catherine Hovell <cghovell@gmail.com>

Catherine,
Here are some ideas (and things to check):

1. Let's forget about the spatial pattern method first and see if we
can't do this using the general approach (Handout No. 25). First,
let's work out the amplitude Pn0O for each mode n (note: Pn0 =
phi_n{transpose} * p(t); where p(t) is a 5X1 vector with 5000 kips at
the third entry and zeroes everywhere else). Then use, the modal
stiffness Kn for each mode n. You should be able to get the static
value for gn - that is, you can calculate gn(st,0) = Pn0/Kn. This is
the static value for the nth mode generalized coordinate.

2. Now, we need to compute the dynamic response at any time t of the
generalized coordinate.

Let's go back to Ch 3. For a SDOF system where the response needed
is u(t), you can calculate u(t) using Egs. (3.2.4) and (3.2.5).

Let's use the same idea here. For the nth mode, we can do the following:
Basically, we can find C and D by replacing p0/k in Eq. (3.2.4) with

the gn(st,0) we found in Step 1 above.

The remaining multiplying terms in Eq. (3.2.4) can be obtained

exactly as shown. For each mode, you will have a different

omega_n. Note zeta = 0.05 for all the modes. So, you can find C and
D (different for each mode).

Thus, you can find gn(t).

3. Now, it's easy. To get the nth mode contribution to the physical
displacement vector, u. Let's call it u_n(t).
u_n(t) = phi_n * gn(t).

Note that in the way | have explained it above, the usual Rd and
phase angle are sort of embedded in the C and D you're calculating
for each mode. Recall that if you want the Rd, you can get it as
(Cr2 + DA2)M(1/2) divided by the static response and the phase =
arctan(-D/C) [See pg. 76] If you're trying to get insights into your
answers, you can see what these values are.

The spatial pattern method should also work if you want to try

it. It requires that you first decompose the 5X1 s vector where the
third element is 1 (the rest, zero), using Eq. 12.8.3 and

12.8.4. The method might be a bit more involved than the general
method | outlined above.

Good luck! Let me know how it works.

l1of2 5/1/2006 9:15 AM
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The University of Texas at Austin Dept. of Civil, Architectural, and Envircnmental Engineering
CE 384P - Dynamic Response of Sfructures

Homework No. 10

Assigned: April 25, 2006
Due: May 4, 2006 i

This homework will serve as a synthesis of nearly everything that you have learmed in this
course. Please turn in all program listings and calculations that support your answers to
each question. For this homework, assume that this is an analysis that you carried out at
a design office and that you are then required to present your results (actual
quantitative values) to your peer or supervisor. In order to show him/her that you really
know what the analyses fell you, you are also required to give some physical insights
info your results. Comment, accordingly, on any issue that you think is noteworthy
regarding the modeling, the excitation, the response and the relative importance of
the different modes.

While grading this homework assignment, importance will be placed on presentation
and on the comments that you make regarding your findings. The actual numerical
answers are important but less so and all the answers are provided on the following

pages.

The Structural Model

You are to analyze a five-story building for various dynamic excitations. The model for
this building is shown in Figure 1. It is meant to represent a realistic structure — you may
ignore axial deformations in all members (beams and columns), and may also neglect
flexural deformations in the beams. Use any computer program (or write one) to carry
out your calculations. :
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Iyp=4320 in* (for all columns)
h wyp = 10 ft (for floors 2 -5)
h1=2 hy (for first floor)

m p = 4 kip s/in (for floors 1-4)
ms = 0.5 m, (for roof)

E =30000 ksi

i

Figure 1
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Part |
Natural vibration frequencies and mode shapes

Verify that the natural frequencies are as shown in the table below:

Mode | Natural Frequency
(rad/sec)

4.061

18.419

31.829

41,452

48.962

DWW |[—

Also, verify that the corresponding mode shapes are as shown in the table below:

Mode
] 2 3 4 5
0.805 | -0.840 | 0.57%9 | -0.589 | 0.893
0.886 | -0.535 | -0.218 | 0.837 | -2.167
0.945 | 0.059 |-0.687 | 0.132 | 2.469
0.982 | 0.623 |-0.126 | -0.909 | -1.664
1.000 | 1.000| 1.000| 1.000| 1.000

Floor

O |WIN|—

Draw rough sketches for each of these mode shapes.

For the mode shapes normalized so that the roof displacement is unity, show that the
modal masses and modal stiffnesses are as given in the table below:

Mode, i | Modal Mass, | Modal Stiffness,
Mi (kip-52/in) Ki (kip/in)

] 15.165 250.150

2 7.672 2603.005

3 5.484 5555.164

4 9.567 16438.818

5 59.426 142459.812
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Part 1l
Free vibration

Assume that the physical damping for the given structure is such that it may be
assumed to yield a diagonal modal damping matrix (i.e., this is “classical damping”).
and that the modal damping ratio for each mode is 5% of critical. If as initial conditions
to start off free vibrations, only the roof is moved to the right by 1.0 inch, and the initial
velocity at each floor is zero, show that, at t = 1 sec, the physical displacements at the
roof and first story levels are as follows:

_ Mode
Response att=1 sec ] 5 3 4 5 TOTAL
Roof displacement (in.) -0.0699 | 0.0910 | 0.0705 | -0.0230 | 0.0005 | 0.0691
First floor displacement (in.) | -0.0563 | -0.0783 | 0.0408 | 0.0135 | 0.0004 | -0.0798

Next, show that the fifth story shear and the base shearat t = 1 sec are as follows:

_ Mode
Response aff =1 sec ] 5 3 ) 5 TOTAL
Fifth story shear (kips) | -2.307 | 61.771 | 142.888 | -79.024 | 2.168 | 125.496
Base shear (kips) -19.003 | -26.428 | 13.779 4.572 1 0.136 | -26.994

(Opfional question: Compare the above four response quantities at t

Comment on any differences relative to the response at f = 1 sec.)
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Part ill
Harmonic excitation

A sinusoidal force po sin(2nfot) is applied at the third floor level (where po = 5000 kips, fo =
3 Hz). This force is along the direction of degree-of-freedom no. 3 of the model. Again,
as in Part Il, assume classical damping and that the modal damping ratio for each
mode is 5% of critical. Ignore the transient response (i.e., consider only the steady-state
response) and show that, at f = 1 sec, the physical displacements at the roof and first

story levels are as follows:

_ Mode
Response att=1 sec ] 5 3 2 5 TOTAL
Roof displacement (in.) -0.0208 | -0.9040 | 0.0862 | -0.0029 | -0.0046 | -0.8481
First floor displacement (in.) | -0.0167 | 0.7793 | 0.0499 | 0.0017 | -0.0041 | 0.8101

Next, show that the fifth story shear and the base shear at t = 1 sec are as follows:

- Mode
Response att =1 sec } 5 3 7 5 TOTAL
Fifth story shear (kips) | -0.686 | -614.797 | 174.679 | -9.976 | -22.000 | -472.780
Base shear (kips) -5.647 | 263.030 | 16.844 | 0.577 | -1.383 | 273.421
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Part IV
Shori-duration pulse load

An explosion within the building causes a lateral load of very short duration at the level
of the first floor. The force will be assumed to act along the direction of degree-of-
freedom no. 1 of the model. This short-duration excitation may be approximated by a
rectangular pulse load of magnitude 500 kips that lasts for 0.6 seconds. Ignore
damping effects and show that, at f = 1 sec, the physical displacements at the roof and
first story levels are as follows:

_ Mode
Response att=1 sec ] 5 3 ) S TOTAL
Roof displacement (in.) 0.8886 | 0.0730 | 0.0037 | -0.0032 | 0.0015 | 0.9636

First floor displacement (in.) | 0.7155 | -0.0628 | 0.0021 | 0.0019 | 0.0013 | 0.6580

Next, show that the fifth story shear and the base shear at t = 1 sec are as follows:

_ Mode
Response att=1 sec ] 5 3 7 5 TOTAL
Fifth story shear (kips) | 29.316 | 49.512 | 7.426 | -10.849 | 7.180 | 82.585
Base shear (kips) 241.472 |1 -21.183 | 0.716 | 0.628 | 0.451 | 222.084

(Optional question: Compare the above four response quantities at t = 0.5 sec, i.e.,
during the blast. Comment on any differences relative to the response after the blast,
e, atf=1sec.)
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Part V
Earthquake Response Spectrum Analysis

You are required to analyze the five-story building for seismic loads that might have
been experienced during a recent earthquake. As in Parts Il and Il above, assume that
energy dissipation for this structure is such that it leads to a diagonal modal damping
matrix (i.e., classical damping), and that the modal damping ratio for each mode is 5%
of critical.

You may use the natural frequencies and mode shapes as well as the' modal masses
and stiffnesses from Part | to perform your analysis.

Maximum seismic response using a response spectrum
In Figure 2, a 5%-damped response spectrum is shown that was obtained from a ground
acceleration record during an earthquake that occurred in Turkey in August 1999.

If you think you could use the actual data in electronic form for the response spectrum,

you can find it in the YPTSaData tab of the Excel file that you can download from:
http://www.ce.utexas.edu/prof/Manuel/Spring2006 CE384P/Homeworks/HW 10 Fig2Data.xls

Often information about the ground acceleration record (time history) is summarized in
the form of a response spectrum such as the one shown in Figure 2. Then, it is not
possible to determine the exact values of any structural response measure. Rather,
modal combination rules need to be used to estimate the maximum response - this
may be done using response spectrum ordinates at the modal frequencies/periods.

Assuming that the modes of our 5-degree-of-freedom structure have well separated
natural frequencies, use the SRSS (square-root-of-sum-of-squares) modal combination
rule and show that the following are estimates of the various maximum response levels
that might have occurred during the earthquake:

(@)  maximum roof displacement =12.39 in.

(b) maximum first story displacement = 9.98 in.

(c) maximum fifth story shear = 412.36 kips.

(d)  maximum base shear = 3367.36 kips.

Comment briefly on the relative contribution of each mode to these maximum
response estimates.

Page 7 of 8



Page 8 of 8

re 2

Natural Period (sec)
Figu

(Kocaeli Earthquake - August 17, 1999)

Yarimea Petrochemical Complex - Transv. Direction Response Spectrum

(=] <]
(3) nonEIdEIIY-0pNIS

0.2
0.0




CATHERINE HOVELL
62 Mmavch Ok

cE 224P: DYNAMICS

\/5

Engineer's Computation Pad

» No.937 811E

2 STAEDTLER

Tesy ¥\ 2 L wiaide
TV 8
&%
b o > AM’"“L}
)] L o i
ra rd
j k=455 Zklin) =49
. " = Wo —. n) = ejiin
2<010MnNnS, Ky = ok fin X &4{'
WZ0%Lk, = 0.249 k'S N e
BaS rKT: = [9.b5rod (s V{J‘Jn
T = %: 0.%208 X
¢ td=0.065  4d/r = 5150
(. t4=0.10s% W/r, =0.313 " u3(63=0.49t1
Ut. W=o05s W/ir. = (56 x Ug(t)= 0.8gt } t< ta
Gglt)=0289 '

Ugo 0.8 (386 mis?)
wn* T (1s.65r0d/s)*

((Uer Jo=

In (a): The peak valve

occurS after ta for
. and i, @and be fOre

o ik Rd(Ust)e= Use /

Tor eaek of thi colc?, /4 wil
depend Sowey on ¥d )1, .

L
2 2.9 b)Y fch\m)oghzgd’
35 Ra Thg,= Y 7
Wy € ‘LAS“:' 0.8q for al\ vaiyes
of 4.

C) APPYOXINAGICN Wi thods Gre acceproblc for Ve [ve ¢ Va0

NSO . Sk:?(b)dt (e 6ves oNd £ B Cuvve of
s FO¥ Cing funehon) .

X 2 e
UWo= ¥ " T - (Rajfouid e calevioied
uSIng g ond Ue), \and Vs tu Fnd WY

= 5,72 iN b'h. be canae

t4 for . \DJ

dig prov\erny (VD) with ¥ [1n=0i5 6 covld be GPPYOX NG Tt v/.]o-'

(t/thz205) \
i ynSure how to get R4 e
for o quadrafically vorying I
a) +> funcHom Wi R4, \would it
b) 45 Sbmr WUe -

7 = cant o Bek”

T?



EhEOVEE=

CE 384P.pYNAMICS 02 nmaveh Ok

/=

Engineer's Computation Pad

o No.937 811E

@ STAEDTLER

TesT ¥

2 (tont’'d?)

M= e.65 ¥ 3%/ 1n
?_: Q.30

TR=0,30
Fromn gropv, /e n= L5b /

(o)™

USlﬁ'j'Hfu 5 (c.05k-82/ i) =K =20,2% €l
LG

Sayrng

equarniong-

C= (o.ao)(z)[(m.za €1in)(0,05 K‘Sllarﬁ)]vz

c= 0004 k- a3/in

b.L. k£2028cin |/
c:‘:O.fOOk—'slii’? /

U = o0.50WUst,

R4 = 0.50 Frorm qvopyn y3=0.20,
a2 1,05
B Z LbSWn

(_‘Qi)z-z EL1B A3 ¢ in

1S

3|

)

e mehin |
c= 0.604k-3/in - 20.23\5-/!.10

c=0ST\ kK3(in

b.ii. K€12.12k)in |V
c =0.971 '8)in v

* s necessary enliy¥o etk W=\0T (s=gn2)

becowuse g WeaAS are for v ng ean
VoNUe S, \r\U’COE\\"\.O) w W\ esulr e QP\\(}\(\W /
roto , ond ocepiable candinions |

ya_,-..k%.h&o\..




c.HOVELL

/s

? STAEDTLER®

CE384P: DYNAM (€S 02 Morch O
TesT ¥
2,
o Mm=9.0% ¥.82/ n F=5h%, \onz 2002
@
o. Po=40 K
) <=4
i)
8 TR £ 807 v/
[ 5
5
e o) =060
o 1
>3 ©d 2 Yo
33..%) TR = L /“‘:_“\ o -.--Lz"-ﬁ , W= (0T, 20T, 40N
g L(L:J U'('"J/@r\)l) + (liw/tﬂn)"
K
Un= e

I B et

From geophn |, TR= 807> at “Wsa=1712

w= 10TV, 207, A0TT

- |K
o= JE
*~Joos

v oS 2
wn ~ LS
k. L
w2\12 505 Iraoilest i valve
Qoﬂ‘\‘((_)\g./-

WOT \2
= oy ) (205 ) 2k
VA

I KL \e.b? Xlin /

ELl S
E'_ch'-

2fkmn

(0:0)(2) J(\b.b?:kl\ﬂ)(().ﬁ‘é ey =c

=109

‘ C= 1.0 kS0 |‘/




CE 384P - Dynamic Response of Structures
Exam No. 1 — March 2, 2006 (75 minutes)
Open Text Book PLUS a single 8.5"x11" page of notes is permitted

1. Consider the frame shown below.

Elb |

3 ug(t)=04 gt fort <ty E

£ =0 fort >ty :

Elo Elc| h § 1
-g |

% )

) |

ks e 2 :
L=2h _ 8 :

B =) :

Elc/h® = 2 kips/in; I >> Ic !
Weight of roof = 96 kips time, f (sec) g

(Note: Despite the appearance of the graph, assume that the fall-off in ug(t) at t=t. takes a very small non-zero
time and that the fall-off is a smooth function so that no large forces are mobilized at t=t..)

It is subjected to the limited-duration ground displacement, uy(t), shown where in the
expression given in the figure, g refers to acceleration due to gravity (32.2 ft/sec?).

Neglect damping and consider three cases for the duration, t,, of ground shaking:
(i) ty = 0.05 sec; (ii) t; = 0.10 sec; (iii) t; = 0.5 sec.

(a) What is the peak (relative) deformation, u,, in each case? In each case, does the
peak value occur during or after the ground shaking has ceased?

(b) What is the peak (total) acceleration, iy, in each case?

(c) In which of the three cases can you use any suitable approximation to estimate peak
displacements and accelerations? Repeat Parts (a) and (b) for any such cases and
compare with your previous answers. Comment very briefly.

[25 points]



2. Consider a structure idealized as a single-degree-of-freedom that has a mass of 0.05

kip-sec?/in. At different times, harmonic loadings are expected at three different
frequencies: (i) 5 Hz; (ii) 10 Hz; and (iii) 20 Hz. The load amplitude is 40 kips.

Of interest is the design of this structure that can assure that only 80% of the applied
load is transmitted to the supports.

(a) Consider a system with 60% of critical damping.
Determine the largest stiffness of the structure that can meet the requirement for
transmitted loads no matter which load frequency is used.
Also, determine the viscous damping coefficient, c.

(b) Next, consider a system with 30% of critical damping.
(i) Again, for the same restrictions on the transmitted load, determine the largest
acceptable stiffness as in Part (a). Then, determine c.
(ii) Suppose there is an additional requirement now that the dynamic displacement
must be at most 50% of the static displacement, how would you change your
stiffness, k, and damping coefficient, ¢, so as to meet both the transmitted force and
the displacement criteria?

For convenience, you may use the plots available below.

20 TTTTTTT 5 s s e
i ; —30% damping |-

1 = - 60% damping |

AL i ik i
—30% damping [
- = 60% QGmping B

'
4, S

'

=q=gf=o=ut=
HIH

'
A
i
LB
'
Fr=
'

'
155 g S RGP (I
|
Fer=v
L

-

T

===
i

Transmissibility Ratio

0.5 H—

Deformation Response Factor
o

a=a
P i

== rs
i

R
F=p=p=y=1=
R

0.0 - :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 05 1.0 1.5 2.0 2.5 3.0
Ratio of load frequency to natural frequency Ratio of load frequency to natural frequency
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CE 384P - Dynamic Response of Structures
_Exam No. 1 REVISITED - The Take-Home Version
Date/Time Out: \)*32 , Mond 45,_; Date/Time In (within 24 hrs): :

1. Consider the frame shown below.

Elp
s Uglt)=0.4g1% fort <tqy
1:'; =0; fort >ty
Elc Elc| h G
8
a
k-]
- - 2
L =2h . 3
“ > =
Elc /h®= 2 kips/in; I >> Ic

Weight of roof = 96 kips fime, t (sec) e

(Note: Despite the appearance of the graph, assume that the fall-off in ug(t) at t=t. takes a very small non-zero
time and that the fall-off is a smooth function so that no large forces are mobilized at t=t..)

It is subjected to the limited-duration ground displacement, uy(t), shown where in the
-~ expression given-in-the figure, g refers to acceleration due to gravity (32.2 ft/sec?).

Neglect damping and consider three cases for the duration, ¢y, of ground shaking:
(i) &y = 0.05 sec; (ii) ty = 0.10 sec; (iii) ty = 0.5 sec.

(a) What is the peak (relative) deformation, uq, in each case? In each case, does the
peak value occur during or after the ground shaking has ceased?

(b) What is the peak (total) acceleration, iy, in each case?

(c) In which of the three cases can you use any suitable approximation to estimate peak
displacements and accelerations? Repeat Parts (a) and (b) for any such cases and
compare with your previous answers. Comment very briefly.

[25 points]



2. Consider a structure idealized as a single-degree-of-freedom that has a mass of 0.05
kip-sec?’/in. At different times, harmonic loadings are expected at three different
frequencies: (i) 5 Hz; (ii) 10 Hz; and (iii) 20 Hz, The load amplitude is 40 kips.

Of interest is the design of this structure that can assure that only 80% of the applied
load is transmitted to the supports.

(a) Consider a system with 60% of critical damping.
Determine the largest stiffness of the structure that can meet the requirement for
transmitted loads no matter which load frequency is used.
Also, determine the viscous damping coefficient, c.

(b) Next, consider a system with 30% of critical damping.
(i) Again, for the same restrictions on the transmitted load, determine the largest
acceptable stiffness as in Part (a). Then, determine c.
(ii) Suppose there is an additional requirement now that the dynamic displacement
must be at most 50% of the static displacement, how would you change your
stiffness, k, and damping coefficient, ¢, so as to meet hoth the transmitted force and

the displacement criteria?

For convenience, you may use the plots available below.

2.0 L i by 2.0 S B
NI —30% camping [ 5 L-t-)l —30% damping
13Tl - - 60% damping T =N o 7 N - = 0% damping [

2 ].5 R ) e e [ _,.E ].5 [ : ‘lr‘l :
2 I I 00 A A
310+ 410 e
u“-l o g i
g g
€ B i
2os g 0.5 1
®
[=} L
0.0 t i 0.0 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Ratio of load frequency to natural frequency Ratio of load frequency fo nalural frequency
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CE 384P - Dynamic Response of Structures - go \\

@ Exam No. 2 - April 21, 2005 ; . .
2-hour exam; 2 pages of notes permitted. 27(

1. The 2-story shear building shown in Figure 1 is to be analyzed as a generalized SDOF
system. Neglect axial defcrmatlons in all members and flexure in the beams.
Given the shape vector, w'= {2/3, 1}, express the natural frequency, wn, of the
system in terms of £, I, m, and h?
he building is subject to ground shaking that has a rolling quality such that the
ground displacement feels like a sinusoidal motion, l.e., Uy(t) = Uy sinat, Assume
that the damping ratio is ¢, and determine the peak displacement at both floors in
terms of ug, o, ©,, and §. Next, determine the peak base shear in terms of m, ug,
o, oy, and £. You may ignore Initial conditions (transients).
_(c)-Assume that ¢ =0.05, that EI/R® = 14,2561 kip/in, that o/w, = 0.9, and that vy, = 2
inches. If the mass, m, equals 1 kip-sec¥/in, determine the peak top-floor
1)) displacement and the peak base shear durmg the ground shaking.
_(d) A different shape vector, y'= {1/2, 1}, is selected. Does it lead to a more accurate

\( 1
WA natura! frequency than the original one? Why?

(25 points]
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Consider two very light wood-frame single-story structures shown in Figure 2. Neglect

2
xial deformati j _columns of both i
_beams. Both structures are located very close to each other and can be idealized as
SDOF systems. Each has the same mass, m, equal to 2 kip-sec?/in. The natural periods

for Structures A and B are 2.0 and 1.0 seconds, respectively.
Our interest is in assessing the performance of the structures in a past earthquake that

excited both of them. A 5%-damped pseudo-acceleration response spectrum for this
site and for this earthquake is shown in Figure 3.
t/paj‘/Eas-?imate the peak ground acceleration of the ground shaking at this site.
hat is the shear force in each column of the two structures?

//(?f’xvssume that the buildings are separated by a distance, A. If A is too small, the
buildings might strike each other at the top. What spacing, A, would guarantee that

e two building did not strike each other during the earthquake?
Mwe right column of Structure B has a height eh. What is the value of ?

(e) If the ground acceleration time history were available to you, you could easily obtain
the response for either structure. If you are asked to do so for Structure B using the
central difference method, what time step would you use? Why?

If Newmark’s method with y = 1/2 and § = 5/24 were to be used instead, what time

step would you use now? Why?
- [25 points]
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CATHEEIN = HOVE LL
(8 APRIL 2000

CE 384P - Dynamic Response of Structures
Exam No. 2 - April 18, 2006 (2 hours)
Open Text Book PLUS a single 8.5"x 11” page of notes is permitted

1. The three-story building shown in Fig. 1(a) is to be analyzed as a generalized single-
degree-of-freedom system. Neglect axial deformations in all members and flexure in the
beams. Use the shape vector, ‘PT = {1/3, 2/3, 1}. Assume damplng is negligible.

Given: £ =30,000 ksi, I = 2.4 in*, h = 10 ft, and m = 1.0856x10°? kip-s/in.

A time-varying load is applied at the second floor level (see Fig. 1(b)).

(a) Determine the peak displacement of the second floor.

(b) Determine the peak base shear and the peak shear in each column of the structure
on all floors.

(c) Determine the peak base overturning moment.

m  —
3 [
I I h Z4
m e =170 I N SN SN SR S
2 3
I 37 H e e e e
<]
m f T e R ST MU NN N
T :
2o ; ; ; ;
I 3 h 0.0 0.2 0.4 06 0.8 1.0 12
7J Time, t (sec)
I V/7A - .
Figure 1(a) Figure 1(b)

(d) If an impulse of magnitude 3 kip-sec is applied instead of the load shown in Fig.
1(b), what is the peak displacement of the second floor? What is the peak shear in
the second-story columns?

(e) A different shape vector, ¥" = {1/3, 1/2, 1}, is tried next. Is the resulting frequency
closer to the unknown exact fundamental frequency of the building? Why?
[25 pomts]
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2. Consider two structures located very close to each other so that they both experience a
peak ground acceleration of 0.8g and a peak ground displacement of 5 inches in ground
shaking during an earthquake.

Structure A has a stiffness of 10 kip/in and a natural period of 20 seconds.
Structure B has a natural period of 0.02 seconds.

(a) Estimate the peak deformation and base shear for Structure A.
What must the mass of Structure B have been if it experienced the same peak base
shear as Structure A?
Assume 5% damping for both structures, if you need to.

The same earthquake caused a 5%-damped pseudo-acceleration response of 1.294g for
a natural period of 1 second. Structure C, also located close to the other two, has a
natural period of 1 second, a stiffness of 3.9478 kip/in, and 5% damping.

(b) Estimate the peak deformation and base shear of Structure C.

(c) An increase in damping for each of the three structures is proposed by an engineer.
Comment briefly on the effectiveness of such a change.

(d) Consider Structure C again. Assume zero damping this time. The structure is
subjected to free vibration with an initial displacement of 1 inch and a zero initial
velocity. Use the minimum amount of calculations possible and estimate the
displacement at t=0.1 seconds using Newmark’'s average acceleration method. What
is the percent error in your answer? Are there any issues such as stability,
convergence, etc. that you need to be concerned about here?

[25 points]
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R

Example L1
Calculate the lateral stiffness for the frame shown in Fig. E1 {a, ussuming the elements to
be axially ngid

Solutien  This structure can be analyzed by any of the standard uwthm!s. including mo-
ment distribution. Here we use the definition of stiffness influence coefficients to solve the

problem.
) - kyz = 4EL Lh+ 481, /L
’% Bl ":e .k“‘"ﬁfirl"l" kyy =’fl-ffl.1"r' k;;=2£1.fl.
: iy o 02EL) 1y <Ol
I l&v, El, o ; W
. ~ I
L =2
2y
(@) ( {c)
Figure E1.1

The system has the three DOFs shown in Fig. El.la. To ebtain the first column of
the 3 x 3 stiffness matrix, we impose unit displacement in DOF wy, with U = u3 =0,
The forces &;y required to maintain this deflected shape are shown in Fig. EL.Ib. These
are determined using the stiffness coefficients for a uniform flexural element presented in
Appendix 1. The elements k2 in the second column of the stiffness matrix are determined
by imposing uz = | with #) = uy = 0; see Fig. El.lc. Similarly, the elements ki in the
third column of the stiffness matrix can be determined by imposing displacements uy = |
with 4y = uz = 0. Thus the 3 x 3 stiffness matrix of the structure is known and the
cquilibrium equations can be written. For a frame with Iy = I, subjected to lateral force

[s. they are
g, L2360 | 6h 7 (u) Is
5= | 6k :’ah? W [fus}={o0 (a)
W len 3w en2 )|y 0
From the second and third equations, the joint rotations can be expressed in terms of lateral
displacement as follows:

uz ____[65:2 hz]“'[&t] = 6[1 .
{«,}“ Woent] e | =55 :]"' i
Substituting Eq. (b) into the first of three equations in Bq. (a) gives
WEL  EL 6 i 96 [ El,
f£=(-"z'_f—r—']j!—r;j';fﬁh 6!1}[1])"1=‘”.‘“," (Tli)u' (c)

Thus the lateral stiffness of the f Ame |

v This procedure to eliminate Joint rotations, known as the st condensation method, is
presented in textbooks on static analysis of structures. We reiurn to this topic in Chap-

3
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Example 4.1

A onesstory building, idealized as a [2+fthigh frame with twe columns hinged nt the base
and a rigid beam. has a astural period of 0.3 sec. Each column ¢ an American standar)
wide-flange steel section W8 » |18, Iy propertes for beading sbout its major axis are
-‘:I—:?M S=je = 152 i L E = 30,000 ksl Negleotng damping, determine the
maximum sesponse of this {rene die 1o a rectangalar pulse foree of ampiitude 4 kips and
durdtion 1y == 0.2 sec. The response quuntities of intersst ary displacement ar the wp of the
frame and smdmum bending stress In the columns,

Solutien ? = q,,g
1. Derermmine Ry, Q i
w02 |
e = {14
T = ( '/Ln A

'.M! ;

1

1

i Ty . 5
Ry % i 2 'sinw?w:- = ZaniGar ) = 1902 4“

{“5( 1o : ]

R L B S
2. Determine the imeral stiffness of the frame.
3ED 3300000619

Kph] B e S8 e 1.863 kipyfin,
B 3 {12 % 17 i

>

ko2 1865 = 3.73 Kipssin °R

3. Demsemiine (ngly,. “g e q s? 3
RS 4.?. =107 i W 5 o
e il

£ AT
4. Derermine the maxhnum dvamic deformation.
ty = (U)o Ry = (071,902 = 2.04 in, y’

5. Derermine the Fending stress. The resulting bending momens in each onlumn
are shown dn Fig. Bdde. At the top of the column the bending moment is largest and i

given by
: 3300003619
M= ziiilf, o {M~-}lﬁ4 = 347.8 kip-in. ‘-
- i+ (12 = 12 e Y

Ahertatively, we can find the bending moment from the cquivaient statie force:
J50 = paRy = 4{1.902) = 7.6 Kips
L= ku,

Ha 347.8 Kipin.

et

3604 ki

Because both columns are identical in crass sectien and length, the force f, will be shared
equalily. The besding moment i the op of the column &

o, £ 161
m = Ly n(if_) 12 % 12 = 547.8 Kip-in

The bending stress s largest al the outside of the flanges at the top of the volemns:

Af 5478
{5 0 e o
15.2

The swress disuibusion is shown ia Fig, B4, 14,

s 36,04 ksi

Vil
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Example 4.2

The 80-ft-high full wawr ok of Example 2.0 Is subjected to the force pio) shown in
Fig. B4 coused by an aboveground expiosion. Dewrmise the maximum base shear and
bending moment a1 the base of the tower supporting the wenk. M————

6.73 kips 673 kips ‘E d - ,53

Sa kA

i
s '
H ' Shears Momunts

. Figure 42
T
o 12 see. &a
. the forcing T o

Solution  For this water sk, weizht w = 100.0]
R-Rr

and & = 1.23%. The gitio 077, = 0.08/1.1.
fupstion may be weated as 2 pure impudse of magnit
wiere the integral is caleulated by the tripezeitul vule. Neglecting the effeet of damping.
the maximum displucement is
l P

I 22 o

) s 000
I= f plevdr = -—;’5 {0+ 2040) + 20160 + 2(d1 + 0] = 1.2 kip-see
(4]

o B e 3 e 2 {2 (1
X Whan = TE S ;T OARH
A The eguivalent st forve fy, ussociated with this displacement is [from Eq. t1.8.13
Joo = &, == (BEN0R21 = 6.73 kips

The resulting shearing forces and bemding muments over the height of the hwer are shown
in Fig. 4.2, The buse sheur and moment are

M=6Tiki  m=sskpn 2 G TANEY O
S R s, ¢

— \/4 o\e Yo we )
T @P\.,L;g ¢ olwh e

2\ 2
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U
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Example 4.3

Consider the SDF model of an automobile described in Example 3.4 running over the spesd
bump shown in Fig. BA3 at velocity ¥, Determine the maximum fore developed in the
suspension spring and the maximum vertical acceleration of the mass if (a) v == 5 mph, and
(b} v = 10 mph.

w4 Kips

iy

- Half-cycle sine function
y

Figure 4.3

Solution
L Detersune the svstem and exciiation parameters,
Rl N o
By w1 10363 1h-sec®lin.
386

i = B0 IhAn.
ary w8786 radfsec Ly 220013 w2

e 3 1
Fﬁsh‘r" v Sauph= 7303 fifsee g = oo = 04091 sec }f‘i = 0572 SL\ g\"h!‘*
-t "
- o ~ posee o Pulse
S?‘ea ¥ 30 mph = |4.666 f!,’&z:c £ -l“g?;z_;é == (2040 sec }:': @ 11,286
wt 6’ R
Ut} = 6 Sl e gy s e
¢ Iy # £ a '{ = 0.4
2 2. Deternune Ry for the t4/7, values above from Fie, 4.14.2. -
74 - wh uﬁ o 1.015 v 5 mph
‘A = e < Y7 10639 v 10 mph ‘
u Obviously. Ky cannot be read aceurately 1 three or four significant digits; these values are 'b‘ /
30 from the numerical data used in ploting Fig. 4.11.2. Tn

3. Determine the maxinuan force, fs,.

- o 2
L g s Ti
\.———-* “e‘—"'“i"ffdw]-s(rd) R

@y

: Easy on Jﬂno‘se
i - g i
1.5 ———= ] LD18 =4.65 in. ;i
1! 5(!}.573,) R s S?E.Qci_ Dune P> j,
Hy &= | 2
s Bk e g . FT2 Kips =5 mph
Tso = kitg = O8uy = {&3’1 kips v 10 mph
Observe that the force in the suspension is much farger at the higher speed. The large
'IY i <0, deformation of the suspension suggesis that it may deform beyond its linearly elastic limit

4. Determine the maxinum acceleration, i@, Bquation (4.12.3) provides a relation
between il and Ry that is exact for systers without damping but is approximate for damped

! systems. These spproaimate results can readily be obtained for this problems:
R - uo £ 6’{:
A f— R :‘E; = Bl % -}:u- R
e ;'
u L4 P i bz’ 4 P
. B (P e | EOLS s 3591 I fsoe” ¢ e S mph
3 - - {(&4{}9-} % :l f !
d e (L"f: | 5
o | 3 (30 s GOHRLT i S ¥ = 143 mph
,r/ [ (6.21346)3} 4 o
\(\ﬁ) Observe that the acceleration of the mass is much larger at the higher speed; in fact, it |
Qf‘\ exceeds 1 g, indicating that the SDF model would 1ift off from the road, \
5 &3
p3 .0 To evaluate the error in the approximate selution for i@, a numerical solution of the
X equation of motion was carried out, leading to the “exact™ value of i/ = 422.7 insec® for

o= 5 mph.

(B B
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Assume  p(b) 9 discnhized, ak time ‘nbewado AL"-‘
rL F(t") A 0,7,...N

W

At; = T, - & (wuuﬁ At = At = owobund
Wy ,w; ) = dfs}?)n&w«mt} Vdmky , oceeduabor ab ‘ﬁ;_
= -mu, + Ct:t- -i—(ﬁ ). = P (on = "”':5;)
LF) z m-sh»a {u:-—w M Bme t; = ku, {:n
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> Uiy o= Aup + By + Cﬁ, * PP
RECLRRENCE
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L+

Tor =0, A,B,C,Dp
! ! ! )
A} B)CJ“D
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k W
A, s ¢ v }_’ COEA NS »)
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Steps :
). Discretize exdlnhion P2 on - miiﬁt-e)
2. Gven shamchuco Pupehito  and
Pme wmhaval 71 oree disermbaaboc,
defeamime.  A,B,C,P & A',B’,c-',p| usi
Table 5.2.)

5. Ve B4s 3 b sblam  u; L

L+l 2 L)

shroking R nibal owdibione U, annt L,
NeFe. 1, Apprsximation o.F Exadt Solulon i ;M?mvuo-
iy A % ade small.

2. Method is wsehl Lo MV‘TFTI\MJ&& ex ot s
wheae ﬂm\mx\ accdevahen s Al olosd,.] S"Fa,cc,@_ _

l'vt"(/\va.\s .
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MetheR baged Indnpolaben 8 Bxolnhn~
' » (s-hl% FM, Ao S\jsfbw\s)

TABLE 5.2.1 COEFFICIENTS IN RECURRENCE FORMULAS (¢ <1)

A = e bwa b (\/C_z sinwp At 4 coswp Ar)
=i

1
B = e twn &1 (-— sinwp A!)
wp

1| 22 et | {1 =22 ¢ . 2
= i — — -1+ up A
C % [w,. i +e T T sinwp Ar e coswp At

1 2 221 2 -
D= [l——-—é’—+e_c‘”"m(t Sinwp At + ¢ costAr)]

wy At wp At W, At
w
Al= —p~Swn B L sinwp A,
=
B! = ¢ {uwn O (cos wp At — § > sinwp Ar)
| =

C'= l ——[- + et A il + ¢ sinwp Ar + L cos wp Al
k At \/l = {2 AI\/'I - ¢—2 Ar

1
D'= m {[ — e~ bW &l (\/‘:_1 sinwp At + coswp Ar)]
I —-¢-

Thikial Caladiabons (wvﬂ?w’l‘cd O'lea..umcoD

Recwvence Povmulas -
Uiey, = AU + B + Cp; + Dp.

vt

. { [ / !
Wiy = AU * B v Cp + PP,

mM_,l + c{‘; + ]"'“‘E 2 P (b jd’ ii.,iF needed )

-

22>



CE264P: DYNAMICS

23 Fepruary Ok

24

Engineer's Computation Pad

No. 937 811E

? STAEDTLER®

NUMERICAL METHODS

central mEference peirned
(exampie ok g Finve afference scneme D
generan formulas

5 1
et e
AL AT (Uu—! i 15

Bi=ap (= Qv --E‘{; (W= 2uruiay)

A A
K Wie= P

A A5 IR i b . 20 f
Fe=RT [(b&.)l zm]“‘”‘ [k (b.ﬂl} e

: Lo(eaY?
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TABLE 5.3.1 CENTRAL DIFFERENCE METHOD

1.0 Initial caleulations {Aene once oaly.)

3.0

po — cug — kug

1Y dipg=
m
ANk,
1.2 wu_y=ug— Arig + uq.
13 k= —— ’
‘ T (A1) 2Ar
14 a= e 7 = ——E—-
(Ar)- 2Ar
2m
15 b=k- —.
(An)?
Calcularions for time step i
2.1 pi=pi —auj_ — bu;.
2.2 Uiy = E:—
Wit — Ui

2.3 If required: u; = T

Repetrition for the next iime step

Replace i by i + | and repeat steps 2.1, 2.2, and 2.3 for the next time step.

=

L 2u; +ui—)
(Ar)?

Metned wnstable 'h-F éiC, > V- 0.318

T

U



CE 284 F: DYNAMICY

08 MOxrchh Cb

25

NEWMARK'S MAETHOD

Hormew ory

—print out'

— fonlow pravlem INTIEXY WWh Sarme dyviferent Valveao
— frorn enapter five

—use EXcel YO ploT

CHApTEr SiX: gariynguake REponse

recora grovnd acceieraTion oV S\e

geY respoNSe Spe v Ve

qer mox . digpiacement for SYem 10 GUESTION




Natiana! Seann by &

&
T

New MMk:s Method

wamp\:z% & Method baeed ™M an assumed Vaniaks
d‘: mchevarbiomn o A Reme ss'c,P) At

Vonieo Oven & % e s‘re?

Ponowmtkens : P,X‘[‘G\CF‘W I\’h:»w o cce) evichon

dreamd ne a\cow'uu'»:_ ] sﬁ\o‘. \';]ﬂa__
chavactesishics

L

(o w, = w, = [ ( i-—Y) A‘ﬂ ML v U"At) 1:.“‘
(¥ Wby = Wy o (Ab)\l£+\'_(o.5-§;)(ab5_]ﬁ£ +[%(&t)jﬂtﬂ

(> mw, =~ c,CA,-w—\— (F’)m = Vi

(A}, () , anwd (2) above emable &‘M?"‘-"-“HM OF

W .

L UL
Wi 'ﬁ:w'w\. v e
M u,il*‘ u;’

The Vmc&duve s TTERATIVE 11 qeweral (:'.e.)‘F-r howlinear

S\PM*;)
Fov lincon 5\’\5\'%5’ (’V"LW (%s);_-h - ko“i*\) P
S=lwhion Vs NON-TTERATWE
Ir & conemient o vewale %ua\‘w“s (2), (B), and (e
W I vementall ‘fwm.
AML = WUk T ouy S

& a?b = ‘7\'.-\-\ - ?{

AW = Up Uy JAU = Uy - Uy

%



1
3
.‘\r.-‘t‘zﬂ?anai‘ ‘Brand |

i _ i
(&) Aug = (Ah)ﬁ; + (¥ &) sy,
(b' Al’.’) l:lL + LA’C)1 ..- L
) | ( 2 b +[p(a]
Cc') MAL.L,L x cd\;bif + e AML " &Pﬁ
Waike Al.Js

g Tems o W v, and Ay

U\.on\.f‘ (&) awd (U) and c‘ivm'uf-\-i% A\.,{.':

Sweshe (3> & (1) W (o) +o gek
k Au; = Af’;a
N
W\'\&'hc, L = k + 1— e \ .
@At ﬁ(at)
Ay, -

k . -F«uc.)ﬂ'ow o¥ m’c)\p_; AU ; ‘5,‘{
Ay, = -Fy.v\cHa'n 5 wm, ¢,k ; At [’2)’{; o9 ; U
buwy, = Ap;
b

) e
Drran Au; wsing (M)
O\)ha‘{v\ Au Mw\%_("l) anad Hu
Obrern AU\ \A$\V‘L§<ﬂ.} and AM
Ular = Up + Qug v

= u + Ay,

1y

= A\'A,; . ¥ Mids ___{__ 1 st -:/-
@(&) Uy u; t ( z?
“\""E"‘”" (U) Aa; = = Au, - ) ;;; - pden 4
B (at) pat i

A“L

A'Afimr( ) [’"P +ﬂ'= )}L{.L

ML H’I?




.R".Narinnal “Brand %,

OuH'o\whmba f""’ u!_‘_‘ , Lo woe
'V\,.“ = PH’I . fﬁ-] - kui'\'l
C YL

aloo Xo okrmin 1'4‘0 ok sk b

Templicir Methods  ( dike Newmanks Metrd)

—» Obfaun  solukow af Hwe

L1

\A‘f‘\vv%, %uu\n\’wmm [%Mm 5} wéhﬂ)
ar hnne L+ A

EX’?\\M\' Methods &A1k’_¢. Centyald Dﬂ?f&m M-ET*TK‘JL)

—» DbTaim selubim~ afY Bme Lal  witeour

WA equilbainm (equabtn O mokion
ar +Hme +L

Newrgakes Mahol  Special  Craes

4. A\rwduao Accelevndran
Accelershon.  watain o Hime shep 15 assumed Lo be
The av@w«.ﬁc 6} accehevohen vmleo afF \:camnn.?r
amd emd By dHhe hme shp.
M’(T): ELML-Q-\*U‘;._) 3 o % T <At
2. Linean Acchevabon,
Accelevalveon s lain o PBve S"‘EP 15 oasSsumed o
VM'\a.- “V\m% over the FHwe S'\-b‘:,.
wliTN= & i - WS -
w(T)= wi « Z_t'<u"** 4i)s O <T <AL
* P\Vivv-se( ACLE)\'?-VRHDYI 1 Newdraalke  wn, “{'-' yz , P=V4

;B

W
N



TABLE 5.4.1 AVERAGE ACCELERATION AND LINEAR ACCELERATION METHODS
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Linear Acceleration
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TABLE 5.4.2 NEWMARK'S METHOD: LINEAR SYSTEMS

Special cases

(1) Average acceleration method (y = % B=
(2) Linear acceleration method (y = % B = fl,) — <tnble ,‘1: At
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Pseudo-acceleration response of SDF systems
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Figure 6.4.3 from Dynamics of Structures: Theory and Applications to Earthquake Engineering, by Anil K. Chopra, Prentice-Hall, 1995.
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&y qm \ e A 12-ft-long vertical cantilever, a 4-in.-nominal-diameter standard steel pipe, supports a
5200-1b weight attached at the tip as shown in Fig. E6.2. The properties of the pipe are:

usi“ outside diameter, d, = 4.500 in., inside diameter d; = 4.026 in., thickness ¢ = 0.237 in.,
s and second moment of cross-sectional area, I = 7.23 in, elastic modulus E = 29, 000 ksi,

- and weight = 10.79 Ib/foot length. Determine the peak deformglign.and kending stress in
R“? °hs‘ the cantilever due to the El Centro ground motion. Assume tha
S}GO"'Y WY Solution The lateral stiffness of this SDF system is

3E7 3(29x10%)7.23 . b
b= o IR S 6511 Kindin,
A (2% 12)? ipfin

The total weight of the pipe is 10.79 x 12 = 129.5 Ib, which may be neglected relative to
the lumped weight of 5200 Ib. Thus

.20
T -
The natural vibration frequency and period of the system are

k [ 0.211
wy = J;_ W = 3.958 rad/sec

From the rcspbnse spectrum curve for §{ = 2% (Fig. E6.2b), for T, = 1.59 sec, D = 5.0 in.
and A = 0.20 g The peak deformation is —
===

wo=D=50in.

NO"&: = (7)5200 1b g
This cowld have
been me““.‘A _ 12.;Skip-ft o
L.MS‘CM OF w5ﬂ3 (2) © (d)Moment  (e) Section a-a
spedvam) using D

4-in. pipe

100

b :
B -

t s

10

V, in/see

b
L4 78.‘ iﬂ/s"() .
z O.ZOJ g
0.5
0'20..02 '

.The peak value of the equivalent static force is
A .
fso = —w=020x 5.2 = 1.04 kips
g

The bending moment diagram is shown in Fig. E6.2d with the maximum moment at the
base = 12.48 kip-ft. Points A and B shown in Fig. E6.2¢e are the locations of maximum
bending stress: :
_ Mc (1248 x 12)(4.5/2)
s =" = 7.23 -
As shown, o = +46.5 ksi at A and ¢ = —46.5 ksi at B, where + denotes tension. The
algebraic signs of these stresses are irrelevant because the direction of the peak force is not
known, as the pseudo-acceleration spectrum is, by definition, positive.



Example 6.3

The stress computed in Example 6.2 exceeded the allowable stress and the designer decided
to increase the size of the pipe to an 8-in.-nominal standard steel pipe. Its properties are

dp =8.625in.,d; =7.981 in., r = 0.322 jn.. and / = 72.5 in*. Comment on the advantages
and disadvantages of using the bigger pipe.

Solution

3(29 x 10%)72.5
(12 x 12)3

[2112 -
“n =N Gotsay 1002 midfsec

From the response spectrum (Fig. E6.2b): D=2.7in. and 4 = 1.1g. Therefore,

2
to=D =27 in, _ check: A+ rAll i . (gn) )
MA = f5,=1.1x52=572 kips Lﬁ- (32.‘!) ()

k=

= 2.112 kips/in.

s = Mowe =572 x 12 = 68.64 kips = g
L]
| 64 x 12)(3.625/2
Omax = ks J_(S §25/2) = 49.0 ksi
72.5

Using the 8-in.-diameter pipe decreases the deformation from 5.0 in. to 2.7 in. However,

contrary to the designer’s objective, the bending stress increases slightly.

. This example points out an important difference between the response of structyres to -

P ,'ﬁ AMmiy earthquake excitation and to a fixed value of static force. In the latter case. the stress would
(V] 's decrease, obviously, by increasing the member size. In the case of earthquake excitation,
& ‘ the increase in pipe diameter shortens the natural vibration period from 1.59 sec to 0.50 sec.
)hh“ which for this response spectrum has the effect of increasing the equivalent static force Sso-
Whether the bending stress decreases or increases by increasing the pipe diameter depends

on the increase in section modulus, / /¢, and the increase or decrease in fs0. depending on
the response spectrum. '

vm‘*: Mbd‘t'_?- = M‘A'L\’ .cf m-k-%)

fuchor ot 5.24 increase (old Yo new)
A= o. 203

fa.ctor O'F 5.5 increass (OH -\-ong.,.p
TMR‘ M&Aﬂ‘:) - rﬂ'\)f,nm ? o';mx,old

\Jv
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Example 6.4

A small one-story reinforced concrete building is idealized for purposes of structural analysis
as a massless frame supporting a total dead load of 10 kips at the beam level (Fig. E6.:1-a).
The framt? is 24 ft wide and 12 ft high. Each column and the beam has a 10-in.-square
cross section. Assume that the Young's modulus of concrete is 3 x 10° ksi and the damping
ratio for the building is estimated as 5%. Determine the peak response of this frame to the
El Centro ground motion. In particular, determine the peak lateral deformation at the beam
level and plot the diagram of bending moments at the instant of peak response.

Solution " The lateral stiffness of such a frame was calculated in Chapter 1: k = 96E1 /Th3,

where_E I'is the flexural rigidity of the beam and columns and / is the height of the frame.
For this particular frame.

_ 9606 x 10%)(10%/12)

= 11.48 kips/in.

7(12 x 12)3
EASY .
. £ §‘*‘)P /?u_rmw’ 17.1 kip-ft
N lOfk_fpS fso=T7.6 kips - 17.1
10" sq. ~ . )
hel2 i - IS
‘ 10” sq l'“‘l\:’ ( (
L e : 77;‘ 284 ,7; 284
l _"- -
[ "‘1 V\ﬂtlmwmﬂb

(@ L.?Z-% () Frawe Andflis (Shahe)

Figure E6.4 (a) Frame: (b) equivalent static force: (c) bending moment diagram.

The natural vibration period is

’JT v ——= L = 0.30sec

k/m 11.48
For‘T,, =0. SEnwc read from the response spectrum of Fig. 6.6.4: D = 0.67 in.
and Bak deformation: 1, = D = 0.67 in. Equivalent static force: fso =
(A/g )w =0.76 x 10 = 7.6 kips. Static analysis of the frame for this Jateral force, shown
in Fig. E6.4b. gives the bending moments that are plotted in Fig. E6.4c.
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Response spectrum plotted on normalized scales
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Response spectrum and spectral regions
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Figure §.8.4 from Dynamics of Structures: Theory and Applications to Earthquake Engineering, by Anil K. Chopra, Prentica-Hall, 1935.
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Response spectra for three ground motions
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0 0.5 1.0 1.5 2.0 2.5 3.0

Figure 6_9:1 iram Dynamics af Structures: Theory and Applications to Earthcuake Engineering, by Anil K. Chopra, Prantize-Hall, 1995.
L ] k
+ Sawe sITe -
L] ] k
+ Diffenent e.aﬂka&ua es



e ‘-;n‘-'-"":.-‘; P AN
swdmion i B T A
P ‘ e (ot &l ‘_.“‘.- Bod

|
: |
S U SR O —

F/wﬁw o‘f deve\a?hnen* 5}( o Pesnlan SPM\IQAV\-...
Way 15 n/e,rwowh\hvt "F OW thSewmble of
Yecovded ~ wohons

— Stahshecal aV\A‘u&S-ls

€.g- Riddell & Neumark did tis for
A0 vecorda w 474,
Plo¥s of wean /med\'nn (so0™ percenhle )
ond  wean +1a /(_S'QH’“ pevaevin le)
X Yhese 10 speehre (ar cadh yperied )
\ﬁ'\c\o‘e& Swmoother sSpedva
Moy each wmdveidusl spe b

EG’\S!:) ; Then , ¥ ye?}aaa, Yhese Swoolh
s)aee/\’m, \9-:) geh'dq % 5*3'0;'&'\.'1‘ hn-es-

QC‘E'V\.“’ 5 D“f'\'a\ft 3?6 cha

frocedunye
Aoke 4 vecommended speﬂooQ values : —E.) sz TQ)T,E
(%MA Ko ‘/53 , ‘/g) 1O , and 23 sec., Y&Arc:c‘n‘wig}')

\Jse W?\;chﬁoﬂ fackovrs -fo'r either D/ V, ov A
a\&fhndin,% s \w,q,iod , Fachoys ave »E‘r»,c-l—aa'vm By 'é

Newmark & Hall consiamered deﬁbm s'?cahrcx_,,
(\me',o\fah an o 3%"70‘*“&)

e.g., Median 5% dampedd speta
wies  amphFeabion fadevs X, =202, X =Z.03 & = 1.6

R

=




Givem Yas,Mgo, and Mg, 5 L, X, X

5 Ta, 1o [ Te, ’T’E'_

TeTax To A= N, U,

_T-‘C<T"‘=<_\-A V:D{v':"ﬂo

—rd < Ty < TC D= “p Uao
Tn.a. . A = \150
TY\ 7 —TJF P = Ua,

Ta< Ty Ty A increases frema -{,{90 Yo o, :';g,:

Te < T\q C-—Y_; D Aecveases -vab{p\,lsg o HSO

DQA ) "(v > °<p "mbnlw\'e,& oY ovan lable

r>s J{\«w&Hams OF E

Use Ynown Ctao 3 \-4(90 ) aneh WU

Fe

Gt OR '&3‘-“ with ass W Mowns

JF hod \:’jﬁo and US, ~elare
o Uao

(-E.g.) %Ym 3-{ouha

4



e Mean and mean + 1o spectra e Design spectrum
e Probability distributions for V

[ ——— R ———

T | D S A I e P | T

T T T

Mean + 14

33 ﬁec

05} / ) J ol
2 4 = =
@ 18 S 1
m i !
02t [= 10 ‘ -
B 0 N & ®
=2 o
0.1+ — Il - f o
1 ‘-?9, Phg I
[, = = .
0.05 . d \ . -1
Lo : J
4
[ Q / .
& !
0.02 I S e AN | 1 i T N A A | 1 1 T S e | | 1 1
0.02 0.05 0.1 0.2 05 1 2 5 10 20 50

T, sec

10 cahguake vecords
(Riddel & Newmark , 1979)

Figure 6.9.2 from Dynamics of Struciures: Theory and Applications to Earthquake Engineering, by Anil K. Chopra, Prentice-Hall, 1995.




‘wnnoads ayp a19jdwod f—2 pue g—v saul] uonisuel) aYJ, °L
| | *J1 ueyy 193u0]

spouad 10§ °¥n = (7 auIl[ Y1 pue °] ueyl IoLOYs spourad 10y %%n = y aul] aY) MeI(J °9
*(]. UOTJRULIOJOP JO SN[EBA JUBISUOD B SUNUIS

-a1da1 2—p our] YSrens ay) ureiqo 03 9 I01oey uoneoyrdwe oyy £q ?9n Adony °g
A bﬁoﬁ?ow:mwm JO on[eA JUBISUOD B FUNUS

-o1dox p—o oury JYSrens ayy ureiqo 01 Ao 10108y uoneoyidwe oy Aq °%n Adum b
'V uonela]aoe-opnasd JO an[eA JUBISUOD B SUNUSS

-a1doxr 0—q our] WYSrens Jy3 urelqo o)1 ¥ 10108} uoneoyidwe oy £q °%n Adnmp ¢

'Pajo9fes 2 dy) 10} do pue ‘Ap ‘Vo 10J son[eA 9y} 7'6°9 10 ['6°9 S[qe] woIj ureiqQ ¢
-uonjow punois uSisap sy 10y °¥n Juswade[dsIp pue °n A1100[2A <055

uoneIs[eooe punoid jo senfea yead oyl O) Surpuodsa11od saur| paysep 92141 3yl 10[d °T

'€'6°9 "S1 01 9ouaI3jJal
YIImM pozURWWNS MOU ST WNNJads USISIP B IONIISU0D 0) ampaooxd v “Alewiwing

wniyrads sm_aoa 0 jowvigud)) ¢} (May



Construction of elastic design spectrum

Elastic design c Clylgo
spectrum
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Figure 5.9.3from Dynamics of Structures: Thezry and Applicasons to Earthquake Engineering, by Anil K. Chopra, Prent=s-Hall, 1995.
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Figure 6.9.4 from Dynamics of Structures: Theory and Applications to Earthquake Engineering, by Anil K. Chopra, Prentica-Hall, 19985.
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Elastic pseudo-acceleration design spectrum
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Figure 6.152 from Dynamics of Structures: Theory and Applications to Earthquake Engineering. by Anil K. Chopra, Prentice-Hall, 1995.
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Figure 6.11.1 from Dynamics of Structures: Theory and Applications to Earthquake Engineering, by Anil K. Chopra, Prentice-Hall, 1995.
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STRUCTURAL DESIGN

0.15g and where the mapped spectral response accel-
eration at 1 second period, S, determined in accor-
dance with Section 1615.1, is less than or equal to
0.04g shall only be required to comply with Section
1616.4.

5. Structures located where the short period design
spectral response acceleration, Spg, determined in
accordance with Section 1615.1 is less than or equal
to 0.167g and the design spectral response accelera-
tion at | second period, Sy, determined in accordance
with Section 1615.1 is less than or equal to 0.067g,
shall only be required to comply with Section 1616.4.

1614.1.1 Additions to existing buildings. An addition
that is structurally independent from an existing structure
shall be designed and constructed as required for a new
structure in accordance with the seismic requirements for
new structures. An addition that is not structurally inde-
pendent from an existing structure shall be designed and
constructed such that the entire structure conforms to the
seismic force resistance requirements for new structures
unless the following conditions are satisfied:

1.The addition conforms with the requirements for
new structures, and

2. The addition does not increase the seismic forces in
any structural element of the existing structure by
more than 5 percent, unless the element has the
capacity to resist the increased forces determined in
accordance with Sections 1613 through 1622.

1614.2 Change of occupancy. When a change of occupancy
results in a structure being reclassified to a higher Seismic
Use Group, the structure shall conform to the seismic
requirements for a new structure.

Exception: Specific detailing provisions required for a
new structure are not required to be met where it can be
shown an equivalent level of performance and seismic
safety contemplated for a new structure is obtained. Such
analysis shall consider the regularity, overstrength, redun-
dancy and ductility of the structure within the context of
the specific detailing provided.

1614.3 Alterations. Existing structures being altered neced
not comply with Sections 1613 through 1622 provided that
the following conditions are met:

1. The alterations do not create a structural irregularity as
defined in Section 1616.5 or make an existing structur-
al irregularity more severe.

2. The alteration does not increase the seismic forces in
any structural element of the existing structure by more
than 5 percent, unless the capacity of the element sub-
Ject to the increased forces is still in compliance with
Sections 1613 through 1622.

2000 INTERNATIONAL BUILDING CODE®

1614.1.1 - 1615.1

3. The alteration does not decrease the seismic resistance
of any structural element of the existing structure to
less than that required for a new structure.

4. The alterations do not result in the creation of an unsafe
condition.

1614.4 Quality assurance. A Quality Assurance Plan shall
be provided where required by Chapter 17.

1614.5 Seismic and wind. When the code-prescribed wind
design produces greater effects, the wind design shall govern,
but detailing requirements and limitations prescribed in this
and referenced sections shall be followed.

SECTION 1615
EARTHQUAKE LOADS—SITE GROUND MOTION

1615.1 General procedure for determining maximum
considered earthquake and design spectral response
accelerations. Ground motion accelerations, represented by
response spectra and coefficients derived from these spectra,
shall be determined in accordance with the general procedure
of Section 1615.1 or the site-specific procedure of Section
1615.2. The site-specific procedure of Section 1615.2 shall
be used for structures on sites classified as Site Class F, in
accordance with Section 1615.1.1.

The mapped maximum considered earthquake spectral
response acceleration at short periods, S, and at 1-second
period, §;, shall be determined from Figures 1615(1)
through (10). Where a site is between contours, straight line
interpolation or the value of the higher contour shall be
used.

The Site Class shall be determined in accordance with
Scction 1615.1.1. The maximum considered earthquake
spectral response accelerations at short period and 1-second
period adjusted for site class effects, Sy and S, shall be
determined in accordance with Section 1615.1.2. The design
spectral response accelerations at short period, Sp;, and at
1-second period, Sp,, shall be determined in accordance with
Section 1615.1.3. The general response spectrum shall be
determined in accordance with Section 1615.1.4.

Exception: For structures located on sites with mapped
spectral response acceleration at short period, Sy, less than
or equal to 0.15g and mapped spectral response accelera-
tion at |-second period, S}, less than or equal to 0.04g, the
Site Class, maximum considered earthquake spectral
response accelerations at short period and at 1-second
period adjusted for site class effects (S, and S,,;), and the
design spectral response accelerations at short period and
at l-second period (S;; and S;,,) need not be determined.
Such structures shall be categorized as Seismic Design
Category A and need only comply with the requirements
of Section 1616.4.
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FIGURE 1615(2) STRUCTURAL DESIGN
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FIGURE 1615(2)
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FIGURE 1615(2)—continued
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1615.1.1 - TABLE 1615.1.1

1615.1.1 Site class definitions. The site shall be classified
as onc of the site classes defined in Table 1615.1.1.
Where the soil shear wave velocity, v,, is not known, site
class shall be determined, as permitted in Table 1615.1.1,
from standard penetration resistance, N, or from soil
undrained shear strength, s,, calculated per Section
1615.1.5. Where-site specific data are not available to a
depth of 100 feet (30 480 mm), appropriate soil properties
are permitted to be estimated by the registered design pro-
fessional preparing the soils report based on known geo-
logic conditions.

When the soil properties are not known in sufficient
detail to determine the site class, Site Class D shall be
used unless the building official determines that Site
Class E or F soil is likely to be present at the site.

1615.1.2 Site coefficients and adjusted maximum con-
sidered earthquake spectral response acceleration
parameters. The maximum considered earthquake spec-
tral response acceleration for short periods, Sy, and at
I-second period, §,,;, adjusted for site class effects, shall be
determined by Equations 16-16 and 16-17, respectively:

STRUCTURAL DESIGN

where:

F, = Site coefficient defined in Table 1615.1.2(1).

F, = Site coefficient defined in Table 1615.1.2(2).

Sg= The mapped spectral accelerations for short periods as
determined in Section 1615.1.

S, = The mapped spectral accelerations for a 1-second period
as determined in Section 1615.1.

1615.1.3 Design spectral response acceleration para-
meters. Five-percent damped design spectral response
acceleration at short petiods, Sy, and at | second period,
Sy1» shall be determined from Equations 16-18 and 16-19,
respectively:

S, = % Sis (Equation 16-18)
So= %S (Equation 16-19)
where:

Sys=The maximum considered ecarthquake spectral
responsc accelerations for short period as deter-
mined in Section 1615.1.2.

Sus= F,S, (Equation 16-16) Sy = The maximum considered carthquake spectral
response accelerations for 1 second period as deter-
Sy =F.S5, (Equation 16-17) mined in Section 1615.1.2.
TABLE 1615.1.1
SITE CLASS DEFINITIONS
AVERAGE PROPERTIES IN TOP 100 feet, AS PER SECTION 1615.1.5
SITE SOIL PROFILE Soil shear wave Standard penetration Soil undrained
CLASS NAME velocity, Vg, (ft/s) resistance, N shear strength, S, , (psf)

A Hard rock v, > 5,000 Not applicable Not applicable
B Rock 2,500 < v, < 5,000 Not applicable Not applicable
C Very dense soil and soft rock 1,200 < v, <2,500 N> 50 5,= 2,000
D Stiff soil profile 600 < V< 1,200 15< N<50 1,000 < 5,< 2,000
E Soft soil profile v, < 600 N<I15 5,< 1,000

Any profile with more than 10 feet of soil having the following characteristics:

1. Plasticity index Pl > 20;

. o 2. Moisture content w > 40%, and
3. Undrained shear strength 5, <500 psf
Any profile conlaining soils having onie or more of the following characteristics:
1. Soils vulnerable ta potential failure or collapse under seismic loading such as
liquefiable soils, quick and highly sensitive clays, collapsible weakly cemented soils.
F s

2. Peats and/cr highly organic clays (H > 10 feet of peat and/or highly organic clay

where H = thickness of soil)

3. Very high plasticity clays (H > 25 feet with plasticity index PI >75)
4. Very thick soft/medium stiff clays (& > 120 ft)

For SI: 1 foot = 304.8 mm, 1 square foot = 0.0929 m?, | pound per square foot = 0.0479 kPa.
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TABLE 1615.1.2(1) — 1615.1.5

TABLE 1615.1.2(1)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS (S)®

SITE MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS

CLASS S:<0.25 S¢ =0.50 S.=0.75 Sy =1.00 Se21.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
c 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1:2 0.9 Note b
F Note b Note b Note b Note b Note b

a. Use straight line interpolation for intermediate values of mapped spectral acceleration at short period, S -
b. Site-specific geotechnical investigation and dynamic site response analyses shall be performed to determine appropriate values.

TABLE 1615.1.2(2)
VALUES OF SITE COEFFICIENT Fy AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD (S,)?

SITE MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD

CLASS S, s0.1 S, =02 S,=03 S, =04 S, 205
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 24 2.0 1.8 1.6 1.5
E 35 32 2.8 24 Note b
F Note b Note b Note b Note b Note b

2. Use straight line interpolation for intermediate values of mapped spectral acceleration at 1-second period, S;.
b. Site-specific geotechnical investigation and dynamic site response analyses shall be performed to determine appropriate values,

1615.1.4 General procedure response spectrum. The
general design response spectrum curve shall be devel-
oped as indicated in Figure 1615.1.4 and as follows:

1. For periods less than or equal to T}, the design spec-
tral response acceleration, S,, shall be given by
Equation 16-20.

2. For periods greater than or equal to T} and less than

or equal to the T, the design spectral response accel-
eration, §,, shall be taken equal to S,

3. For periods greater than Ty, the design spectral

response acceleration, S, shall be given by Equation
16-21.

8. = 0.6328 T + 0.45p

(Equation 16-20)
To ;

5,= S -
£ (Equation 16-21)

2000 INTERNATIONAL BUILDING CODE®

where:

Sps = The design spectral response acceleration at short
periods as determined in Section 1615.1.3.

Sp; = The design spectral response acceleration at 1 sec-
ond period as determined in Section 1615.1.3.

T = Fundamental period (in seconds) of the structure
(Section 1617.4.2).

To = 0.2 Sp/Sps

Ts = SpfSps

1615.1.5 Site classification for seismic design. The nota-
tions presented below apply to the upper 100 feet (30 480
mm) of the site profile. Profiles containing distinctly dif-
ferent soil layers shall be subdivided into those layers des-
ignated by a number that ranges from 1 to » at the bottom
where there are a total of n distinct layers in the upper 100
feet (30 480 mm). The symbol, ¢, then refers to any one of
the layers between 1 and n.
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FIGURE 1615.1.4 - 1615.1.5.1
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FIGURE 1615.1.4
DESIGN RESPONSE SPECTRUM
where:

v, = The shear wave velocity in feet per second (my/s).
d; = The thickness of any layer between 0 and 100 feet
(30 480 mm).

S
- i=1

>
Vsi

i=1

(Equation 16-22)

Vr

Z d; = 100 feet (30 480 mm)

i=1

N is the Standard Penetration Resistance (ASTM D 1586-
84) not to exceed 100 blows/feet'(mm) as directly mea-
sured in the ficld without corrections.

> d (Equation 16-23)
N =1
9;
'ﬁ"f
i=1
d, ]
N, =5 (Equation 16-24)
d;
where

Use only &; and ¥, for cohesionless soils.
d, = The total thickness of cohesionless soil layers in the
top 100 feet (30 480 mm).
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5, = The undrained shear strength in pounds per square
foot (kPa), not to exceed 5,000 pounds per square
foot (240 kPa), ASTM D 2166-91 or D 2850-87.

(Equation 16-25)

d. = The total thickness (100 — d,) (For SI: 30 480 — d,) of
cohesive soil layers in the top 100 feet (30 480 mm).

PI = The plasticity index, ASTM D 4318.

w = The moisture content in percent, ASTM D 2216.

The shear wave velocity for rock, Site Class B, shall be
either measured on sile or estimated by a geotechnical
engineer or engineering geologist/seismologist for compe-
tent rock with moderate fracturing and weathering. Softer
and more highly fractured and weathered rock shall either
be measured on site for shear wave velocity or classified
as Site Class C.

The hard rock, Site Class A, category shall be supported
by shear wave velocity measurements either on site or on
profiles of the same rock type in the same formation with
an equal or greater degree of weathering and fracturing.
Where hard rock conditions are known to be continuous to
a depth of 100 feet (30 480 mm), surficial shear wave
velocity measurements may be extrapolated to assess v,

The rock categories, Site Classes A and B, shall not be
used if there is more than 10 feet (3048 mm) of soil
between the rock surface and the bottom of the spread
footing or mat foundation.

1615.1.5.1 Steps for classifying a site.

. Check for the four categories of Site Class F
requiring site-specific evaluation. If the site cor-
responds to any of these categories, classify the
site as Site Class F and conduct a site-specific
evaluation.

2. Check for the existence of a total thickness of soft
clay > 10 feet (3048 mm) where a soft clay layer
is defined by: s, < 500 pounds per square foot
(25 kPa), w > 40 percent, and Pl > 20. If these cri-
teria are satisfied, classify the site as Site Class E.

3. Categorize the site using one of the following
three methods with, v, ¥, and s,,, computed in
all cases as specified.

3.1. v, for the top 100 feet (30 480 mm)
v, method).

32. N for the top 100 feet (30 480 mm)
(N method).
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TABLE 1615.1.5

TABLE 1615.1.5 - 1615.2.4

SITE CLASSIFICATION?
SITE CLASS s N or Ny S
E < 600 ft/s <15 < 1,000 psf
D 600 to 1,200 fit/s 15 to 50 1,000 to 2,000 psf
C 1,200 to 2,500 ft/s > 50 > 2,000

For 8I: 1 foot per second = 304.8 mm per second, 1 pound per square foot = 0.0479 kN/m?2.

a. If the 5, method is used and the ]V(,, and 3, criteria differ, select the category with the softer soils (for example, use Site Class E instead of D).

33. N, for cohesionless soil layers (Pf <
20) in the top 100 feet (30 480 mm)
and average, s,, for cohesive soil
layers (PI > 20) in the top 100 feet
(30 480 mm) (s, method).

1615.2 Site-specific procedure for determining ground
motion accelerations. A site-specific study shall account for
the regional seismicity and geology; the expected recurrence
rates and maximum magnitudes of events on known faults
and sourcc zones; the location of the site with respect to
these; near source effects if any; and the characteristics of
subsurface site conditions.

1615.2.1 Probabilistic-maximum considered earth-
quake. Where site-specific procedures are used as
required or permitted by Section 1615, the maximum con-
sidered earthquake ground motion shall be taken as that
motion represented by an acceleration response spectrum
having a 2-percent probability of exceedance within a 50-
year period. The maximum considered earthquake spec-
tral response acceleration at any period, S,,,, shall be taken
from the 2-percent probability of exceedance within a 50-
year period spectrum.

Exception: Where the spectral response ordinates at
0.2 second or 1 second for a 5-percent damped spec-
trum having a 2-percent probability of exceedance
within a 50-year period exceeds the corresponding
ordinates of the deterministic limit of Section 1615.2.2,
the maximum considered earthquake ground motion
spectrum shall be taken as the lesser of the probabilis-
tic maximum considered earthquake ground motion or
the deterministic maximum considered earthquake
ground motion spectrum of Section 1615.2.3, but shall
not be taken as less than the deterministic limit ground
motion of Section 1615.2.2.

1615.2.2 Deterministic limit on maximum considered
earthquake ground motion. The deterministic limit for
the maximum considered earthquake ground motion shall
be the response spectrum determined in accordance with
Figure 1615.2.2, where site coefficients, F, and F,, are
determined in accordance with Section 1615.1.2, with the

2000 INTERNATIONAL BUILDING CODE®

value of the mapped short period spectral response accel-
eration, S taken as 1.5g and the value of the mapped
spectral response acceleration at 1 second, §,, taken as
0.6g.

Spu=1.5F,

Sam=0.6F,/T

SPECTRAL RESPONSE ACCELERATION Sa (g)

PERIOD T (SECOND)

FIGURE 1615.2.2
DETERMINISTIC LIMIT ON MAXIMUM CONSIDERED
EARTHQUAKE RESPONSE SPECTRUM

1615.2.3 Deterministic maximum considered earth-
quake ground motion. The deterministic maximum con-
sidered earthquake ground motion response spectrum
shall be calculated as 150 percent of the median spectral
response accelerations, S,,,, at all periods resulting from a
characteristic earthquake on any known active fault with-
in the region.

1615.2.4 Site-specific design ground motion. Where
site-specific procedures are used to determine the maxi-
mum considered earthquake ground motion response
spectrum, the design spectral response acceleration, S, at
any period shall be determined from Equation 16-26:

S, = %S,M (Equation 16-26)
and shall be greater than or equal to 80 percent of the

design spectral response acceleration, S,, determined by
the general response spectrum in Section 1615.1.4.
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1615.2.5 — TABLE 1616.3(1)

1615.2.5 Design spectral response coefficients. Where
site-specific procedures are used as required or permitted by
Section 1615, the design spectral response acceleration coef-
ficient at short periods, S, and the design spectral response
acceleration at 1-second period, Sj,, shall be taken as the
values of the design spectral response acceleration, S,
obtained in accordance with Section 1615.2.4, at periods of
0.2 second and 1.0 second, respectively. The values so
obtained shall not be taken as less than 80 percent of the val-
ues obtained from the general procedures of Section 1615.1.

SECTION 1616
EARTHQUAKE LOADS—CRITERIA SELECTION

1616.1 Structural design criteria. Each structure shall be
assigned to a seismic design category in accordance with
Section 1616.3. Seismic design categories are used in this
code to determine permissible structural systems, limitations
on height and irregularity, those components of the structure
that must be designed for seismic resistance, and the types of
lateral force analysis that must be performed.

Each structure shall be provided with complete lateral-
and vertical-force-resisting systems capable of providing
adequate strength, stiffness and energy dissipation capacity
to withstand the design earthquake ground motions deter-
mined in accordance with Section 1615 within the pre-
scribed deformation limits of Section 1617.3. The design
ground motions shall be assumed to occur along any hori-
zontal direction of a structure. A continuous load path, or
paths, with adequate strength and stiffness to transfer forces
induced by the design carthquake ground motions from the
points of application to the final point of resistance, shall be
provided.

Allowable Stress Design is permitted to be used to evaluate
sliding, overturning and soil bearing at the soil-structure inter-
face regardless of the design approach used in the design of the
structure, provided load combinations of Section 1605.3 are uti-
lized. When using Allowable Stress Design for proportioning
foundations, the value of 0.2 S,sD in Equations 16-28, 16-29,
16-30 and 16-31 is permitted to be taken equal to zero. When
the load combinations of Section 1605.3.2 are utilized, a one-
third increase in soil allowable stresses is permitted for all load
combinations that include # or E.

1616.2 Seismic use groups and occupancy importance fac-
tors. Each structure shall be assigned a seismic use group and
a corresponding occupancy importance factor (/) as indicat-
ed in Table 1604.5.

1616.2.1 Seismic Use Group 1. Seismic Use Group I
structures are those not assigned to either Seismic Use

Group I1 or I1I.

1616.2.2 Seismic Use Group II. Seismic Use Group IT struc-
tures are those, the failure of which would result in a sub-
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stantial public hazard due to occupancy or use as indicated by
Table 1604.5, or as designated by the building official.

1616.2.3 Seismic Use Group III. Seismic Use Group III
structures are those, the failure of which would result in
having essential facilities that are required for postearth-
quake recovery and those containing substantial quantities
of hazardous substances, as indicated in Table 1604.5, or
as designated by the building official.

Where operational access to a Seismic Use Group III
structure is required through an adjacent structure, the
adjacent structure shall conform to the requirements for
Seismic Use Group HI structures. Where operational
access is less than 10 feet (3048 mm) from an interior lot
line or less than 10 feet (3048 mm) from another structure,
access protection from potential falling debris shall be pro-
vided by the owner of the Seismic Use Group I1I structure.

1616.2.4 Multiple occupancies. Where a structure is
occupied for two or more occupancies not included in the
same seismic use group, the structure shall be assigned the
classification of the highest seismic use group corre-
sponding to the various occupancies.

Where structures have two or more portions that are struc-
turally separated in accordance with Section 1620, each
portion shall be separately classified. Where a structurally
separated portion of a structure provides required access to,
required egress from, or shares life safety components with
another portion having a higher seismic use group, both
portions shall be assigned the higher seismic use group.

1616.3 Determination of seismic design category. All struc-
tures shall be assigned to a seismic design category based on
their seismic use group and the design spectral response accel-
eration coefficients, S,y and Sy, determined in accordance
with Section 1615.1.3 or 1615.2.5. Each building and structure
shall be assigned to the most severe seismic design category in
accordance with Table 1616.3(1) or 1616.3(2), irrespective of
the fundamental period of vibration of the structure, T.

TABLE 1616.3(1)
SEISMIC DESIGN CATEGORY BASED ON
SHORT PERIOD RESPONSE ACCELERATIONS

SEISMIC USE GROUP
VALUE OF Spg I 0 1]
Sps <0.167g A A A
0.167g < 55, < 0.33g B B C
0.33g < 555 < 0.50g s C D
0.50g < S5 Da D= Da

a. Seismic Use Groups I and II structures located on sites with mapped max-
imum considered earthquake spectral response acceleration at 1-second
period, S, equal to or greater than 0.75g, shall be assigned to Seismic
Design Category E, and Seismic Use Group I1I structures located on such
sites shall be assigned to Seismic Design Category F,
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Sec. 8.3  Systems with Distributed Mass and Elasticity 287
Utilizing Eq. (8.3.15) and dropping &z, Eq. (d) can be rewritten as

L
f [Fstx,0) - Wim (W (0)z()] ¥ (x) dx = 0 )
0
Setting the quantity in brackets 1o zero gives
fs(x.1) = @Zm()g (x)z(r) )

where the tilde above /s has now been dropped. This completes the derivation of Eq, (8.3.19).

Example 8.2
A uniform cantilever tower of length L has mass per unit length = m and flexural rigidity E/
(Fig. E8.2). Assuming the shape function ;m =1 —cos(rx/2L), formulate the equation
of motion for the system excited by ground motion, and determine its natural frequency.
Solution
1. Determine the generalized properties.

L 2
nx
o= - —_— x =0.227
mn m/u‘ ([ COSZL) dx =0.227 mL (a)
L e
5 b o 5 TX El
k=EI _— P — = 30—t b
‘/‘; (4[.3) cos 37 dx =30 3 (b)
- £ mx
L=m f (1 - cos -—) dx = 0.363 mL ©
3 2L

The computed & is close to the stiffness of the tower under a concentrated lateral force at
the top.

2. Determine the natural vibration frequency.

k366 [El
Wy = m—.—=—Lz— = (d)

This approximate result s close to the exact natural frequency, weyae = (3.516/L2) /ET /m,
determined in Chapter 16. The error is only 4%,

3. Formulate the equation of motion. Substituting £ and 7 in Eq. (8.3.14) gives

F=16and E - (8.3.13b) becomes o : Tk .
‘* i+wlz=—16ig1) M ~ 1‘5""2% 'n“’\'r yormii o ‘
z+w,,z=— Ot g(2 - e e VE v'_ .
—t r| = W 5
i / ™
V() =1 - cos X Ib(%) S — 3N Tix
’ 0)z |-1=0 e
m, EJ x ( ) = = e /
J ¥y =0
-‘*7uz Figure £8.2
— AL i '] -
B TA Ve pmae Pk c L—) & I
I -
nie. Veapavise 5?6L.; A
Wity e ) oo 4
‘ e A 2L ne A ——
N Lk, ) .\'/' o . L. h‘ s R
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Example 8.3

A reinforced-concrete chimney, 600 ft high. has a uniform hollow circular cross sectiog
with outside diameter 50 ft and wall thickness 2 fi 6 in. (Fig. E8.3a). For purposes of
preliminary earthquake analysis, the chimney is assumed clamped at the base, the mass and
flexural rigidity are computed from the gross area of the concrete (neglecting the reinforcin
M steel), and the damping is estimated as 5%. The unit weight of concrete is 150 1b/f3 and
Yixd= 1- cos (—ﬂ_ ) its elastic modulus E, = 3600 ksi.
Assuming the shape function as in Example 8.2, estimate the peak displacements,
shear forces, and bending moments for the chimney due to ground motion characterized by
the design spectrum of Fig. 6.9.5 scaled to a peak acceleration 0.25¢.

Solution
1. Determine the chimney properties.

Length: L =600 ft
Cross-sectional area: A= J'r(252 —2250 =373.1 fi®
150 x 373.
Mass/foot length: = —-.% = 1.738 kip-sec?/fi?

Second moment of area: [ = %(25‘ - 22.5%) = 105.507 fi*
Flexural rigidity: EI = 5.469 x 10' kip-fi?

2, Determine the natural period. From Exampie 8.2,

wy = ﬁq E = 1.80 rad/sec
LY m
Th = o = 3.49 sec
Wn
24.5"
+ T
!
] . Uy(x) )
600" i x Sectiona-a folx) Vo(x) Mo(x)
o
a ||| a
i 26"
S| %
50° 0 3 .
10% kips 106 kip-ft
(a) (b) (© (d) (e)
Figure EB.3 L \L
V= [Lody
b &
L

M, @) » J(,,.ao f,s)at

z
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3. Determine the peak value of z(r). For T, = 3.49 sec and { = 0.05, the design
& “specirum gives A/g = 0.25(1.80/3.49) = 0.129. The corresponding deformation is D =
A/w? = 15.3 in” Equation (8.3.20) gives the peak value of z(r): -
; s Un@n T 757 _ _ ; \"": V. /zenle
Aah25 {1,?}\, T za-L.ED...l.6x15.3=24.5m. b -
- 4. Determine the peak displacements uq(x) of the tower (Fig. E8.3b).
%wf” D66 < T, 2 a2 nx
. U (x) = ¥ (x)z0 = 245 (1 — cos E) in.

5. Determine the equivalent static forces.

o) = Fm)¥ (04 = (1.6)(1.738) (1 o %) 0.129¢

=11.58 (1 — cos ’;—Z) kips/ft

These forces are shown in Fig. E3.3c.

6. Compute the shears and bending moments. Static analysis of the chimney subjected
to external forces f,(x) gives the shear forces and bending moments. The results using
Eq. (8.3.22) are presented in Fig. E8.3d and e. If we were interested only in the forces at
the base of the chimney. they could be computed directly from Eg. (8.3.23). In particular,
the base shear is

Voo = LT A = (0.363mL)(1.6)0.1292
= 0.0749mLg = 2518 kips
This is 7.49% of the total weight of the chimney.

Example 8.4

A simply supported bridge with a single span of L feet has a deck of uniform cross section
with mass m per foot length and flexural rigidity EI. A single wheel load p, travels
across the bridge at a uniform velocity of v. as shown in Fig. E8.4. Neglecting damping
and assuming the shape function as ¥ (x) = sin(zx/L), determine an equation for the
deflection at midspan as a function of time. The properties of a prestressed-concrete box-
girder elevated-freeway connector are L =200 ft. m = 11 kips/g per foor, I = 700 fi*, and
E = 576.000 kips/ft®. If v = 55 mph, determine the impact factor defined as the ratio of
maximum deflection at midspan and the static deflection.

Solution We assume that the mass of the wheel load is small compared to the bridge mass,
and it can be neglected.

1. Determine the generalized mass, generalized stiffness, and natural frequency.
2

Yix) = s Wwi(x) = —i—;— sin %
ﬁ:ﬁLmsinz%dx=%L- (2)
k= -/: El (i——j)z sin” -Tlid.\' = K;ﬁl (b)

%\.c o)

\D

®
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Example 8.5

The uniform five-story frame with rigid beams shown in Fig. E8.5a is subjected to ground
acceleration iy (r). All the floor masses are m. and all stories have the same height & and
stiffness k. Assuming the displacements to increase linearly with height above the base
(Fig. E8.5b), formulate the equation of motion for the system and determine its narural
frequency. '

—O— 215
—0— 1/5

b 7 P

(a) (b) Figure E8.5

Solution
L. Determine the generalized properties.

5 2 2 2 2 2
. =42 3= +47 4+ 5° 11
m= E m);g’/f::?l ¥ +51 N = 5

j=1

P24 124 12412
52

o i . k
’(=ij(¢;—ij1)‘=|’€ =
j=1

5
- 2 F+24+34+44+5
L= ijtﬁrj =m—t5—-L =3m
J=1
B 2. Formulate the equation of motion. Substituting for /## and L in Eq. (8.3.14) gives
r= :—‘} and Eq. (8.3.13b) becomes

.- 2 5. -
Itw,z= -ﬁug(.f)

where Z is the lateral displacement at the location where ¥; = 1, in this case the top of the
frame.

3. Determine the natural vibration frequency.

i = I e JE
Llm/5 m

This is about 6% higher than w, = 0.285./%/n. the exact frequency of the system deter-
mined in Chapter 12.
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Example 8.6 - - R
P ine the peak displacements. story shears. and ﬂoo.r overturning rgn;:e{n;;‘ OEg_ﬁa] i
7 DFtE Inel Sg with m = 100 kips/g. & = 31.54 kips/in.. and ir.= b cuTéd S ek
o ﬁ'l?n:-i:ndlmotinn characterized by the design spectrum of Fig. 6.9.5 s
e g

ground acceleration of 0.25g.

m

- . 3245 Kips 3245 kips
Nt k
——O—— ; —=25.96 58.41 389
L—C’)Ji— ; —= 19.47 77.88 1090
—-6'—4 ; ~~ 12,98 90.86 2025
l —5?—-7 1 B 6.49 97.35 3115
w7 zal-,— o 4283 kip-fi
(a) tb) (c) (dy (e)
Figure E8.6
Solution

L Compure the natural period.

3154
= 0302 (227 _ 3444
Sl 100,386 2

= 1.89 sec

"=333

2. Determine the peak value of 2(t). For T,, = 1.89 sec and ¢ = 0.05. the design
Spectrum gives A ;g = 0.25(1.80/1.89) = 0.238 and D = .-l/w,z, = 8.28 in. The peak value

of z(1) is B ~

1 S = ~ - Es ',‘-\, - \(5
Z={D=P82=113in, r="/g ="/

3. Determine the peak values y jo of floor displacements.
J
5

Therefore, u;, = 226, u3, = 4.32, U3 = 6.78, ny, = 9.04, and sy = 11.3, all in inches
(Fig. E8.6b).

4. Determine the equivalent static forces.

Mo =Yiz, v =

fio =TmjyjA = By 0.2389) = 32.45; kips
These forces are shown in Fig. E8.6¢.
5. Compute the story shears and overturning moments, Static analysis of the structure
subjected to external floor forces jo» EQ. (8.4.16), gives the story shears (Fig. E8.6d) and

overtuming moments (Fig. E8.6¢). If we were interested only in the forces at the base, they
could be computed directly from Eq. (8.4.17). In particular. the base shear is

Vie =LlA = (3:71}%0.238);

= 0.195(5mg) = 97.35 kips
This is 19.5% of the total weight of the building,

Ho
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Example 10.4

Determine the natural frequencies and modes of the system shown in Fig. E10.4a and defined
in Example E9.1, a two- -story frame idealized as a shear building. Normalize the modes so

that M,, = |.
Solution The mass and stiffness matrices of the system, determined in Example 9.1, are
m 3k -k
we [ ] we[X ]
m ! =1 =
e —& - Uy ®—¢2I / ¢37 1
h| k
2m
—+ & - U, & ¢, =12 ‘ Pp=-1
h| 2k
; . wn w7 7 7
¢ First mode Second mode
l' O w, =V k2m ©, =V 2k/m

(a) (b)
-
¢2| 10 Figure E10.4
where k = 24E1./h3. The frequency equation is Eq. (10.2.6), which, after substituting for
m and k and evaluating the determinant, can be written as )
@m?)o* + (=Skm)w? + 262 =0 (b)

The two roots are w, =k/2m and wz = 2k/m, and the two natural frcquenmcs are

.

ik _ {2 ’ )
w| = m wr = ; (C

Substituting for k gives

/E!; /EIC
= 3.4 _— =6.92 —_—
w) = 3.464 s wy =6.928 =0 (d)

CL"“ S&V ¢)ﬂ|‘ = ‘ The natural modes are determined from Eq. (10.2.5) following the procedure used in Ex-
mb ‘%YM“ 5 ample 10.1 to obtain

and ‘Fm—cge : ‘6‘:[%] w={7] (¢)

These natural modes are shown in Fig. E10.4b, and c.

' - / e To normalize the first mode, M is calculated using Eq. (10.4.6), with ¢y given by
ws 7z, Eg (o)

2 13
M|=¢'{m¢1=m(% 1)[ ][I]=-m
1 1
S ML\- 2
To make M| = 1, divide ¢ of Eq. () by +/3m/Z 1o obtain the normalized mode
__—) 1 1
22 - ) ¢1=——,_.6m[2} t:
C'I! V"d— For this ¢ it can be verified that M) = 1. The second mode can be normali
- - ‘ . :
! 12

: é 0\:\30\.\!!\&& 5:5 g&n"lclm.a__
o ‘1[1 ‘]tl}%m = by AM1

Mo = 3 » Divide Pz
« = by AIBm

e
\

d similarly.
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Example 10.5

Determine the natural frequencies and modes of the system shown in Fig. E10.52 and defined
earlier in Example 9.9. The story height A = 10 ft.

h 2E1

(AP

EI
u 4 )
+ j’}ﬁ@_ﬁ}p u, - ¢, =0.3871

EI

2E7
b 77 77
First mode . Second mode
o, = 2.198VElmh’® 0,= 5.850NEl/mh?
(a) (b) (<)
Figure E10.5

Solution With reference to the lateral displacements «; and u> of the two floors as the two
DOFs, the mass matrix and the condensed stiffness matrix were determined in Exampie 9.9:

e — [z ] i _ﬂ[ 54.88 -17.51 @
e 1 "= 35 L -17.51 1161

The frequency equation is
det(k,; — w?my,) =0 (b)

Substituting for m,, and E,,. evaluating the determinant, and obtaining the twa roots just as
in Example 10.4 leads to

[ El | EI
wy = 2.198 m Wy = 5.850 ;h—]- (C)

It is of interest to compare these frequencies for a frame with flexible beams with those for
the frame with flexurally rigid beams, determined in Example 10.4. It is clear that beam
flexibility has the effect of lowering the frequencies, consistent with intuition.

The natural modes are determined by solving

(kir — wjme) g = 0 @
with wy and @ substituted successively from Eq. (c) to obtain
.387 -1.292
T P ®

These vectors define the lateral displacements of each floor. Fhey are shown in Fig. E10.5b
and ¢ together with the joint rotations. The joint rotations associated with the first mode are
determined by substituting u, = ¢ from Eq. (e) in Eq. (d) of Example 9.9:

u3 —0.4426 —0.2459 -0.4172
ug | _ 1| —0.4426 —0.2459 [0.3371 } _ 1] -04172 ®
us [~ R | 09836 —0.7869 | [1.0000f ~ k| —0.4061

ug 0.9836 -0.7869 —0.4061

Similarly, the joint rotations associated with the second mode are obtained by substituting
u, = ¢ from Eq. (e) in Eq. (d) of Example 9.9:

u3 0.3258

| 03258
ug | _ 2 )
as [ =0 | =2.0573 &
g -2.0573
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Example 10.8

For the two-story shear frame of Example 10.4, determine the modal expansion of the
displacement vectoru = (1 137, '

Solution The displacement u is substituted in Eq. (10.7.2) together with ¢ = {% nr
and ¢> = (=1 1)7, from Example 10.4, to obtain

B G [ 1)
o LIz

] i | H

i M.
sz—{_l ”[Zm m]l-l} m -3

Substituting g, in Eq. (10.7.1) gives the desired modal expansion, which is shown in

_4
T3

Fig. E10.3.
Ist mode. 2vd mode
1 413 -173
L = 2”3+ 13
m ;/W 7
u = (4"3)45[ + (‘1/3)4{’1 Figure E10.8
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Exercises with MDOF systems — Eigenvalue Problem, Free Vibration

(a) Given the three-story structure shown in the figure below, determine the vibration
mode shapes and frequencies. Assume that damping may be neglected.

(b) If the initial conditions are such that the first, second, and third story displacements
are 1.0, 2.0, and 3.0 inches, respectively, and the velocities are zero, write expressions
for the three deformations as functions of time. Which mode dominates the response?
Would you have expected this?

(c) Repeat the calculations for free vibrations for the same initial displacements and
velocities as in Part (b) except for the second story displacement which should be
assumed to have an initial displacement equal to —2.0 in.

(d) Assume that classical damping is valid and that a 5-percent damping ration may be
appropriate for each mode, solve the free vibration problem with the same initial
conditions as in (b) and (c) above. Comment on the relative contributions of the three
modes as a function of time.

I,=4320in",
1222]1/3,[3=11/3
h=10ft

E =30000 ksi

h, I,




[
=]

kip:= 1000-Ibf ksi:= — IMPORTANT NOTE: In Mathcad, under Menu for
Em MATH > OPTIONS > Change array origin to 1.
E := 30000-ksi h:= 10ft
. 4 B I
I} := 4320-in 1 1
—M”H S Hw = —
3 3
E-Ij E-Ip EI3
k= 24— kg := 24— ky:= 24 —
b3 B B
ki ki i
k= 1800 —2 ky = 1200 —2 ks = 600 SR
mn n in
2 . 2
mj:= 2.0-kip — my:= 1.5 kip- — m3:= L.0-kip-—
mn m n
A
mj 0-kipp— 0-kip-— kip J
n n ki+ky -kp 0—
mn
wm mm
m:=|okip— my Okip— |ki=| k2 kay+k3 -k3
in n Ko
1
S R
0-kip-— 0-kip-— m3
in n ¥
2.000 0.000 0.000) ’ 3000 -1200 0 )
m=| 0000 1500 0.000 kip k=|-1200 1800 —600 P
n n
0.000 0.000 1.000 ) 0 —600 600 )

CE 384P - Dynamic Response of Structures

24-2

Exercises with MDOF Systems
Eigenvalue Problem, Free Vibration
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Figure 12.1.1 Two-degree-of-freedom systems.

xample 12.2

Consider the systems and excitation of Example 12.1. By modal analysis determine the
steady-state response of the system.

Solution The natural vibration frequencies and modes of this system were determined
in Example 10.4, from which the generalized masses and stiffnesses are calculated using
Eq. (12.3.4). These results are summarized next: :

o= 1) G=(-1 1T
Ko ko " |

= 3—:!- Mr = 3m
3k
K| = T K2 =6k
1. Compute the generalized forces.
Pi(t) = @7 p(r) = (po/2) sinwr  Palt) = @] plr) = =p, sin wt (@
N . —
P P,

2. Ser up the modal equations.

ENO Aam?‘ﬂj] C Magn+ Kagn = P sin et (b)

3. Solve the modal equarions. To solve Eq. (b) we draw upon the solution presented
in Eq. (3.1.7) for a SDF system subjected 10 harmonic force. The governing equation is

mii + ku = p, sin ot (c)

and its steady-state sclution is

Po . . I
(n==—=¢C ¢ = ——— d
u 5 Csina T e (d)
where w, = /k/m. Comparing Egs. (c) and (b). the solution for Eq. (b) is
P .
Gu (1) = jém, C, sinwt (e)

"
where C, is given by Eg. (d) with e, interpreted as the natural frequency of the nth mode.
Substituting for Py, and K, for n = 1 and 2 gives

2 .
gi(r) = % Cysin wr ga{r) = -§;—3 Casin wr 3]
4. Derermine the modal responses. The nth mode contribution to displacements—

from Eq. (12.3.2)—is u,(t) = ¢y qu(t). Substituting Eq. (f) gives the displacement response
due to the two modes: ’

2pa . —Pa .
uy(t) = @y T Cysin et uxr) = ¢p —— Casin wr ()
3. Combine the modal mspanses;‘_:)"‘h 1+Ihj dl‘rl . C‘“IAY‘)
(Z&V)uw) =ui() +ualr) or ui(t) =ujjlr) +uplr)  j=1.2 (h)
Substituting Eq. (g) and for ¢ and ¢ gives
w(r) = g—z (2Cy + Ca) sin wt s(r) = % (4C) = Ca) sfn wt (i)

These results are equivalent to those obtained in Example 12.1 by solving the coupled
equations (12.3.1) of motion.

ky = Story stiffness

¢ 2



A

Example 12.3

Consider the systems and excitation of Example 12.1. Determine the spring forces Vi(n)

for the system of Fig. 12.1.1a, or story shears Vi(t) in the system of Fig. 12.1. b, ayithour,
i i jvalent static forces. Consider only the steady-state response,

Solution  Steps 1, 2, 3a, and 3b of the analysis summary of Section 12.7 have already been
completed in Example 12.2,

Step 3c; The spring forces in the system of Fig. 12.1.12 or the story shears in the
system of Fig. 12.1.1b are

Vin (1) = ki ttin (1) = ky @15 gn (1) (a)

Van (1) = k2 (24 () — w1y (1)] = &2 (@20 — D1a) g (1) (b)

Substiwting Eq. (f) of Example 12.2 in Egs. (2) and (b) with n = 1, ky =2k, ks =k,
@11 =3, and ¢a) =1 gives the forces due to the first mode:

(c)

Substituting Eq. (f) of Example 12.2 in Eqgs. (2) and (b) with n = 2, $12=~1,and ¢33 = |
gives the second-mode forces:

s
Vi) = —':3 Cysin wt Va1(t) = % Cysin wr

Via(r) = ? Casin wr Vaa(r) = —-53’3 Ca sin cwr ' (d)

Step 4b: Substituting Eqs. (c) and (d) in Vil = Vire) + Via(r) gives

ity = fjg (2C) + Ca) sin wr Va(t) = ? (Cy ~Ca) sin wr

and the w, already determined, all quantities on the rig
thus V;(r) can be computed.

Vzn_ = kg (uzn = ”tn)

V'lh= k,‘ (.\A"‘— D)
Sd—m:1 -F,YST} “"ﬂ-CM,'h=2.



Example 12.4

Repeat Example 12.3 using équivalent static forces.

Solution From Eq. (12.6.2), for a lumped mass system the equivalent static force in thc-

Jth DOF due to the nth mode is
fin(0) = W mj &jn gu (1) @

Step 3c: In Eq. (a) with n = 1, substitute my = 2m, my = m, ¢ = 4, ¢2y = |,
cuf =%/2m, and q)(r) from Eq. (f) of Example 12.2 to obtain

Mm@ = -%3- Cy sin wr falr) = % Cy sin wr ®)

In Eq. (a) with n = 2, substituting m; = 2m, m3 = m, ¢ = -1, ¢ =1, w;' = 2k/m,
and ¢a2(t) from Eq. (f) of Example 12.2 gives

fi2(r)y = 22 Cs sin wt S = —-% Cy sin wr (c)

Static analysis of the systems of Fig. E12.4 subjected to forces fj,(r) gives the two
spring forces and story shears due to the nth mode:

Via(t) = fin(t) + fan(t)  Vaa(t) = fau(r) @

Substituting Eq. (b) in Eq. (d) with n = 1 gives the first mode forces that are identical to
Eq. (c) of Example 12.3. Similarly, substituting Eq. (c) in Eq. (d) with n = 2 gives the
second-mode results that are identical to Eq. (d) of Example 12.3.

Step 4: Proceed as in step 4b of Example 12.3.

Jaalt)

Fult) Fll) T ———edinlt)
U

Figure E12.4

4_—y3-"l = ‘an-

<—Vm = Fla 4 fan
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Floor Mass  Story Stiffness

3 m
k
O- Uy m
k
— O % m
k
—-o—————a- ui m 3 ‘
k Figure 12.8.1 Uniform five-story shear
W building.

The mass and stiffness matrices of the structure are

1. 2 -1
1 1 -1 2 -1
m=m 1 k=k -1 2 -l
1 -1 2 -1
1 -1 I

5*&? i Determined by solving the eiEenvaluc Eroblcmi the natural frequencies are

4 Nk
. e (—)
m

where @, = 0285, a2 = 0.831. a3 = 1.310. s = 1.682, and arg = 1.919. For 2 structure
with m = 100 kips/g. the natural vibration modes, which have been normalized to obtain
M, =1, are (Fig. 12.8.2)

0.334 —~0.895 1.173 —1.078 0.641
0.641 -1.173 0.334 0.895 -1.078
¢ = { 0.895 ¢: = { —0.641 ¢ = { —1.078 Ps= 0.334 s = 1.173
1.078 0.334 —0.641 -1.173 —0.855
1.173 1.078 0.895 0.641 0.334

1.078 — 0895 —> 0 033
;n,sn 0641 |.|13< _— é?

LOT8 0.334 > L7
033 0.895 < 1,076

Li73 1.078 ? 0.641
M% T % bcad
Mode 2 Mode 3 Mode 4 Mode 5

Figure 12.8.2 Natural modes of vibration of uniform five-story shear building.
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Step 2

I3

S T d,
ry, _: Mn_cp -?

Consider two different sets of apphnorces p(r} = s, p(t) and p(t) = sbp(r)
where STE =(0 0 0 0 J)ands] =(0 0 O =1 2); note that the resul-
tant force 1s unity 1n both cases (Fig. 12.8.3). Substituting for m, ¢,, and s = s, in

Eqs. (12.8.2) and (12.8.3) gives the modal contributions s,:

0.101 ) -0.250 0272y -=0.179 ] 0.055

0.195 : -0.327 0.077 ) " 0.149 . -0.093

s =4 0272 s = { —0.179 sy = ¢ —0.250 Sy = 0.055 S5 = 0.101

0.327 0.093 -0.149 —0.195 -0.077

0.356 0.301 0.208 [ 0.106 0.029
Similarly, for s = s;, the s, vectors are

0.110 -0.423 0.739 —-0.685 0.259

0.210 —0.553 0.210 0.569 -0.436

s; = { 0.294 s» =3 —0.302 s3 = { —0.679 Sy = 0.212 55 = 0.475

0.354 0.157 —-0.403 -0.746 .| =0.363

0.385 0.508 . 0.564 0.407 | 0.135

These vectors are displayed in Fig. 12.8.3. The contributions of the higher modes,
especially the second and third modes, to s are larger for s, than for s,, suggesting that
these modes may contribute more to the response if the force distribution is s, than if it
is 5. We will return to this observation in Section 12.11.

i —=0.356 0.301 =0.208 p.106 0.029
Ln327 0.093 0.149 4 0.195 0077
le0.272 0.179 0.250 0.055 ko.M

= + +
b-.195 0.327 0,077 b0.149 0.0934
Lo.101 0230 L0272 0.179 0.055
Sa s ’ s> s3 sS4 : 85
2 —0.385 —=(1.508 — 0.564 —e0.407 w0035

f—— 0,354 0.157 0.403 =] 0.746 i 0.363 =
l=0.204 0.302 - [y — 0212 L 0.475
l=0.210 0.553 o] l=n210 0569 0436
L0110 0.423 0739 0.685 =—i le-0.259

Sp 5) Sz 53 Sy S5

Figure 12.8.3 Modal expansion of excitation vectors s, and sp.
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(a) .

TABLE 12.11.1

(b}

Sin

Figure 12.11.1 Extemal forces: (a) s:
(b) 8.

MODAL AND CUMULATIVE CONTRIBUTION FACTORS

Force Distribution, s,

Force Distribution, sp

Db?\acwu'\'

Statie Rwi
A odf.)

Roof Roof
Displacement. Base Shear Displacement Base Shear
Mode n or 1 _ J J — I
Number of U3, Z sy Vin E Von  Usa z Hsp Vin Z Vin
Modes, J n=| n=l n=| n=1
1 0.880  0.880 1252 © 1252 0792 0.792 1.353 1.353
2 0.087 0967 =0.362 0.890 0.123 0915 -0.612 0.741
3 0.024  0.991 0.159 1.048 0.055 0.970 0.431 1.172
4 0.008 0.998 —0.063 0985 0.024 0994 —-0.242 0.930
5 0.002 1.000 0.015 1.000 0.006 1.000 0.070 1.000
5}0? 3 st _ Tn )
Unn = w—;_: Nn Z Sin = r Z m} éjn

Jj=1

SH |
se G\MAV‘
| ( Vl'“" Modt)



Dynamic response factor for harmonic force

10
e £=5%
§"i _
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(IRE
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\ower
modes
- 0.1 I T B B O
0.1 1 _ 10
Tp _ Undamped natural period € W
T  Forcing period ey
Wn

Figure 12.11.2 from Dynamics of Structures: Theory and Applications to Earthquake Engineering. by Anil K. Chopra, Prentice-Hall, 1895.
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Dynamic response factors Ry,

Rd;,[Ra
K": XL (,’J’ !
1%3)
R0 |
32
S 0.15
S 0.1 | I
5 (d) T = 4.30
® o 7.89]
. : 2
i ‘3’7‘Nﬁ‘f
\2-28 ' 2,12 3
. 1.69
15 0.85
B RN R po

Tn _ Undamped natural period
T Forcing period -

Figure 12.11.4 from Dynamics of Structures: Theory and Applications to Earthquake Engineering. by Anil K. Chopra, Prentice-Hall, 1995.
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Conceptual explanation of modal analysis

Mode nalysis of ysis of Modal Contribution to
cture UF System Dynamie-Response
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Figure 1_,1 1 from Dynamics ofs ures: Theory and Apphcafrons to Earthquake Engmeenng by Anil K. Chopra, Prentice-Hall, 1995.
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Example 13.2

A two-story shear frame has the mass and story stiffnesses properties shown in Fig. E13.2a.
Determine the modal expansion of the effective earthquake force distribution associated with
horizontal ground-acceleration i g ().

Solution The stiffness and mass matrices (from Example 9.1) are

B 20
k—k[—l 1] m‘m[o 1]

where k = 24E . /h°, and the natural frequencies and modes (from Example 10.4) are

k 2k .
g = ok ol 3
m m . '
I = (*v"‘)dﬂ-]—."_“.

e M G
¢ = [ "

-1 - o 0 e
e ) B S S

. ) lﬂ = L"‘ I\A.vl
The modal properties M,. L/, and I, are computed from Eq. (13.2.3). For the first mode:
el
My =2m (1) +m(1)? =3m/2: L =2m (})+m(1) = 2m; | = L/M = 3. Similarly,

—

m
O U2 —= _...g.m %m =
k
2m 4 5 rl q!
; ; = &
O— u —=2m = —=3m 4 R 27 kn T Th
2k
m1 Mode 1: s, Mode 2: s»
(a) (b
Figure E13.2 (a) Two-story shear frame; (b) modal expansion of ml.
for the second mode: M = 3. Lg =-—m.and I = -j';. Substituting for ", m. ﬁnd D

in Eq. (13.2.4) gives
4 r2 ] 4 ]
= I =T
s=sn ] =5m
l 2 = .
cl ] W e T

The modal expansion of m1 is displayed in Fig. E13.2b.
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Figure 13.2.2 Computation of modal static responses of story forces from force vec-
tor s,: (a) base shear and base overturning moment; (b) ith story shear and ith floor
overturning moment.

TABLE 13.2.1 MODAL STATIC RESPONSES

Response, r Modal Static Response,
Vi Vir = 2L Sim \MPOtT ANT

M; M = 3L (hj = hidsin TA&LE

Ve V= }V=1 sin =TaLl = M;

Mo M =T by = oL = b0

uj uj; = (Tn/w2)bjn

A; A% = (Tn/02)(Bjn — bj—1.n) oR

MULGTIPLY THESE
BY A.(b)



Example 13.3

Derive equations for (a) the floor displacements and (b) the story shears for the shear frame
of Example 13.2 subjected to ground motion lg(e).

Solution Steps 1 to 4 of the procedure summary have already been implemented in Ex-
ample 13.2.

(a) Floor displacements. Substituting ", and ®ja from Example 13.2 in Eq. (13.2.5)
gives the floor displacements due to the each mode: '

u@)] _ 4 %] m@) __1[-1
%n‘rn?"q\w[ wo )= 31120 [0l =—{"}e0 al
Combining the contributions of the two modes gives the floor displacements:
ur(t) = un (1) +upa(t) = 3Dy (1) + $ Da(r) (b
ua(t) = ua1 (1) + una(t) = $D1 (1) — $D2(1) (c)

(b) Story shears. Static analysis of the frame for external floor forces s, gives V3,
i =1 and 2, shown in Fig. E13.3. Substituting these results in Eq. (13.2.8) gives

Mede |  Viw=3nai) vy = dmar) @

Mbdt 2. Via(t) = tmAa(r) Voa(1) = —;'TmAg(z) (e)
Combining the contributions of two modes gives the story shears

Vile) = V() + Via(r) = SmA () + TmA(t) ' %)

Va(t) = Var () + Vaa (1) = 3mA (1) = tmAs(r) ()

The floor displacements and story shears have been expressed in terms of D, (r) and
An(t). These responses of the nth-mode SDF system to prescribed iig (1) can be determined
by numerical time-stepping methods (Chapter 5).

m
o S.-‘-'l =4m/3 — §an = -3 -
- Vay =4m/3 Ve =-mf3
—O_ Sy =4m/3 = Y T $13=2mi3 %= 97 = -HL
J,, ke -~ - Wiy =8m/3 ~L-Vi=m/3

Figure E13.3
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Figure 13.8.2 from Dynamics of Structures: Theory and Applications to Eanthquake Engineening, by Anil K, Chopra, Prentice-Hall, 1995.
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—  Summary for CE 384P {Dynamic Response of Structures)=3pring 2006 Semester

The following topics were covered in the course:

Introduction to the subject of structural dynamics

Single-degree-of-freedom (SDOF) systems
¢ Equations of Motion
Free vibration
Response to harmonic and periodic loading
Unit impulse response; response to arbitrary loading
Response to step and pulse excitations; shock spectra
Numerical methods
Earthquake response of linear elastic systems; response and design spectra

* ¢ e e

Generadlized SDOF systems
¢ Systems with distributed mass and elasticity
¢ Lumped-mass systems
¢ Rayleigh's method for estimating natural vibration frequency
¢ Selection of shape functions

Mulii-degree-of-freedom (MDOF) systems
¢ Equations of motion
Free vibration; natural vibration frequencies and mode shapes
Modal analysis of linear systems
Damping in structures
Response of linear systems to seismic excitation
Response spectrum analysis

L B B R J

Other topics (of important current relevance) that were infroduced/discussed
¢ Designing office buildings to minimize floor vibrations
¢ Earthquake design spectrum as specified in the IBC 2000 code
¢ Retrieval of ground motions from a public database from past earthquakes and
use in analysis (example used was 1994 Northridge earthquake)

If you liked this course, consider learning next about...
¢ Dynamics of inelastic/nonlinear structures
Dynamics of offshare structures
Earthquake engineering
Random vibration, dynamics in the frequency domain
Abnormal loading (e.g., blast) and progressive collapse analysis
Vibration control in structures
Wind engineering
Health monitoring and sensors.

L R R 2

That's all, folks! Thank you.
Lance Manuel, (512} 232-5691, Imanuel@mail.utexas.edu
05/04/06




~Y~ 7/hat’s happening? ENR has a
/7 cover story entitled, “Bad
.\;,/ » Vibes” (May 19, 1997).

Vibration problems with London’s
Millennium Bridge are the subject of a
recent Time magazine article. For over
30 years, I have been involved with the
problem of floor vibratjons due to
human activity, and I can honestly say
that there have been more problem
floors reported in the last 18 months
than in the previous 28+ years. What's
the reason? There are a number: higher
strength steels and concretes, comput-
er-optimized designs, longer spans, less
inherent damping and much lighter live
loads due to the ubiquitous electronic
office, to name but a few.

Fortunately, all of these can be
accounted for if a little care is taken in
the design process. Following are 10
tips to help produce steel-framed floors
that are not annoying to office-building
occupants. If you arc not familiar with
floor vibration analysis, [ recommend a
study of the AISC/CISC publication
Design Guide 11: Floor Vibrations Due
to Human Activity.

—

-' Don’t blame vibration prob-
lems on LRFD-it’s not the
cause of serviceability problems.

Sure, LRFD results in lighter floor
systems, especially if composite con-
struction is used. Sure, the profession
has a hang-up about LRFD. Yes, com-
posite systems rarely satisfy floor
vibration criteria, but that’s not the fault
of LRFD. A stretched-to-the-limit ASD
design will result in the same service-
ability problems as LRFD, The design-
cr needs to accept that 50 ksi steels,
higher strength concrete, optimized
computer-based designs, longer spans

~and much lighter actual live loads
ssult in lively floors (as the British

Vibrations-
TIPS FOR DESIGNERS OF OFFICE BUILDINGS

say), and therefore require a little more
design time. Better yet, think of it as
the need for a little art in your floor
designs.

2 Use the AISC/CISC design
guide criteria,

Study the American Institute of
Steel Construction and the Canadian
Institute of Steel Construction's Design
Guide 11: Floor Vibrations Due to
Human Activity. Unlike older publica-
tions such as Modified Reiher-Meister
Scale, Murray Criterion and the
Canadian Standards Association Rule
that use a heel-drop impact, the new
criteria are based on resonance with
walking. ’

Resonance can occur when the
exciting frequency (rate of walking) or

Handoak No.

by Thomas M. Murray, Ph.D., PE,

.n--o--.---n-li-c-nul-r..o-noacc------o.-....

a multiple of that frequency (harmonic)
equals the natural frequency of the
floor system. Resonance results in
very large amplitudes of displacement,
velocily or acceleration, as seen in
Figure 1. The criteria ensure that reso-
nance does not occur for the first three
harmonics associated with walking.
That is, if a person is walking at 2 steps
per second (2 Hz), the floor system is
checked for resonance at 2, 4 and 6 Hz.
The design guide criteria state that a
floor is satisfactory if the following
incquality is satisfied: 1

p _ Fexp(-035f,) <% ;
g pw g "

where a/g is the predicted peak accel-
cration of the floor due to walking as a

1 Sinusoldal Accaleration x M

Find ldﬁu"{- f'-l h)
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function of gravity, a,/g is the tolerance
acceleration for the environment, P is
a constant force representing the excita-
tion, f is the natural frequency of the
floor system, B is the modal damping
in the floor system and W is the effec-
tive weight that moves because of the
excilation. At first glance, the criteria
might look a bit formidable—it certain-
ly is different than the older criteria, In
realily, only f and W require calcula-
tions. P_is 65 Ib, for office floors, alg
is 0.005g (0.5%g) for office environ-
ments and B is a number between 0.01
and 0.05 (see Tip 3).

But why learn the new criteria? All
floor vibration criteria have two parts: a
prediction of the floor response and a
human tolerance level, Furthermore, all
criteria must be calibrated and thus are
empirical in nature (the necessary fun-
damental studies of human response to
low frequency/very low amplitude ver-
tical vibration have not been done).
The Modified Reiher-Meister, Murray
Criterion and Canadian Rule were al]
calibrated using floors built at least 25
years ago. However, construction and
the office environment have changed,
Today, we use lighter structural mem-
bers, thinner concrete decks and longer
spans. Actual office live loads are
probably less than one-half of what
they were 25 years ago, and permanent
partitions arc more scarce resulting in

less damping. The older methods sim-
ply do not account for these changes,
For instance, the Modified Reiher-
Meister Scale assumes 5 1o 8% log
decrement damping, a level very
unlikely for today’s floors,

Consider the floor framing shown in
Figure 2. The structural system is 314"
normal-weight concrete on 0.6” C
deck, supported by 24K8 joists at 24
on center and spanning 387, The joists
are supported by W24x76 girders span-
ning 30°. Nothing about this system is
really unusual except that the live load
deflection for the Joists is less than
L/480. The Modified Reiher-Meister
Criterion predicts a “slightly percepti-
ble” floor. The Murray Criterion
requires 4.1% damping, which is easily
justified. The Design Guide predicts 3
peak acceleration of 0.66%g, which is
greater than the office environment (ol-
crance acceleration of 0.50%g and is an
unacceptable floor. The framing shown
is nearly identical to a recently investi-
gated floor where the building occu-
pants had complained quite vigorously
and where damping posts were
installed to reduce vibration,

3 Consider the consequences of
an electronic office.

The clectronic office is virtually
paperless; I have been in one where the
only papers werc a few newspapers

AL
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(mostly the financial section) scattered
around the computer terminals, The
result is much less live Joad and much
less damping. Desks, filing cabinets
and bookcases are live load ang great
sources of damping. In thejr absence,
the potential for annoying floor vibra-
tions mounts. Adding to the problem
are modern floor layouts—open, with
few fixed partitions, widely spaced
demountable partitions or no partitions
at all. Atrium-type areas are more com-
mon and curtain walls are Jess stiff.
What's the solution? Use the
AISC/CISC design guide methods,
assume actual live loads in the 6 10 9
psf range, and modal damping of 2 to
2.5% of critical.

Recently, because of an annoying
floor, the office contents in one build-
ing were actually weighed-the result
Wwas an equivalent weight of 8 psf!
Throw in the humans, and you may get
9 psf! The floor design live load was
125 psf. Do we need to change our
cade live loads? Probably, but that’s a
question for the ASCE-7 Commitiee.

What about damping? Read on,

Don't mix-up Log Decrement —_—

and Modal Damping.

Now for some jargon: log decrement
damping was used to develop the older
heel-drop-based floor vibration toler-
ance criteria. Unfortunately, log decre-
ment damping overestimates the damp-
ing as it measures not only encrgy dis-
sipation (truc damping) but also the
transmission of vibrational cnergy to
other structural components. The
design guide criteria use modal damp-
ing or “truc” damping (it’s interesting
that we call modal damping “true
damping” when we cannot mcasure it
very accurately, al least in floors).

What's the difference? Only about 50%
to 100%, so be careful! Modal damping
is one-half to two-thirds of log decre-
menl damping, so if you are accus-
tomed to estimating damping for
heel-drop based criteria, you will need
to adjust your design office practices,

What are good modal damping esti-
mates? Damping is usually expressed
as a ratio of critical damping. Critical
damping is the damping required to '
bring a system to rest'in one-half of a A
cycle. That is, if you hit something and
it has 1.00 or 100% critical damping, it

e o
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will come to rest without oscillating.
For offices with fixed partitions, a good
estimate is 0.05 or 5%; for convention-
al or paper offices, i.c. good old struc-
tural engineering offices, with
demountable partitions, use 3%; and
for the paperless or electronic office, I
recommend 2 to 2.5%. Note again that
these numbers are much less than those
recommended for heel-drop based cri-
teria.

5 Do not design floors with a
natural frequency below 3 Hz

Walking speed in an office can be
1.25 to 1.5 steps per second (or Hz).
Resonance at the second harmonic, 2.5
to 3 Hz, is then a real possibility if the
floor’s natural frequency is below 3 Hz.
I have caused a floor to vibrate at its
natural frequency by running a shaker
(an electrically-powered oscillating
mass) at oné-half of the floor frequen-

cy. The result is quite unsettling; if this

happened in an office building, com-

plaints would be loud and clear.
However, a 3 Hz or less floor can be

made to work if it is made very heavy,

say 100+ psf.

6 Remember that joists and
joist-girders require special

consideration.

The stiffness of trusses is affected
by shear deformations in the webs, An
age-old rule-of-thumb is that the effec-
tive moment of incrtia of a parallel
chord truss is 0.85 times the moment of
incrtia of the chords, This rule is used
to compute the L/360 deflection limit
live load in the Steel Joist Institute load
tables. This rule works well if the span-
to-depth ratio of the truss is greater
than about 18; if the ratio is less, the

deflection will be greater than predict-
ed.

Joists and joist-girders have another
problem-they are not fabricated with
work points, Panel point eccentricities
of up to 2", as shown in Figure 3, arc
common. Surprisingly, this has no
effect on strength although member
stiffness is reduced, especially if the
span-ta-depth ratio is less than about
18. The design guide offers the follow-
ing expressions that are used to predict
the effective moment of inertia of joist
and joists girders:

* for angle web members with
6 <L/D <24:

Cr =0.90 (_E-O.IB(UD))Z.H

* for round rod web members with
10 < L/D < 24:;

C,=0.721 + 0.00725 (L/D)

where L is the member span and D is
the nominal depth; and

[frrad = C.r !dronlx

This moment of inertia is then used
to caleulate the effective transformed
moment of inertia of the composite
section. The above expressions were
developed using static analysis and
tests and apply cqually well to static
live load deflections,

For many ycars, I maintained that
joist scats provided enough stiffness so
that the supporting girder or joist-girder
could be considercd fully composite for
floor vibration analysis. I was very
wrong. Using floars constructed in the
Virginia Tech Structures and Materials
Laboratory, we found that joist scats
are not, in fact, very good shear con-
ncctors. The design guide recommends
that the composite moment of inertia of

a girder or joist girder be approximated
using:

l‘=lu+ (Ic-fu).M
where /.. and J_are the non-composite
and fully composite moments of iner-
tia, respectively. Recent field tests have
shown this expression is a bit conserva-
tive if the joists are closely spaced, say
not more than 30”, and unconservative
if there are only two or three joists
being supported by the girder or joist-
girder. Testing is currently being con-
ducted to develop better approxima-

tions.
7 Improve a deéign that does
not satisfy the criterion.

The criteria for heel-drop based
methods indicates that increasing the
stiffness has very little effect on the
floor performance. With these methods,
the only way to effectively improve a
proposed floor design is to increase the
mass. A different result is found when
the design guide methods for office
floors are used. With this method, the
tolerance criterion can be satisfied by
either increasing the mass or increasing
the stiffness. A stiffer floor is always a
better floor so the latter result is logi-
cal-no one has ever had a vibration
problem with a 10" span.

If the design guide method is being
used and a proposed framing scheme
docs not satisfy the tolerance criterion,
e.g. 0.5% of gravity, there are two
approaches to improving the design.
First, you can increase the mass by
adding concrete or changing from light-
weight 1o normal weight concrete. This
approach will result in a slightly lower
fundamental frequency but a larger
effcctive weight, W in the criteria. The
lower frequency will increase the pre-

Typical Joist Configuration

2"

o

Figure 3. Joist panel point eccentricity.

Finite Element Model
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dicted acceleration and the larger effec-
tive weight will decrease it, usually
more than the frequency-caused
increase, resulting in a better floor.
Second, you can first stiffen the mem-
ber (beam or girder) with the lower fre-
quency uatil both frequencies are
approximately the same. If the system
is still not satisfactory, member types
can be stiffened until a satisfactory
design is achieved. My experience has
shown that the latter method is more
cost effective for most designs.

8 Don't believe the myth that
certain beam spans should be
avoided.

In the late 60s or early 70s a paper
was written describing a number of
joist-supported problem floors where
the joist spans were in the 24’ to 28’
range, Somehow this was interpreted to
mean that bays with beam or joist
spans in this range should be not be
designed, and this belief has become
part of the folklore (if 1 may use that
term) of the structural engincering
community. Even some joist manufac-
turer engincers will tell you to avoid
these spans. The problem floors
described in the original paper were
typical of the time, meaning that the
spans and the problems were connect-
ed. Bul, in fact, there is no correlation
between span and occupant complaints,
Span alone is not the reason a particu-
lar floor is annoying 1o occupants,

Likewise, long span floors, say
Spans greater than 40', arc not inherent-
ly problem floors. I have made meas-
urements on composite joist supported
floors with spans between 40’ and 118’
(that's not a typo, there truly is an
office building with a 118’ span). The
design guide criteria

predicted the floors would not be
annoying and they were not.

The bottom line is that floors of any
Span can be designed such that occu-
pants will not feel annoying vibrations,
Just be sure the design satisfies the
design guide criteria and the frequency
is above 3 Hz,

9 Be careful when designing
Crossovers (elevated walks).

Atrium crossovers can be a design
challenge. Crossovers typically have
long spans; therefore, the frequency is
quite low. Further, there is very little
damping, generally about 1% modal
damping. The result is that deep, stiff
supporting members are required,

Also, the location of the slab needs
to be considered. I know of two prob-
lem crossovers where the structural
engineers relied on previous experience
with floors of similar framing and did
not check the crossover design. In both
cases, complaints were received even
before the buildings were opened. The
major cause of the problems was that
the crossover slab was located between
the supporting beams at about mid-
depth as shown in Figure 4. The result
was that the moment of inertia of the
Crossover was twice the moment of
incrtia of the supporting beams, which,
of course, is much less than the com-
positc moment of inertia would had
been if the slab was on top of the
beams. The result was a much lower
frequency than expected and an cxpen-

sive fix in both cases.

-l 0 Be even more careful when
designing health clubs in

office buildings. -

Acrobics classes arc part of any
health club’s activitics, and an acrobics

class is probably the most severe build-
ing floor loading for vibration con-
cems. The energy from acrobjes can
travel much farther than you might
expect. I know of an instance where
acrobics on the 60th floor of a building
were felt on the 40th floor but not on
the floors in between or below the 40th
floor! Aerobics in one corner on the
second level of a two-story strip mall
has been felt several hundred feet away,
Solutions are costly: a 400% increase
in steel weight over the strength design
would have been required in a strip
mall to solve the problem (the owner
decided to move the health club to the
lower level instead).

The design guide has criteria for
designing floors supporting rhythmic
activities. Basically, the floor frequency
must be above a limiting value that
depends on an acceleration limit, which
is determined considering the activity
and what is called the “affected occy- .
pancy” and the weight of the floor. The
acceleration limits for acrobics alone,
acrobics in conjunction with weight-
lifting and acrobics near offices are § to
10%, 2% and 0.5%, respectively, It
turns out that weight-lifters are sensi-
tive folks, thus the lower limit. Also,
some of them are big, so you have to
be extra careful! The required floor fre-
quencies for the three conditions and a
100 psf floor arc 8.8 Hz, 9.2 Hz and 16
Hz. For a 50 psf floor, the correspon-
ding frequencics are 9.2 Hz, 10.6 Hz
and 22.1 Hz.

If the spans arc less than, say 30°,
usc of lightweight concrete and closel y
spaced, deep joists will result in a floor
frequency in the range of 10 10 12 Hz
without too much expense. The floor
System would be satisfaclory for aero-

bics alone or in conjunction with

Figure 4. Crossover cross-section. Note:

transverse members allow the deck to run parallel (o the girders as shown,
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weight-lifting but not near offices.
Generally, it is cost prohibitive to
design a floor system that supports both
acrobics and offices.

If the acrobics activity cannot be
moved to a slab on grade, then I sug-
gest either a separate framing system
for the aerobics floor or the use of a :
floating floor. Separate framing is an i
easy solution for Iwo story buildings. "

When using this approach, the aero- l
bics floor slab must be completely sep- !
arated from the surrounding slabs, and
the ceiling below cannot be supported
from the aerobics floor framing.

Separate cold-formed framing connect-
ed only to the columns has been used
to support the ceiling below.

Floating floors may be the only
solution in a tall building. The concept I-~
of a floating floor is similar to that used
for isolating machinery vibration. A
floating floor is simply a separate floor |
supported by very soft springs attached ;
to the structural floor. The natural fre-
quency of the floating floor should be
quite low, less than 2 to 3 Hz, which
generally requires a heavy slab, 50 to
100 psf. Also, the space between the

-------------- E = two floors must be vented or the f
change in air pressure due to the move-
ment of the floating floor will cause the
structural floor to move. i
A Final Thought
A number of structural engineers |
have told me that they now design for
serviceability and then check strength,
As Hardy Cross once wrote: Strength is !
3 . essential but otherwise not important.
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