Abstract

Buildings are complex physical systems. Structural Engineers deal with
this complexity by creating idealized structural models that define the key
structural components, the overall makeup of the building structure, and
the loadings that it needs to withstand. The information provided by the
idealized model allows one to apply analysis and design methods directly
to the model and then extrapolate the results to the actual building.

We begin the chapter with a description of the various types of building
systems and the associated structural components. In general, a building
consists of plane frame structures which are interconnected by floor
systems. We describe approaches for establishing the lateral loads due
to wind and earthquake excitation. These loads are evaluated at each floor
level and then distributed to the individual plane frames using the
concepts of center of mass and center of twist. At this point, one has the
appropriate lateral loading to analyze the plane frames. The topic of
loading on building frames is discussed further in the next chapter
where we also consider gravity loads acting on the floor systems.

14.1 Types of Multistory Building Systems

The majority of the activities in Structural Engineering are concerned with the design of Structural
Systems for buildings. Approximately 95 % of the building inventory consists of buildings having
less than ten stories. Buildings of this type are classified as low-rise buildings. Figure 14.1 illustrates
the typical makeup of a low-rise building. The primary structural components are beams, columns,
and floor plates. Members are usually arranged in an orthogonal pattern to form a three-dimensional
framework. Plate-type elements span between the beams to form the flooring system. We visualize
the three-dimensional (3D) framework to be composed of plane frames which are connected by floor
plates. This interpretation allows us to analyze the individual plane frames rather than the complete
3D structure.
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Fig. 14.1 Typical makeup
of a structural system for a
low-rise building
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Fig. 14.2 (a) Steel braced frame with bracing. (b) Concrete frame with shear walls

Frames are designated according to how the beams and columns are interconnected at their end
points. When the members are rigidly connected so that no relative rotation can occur, end moments
develop under loading and the frame is said to be “rigid.” Rigid frames may employ either Steel or
Concrete construction.

The opposite case is when the beams are pinned to the columns. No end moments are developed
and the frame behaves similar to a truss. Some form of bracing is needed since a rectangular pinned
frame is unstable under lateral load. These structures are called “braced” frames. Figure 14.2a shows
a typical braced frame structure. The bracing consists of sets of diagonal elements placed within
certain bays and extending over the height of the structure. This system is designed to carry all the
lateral loading. Note that at least two orthogonal bracing systems are needed to ensure stability under
an arbitrary lateral loading. Braced frames are constructed using steel components.
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Depending on the magnitude of the lateral loading, lateral stiffness systems may also be
incorporated in rigid frames to carry a fraction of the lateral loading. For concrete rigid frames, the
stiffening is achieved by incorporating shear walls located either within or on the exterior of the
building and extending over the entire height. Figure 14.2b illustrates this scheme. These walls
function as cantilever beams and provide additional lateral restraint. For steel rigid frames, the
stiffening system may be either a concrete shear wall or a diagonal steel member scheme.

14.2 Treatment of Lateral Loading

Lateral loading may be due to either wind or earthquake acting on the building. These actions may
occur in an arbitrary direction. For rectangular buildings, such as shown in Fig. 14.3, the directions
are usually taken normal to the faces. One determines the component of the resultant force for each
direction. Figure 14.4 illustrates this approach.

The resultant force is distributed to the individual floors, and then each floor load is distributed to
the nodes on the floor. This process leads to a set of nodal forces acting on the individual frames. We
express the force acting at floor j of frame i as

Py |frame ifloorj = f;R, (14.1)

How one establishes f;; is discussed in Sect. 14.3.
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14.2.1 Wind Loading

We suppose the wind acts in the x direction, as shown in Fig. 14.5a. The normal pressure varies in
the vertical direction according to a power law (e.g., p ~ 7). We approximate the distribution with a
set of step functions centered at the floor levels and generate the resultant force for each floor by
integrating over the tributary area associated with the floor. This process is illustrated in Fig. 14.5b, c.

The individual floor forces are given by
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Fig. 14.5 Lateral floor forces due to wind pressure. (a) Wind in X direction. (b) Wind on Y-Z face. (¢) Floor loads due

to wind load on Y-Z face
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Fig. 14.5 (continued)

This computation is repeated for wind acting in the Y direction. It remains to distribute the loads
acting at the floor levels of the facade to nodes of the individual plane frames. The final result is a set
of lateral nodal loads for each plane frame.

The underlying strategy for this approach is based on analyzing plane frames vs. a three-
dimensional system. This approach works when the structural geometry is composed of parallel
plane frames which produce an orthogonal pattern of columns and beams. If the structural geometry is
irregular, one has to analyze the full 3D structural system. In this case, one subdivides the facade area
into panels centered on the structural nodes contained in the facade area and generates the force for
structural node j with

Pj = p(z)4 (14.3)

where A; is the tributary area for structural node j.
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14.2.2 Earthquake Loading

Seismic loading is generated by an earthquake passing through the site. An earthquake is the result of
slippage between adjacent tectonic plates which releases energy in the form of pressure waves that
produce both horizontal and vertical ground motion. For civil structures, in seismically active regions,
the horizontal motion produces the most critical lateral loading since the design of civil structures is
usually controlled by vertical gravity loading. Data on earthquake ground motion is continuously
collected and distributed by the US Geological Survey National Earthquake Information Center [1].
Figure 14.6 contains a typical plot of ground acceleration vs. time for the 1994 Northridge California
earthquake. The information of interest is the peak ground acceleration, denoted as pga, with respect to
g, the acceleration due to gravity. In this case, the pga is equal to 0.6g. We point out that seismic loading
is cyclic, of varying amplitude, and of short duration, on the order of 20-30 s for a typical earthquake.

Seismic loading is discussed in Sect. 1.3.6. We briefly review the important features of seismic
loading here and then describe how one uses this information to generate the lateral loading for a
building. The lateral forces produced by the horizontal ground motion require the incorporation of
lateral bracing systems. Structures located in high seismic activity regions, such as Japan, Greece, and
the Western parts of the USA, are required to meet more extreme performance standards, and the
design is usually carried out by firms that specialize in seismic design.

Figure 14.7 illustrates how a typical low-rise rigid frame building responds to horizontal ground
motion. The floor slabs act like rigid plates and displace horizontally with respect to the ground due to
bending of the columns. Since there are no external loads applied to the floors, the deformation has to
be due to the inertia forces associated with the floor masses. The magnitude of these forces depends
on the floor masses and the floor accelerations.

The lateral displacement profile is assumed to be a linear function of Z as indicated in Fig. 14.8.
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Fig. 14.7 Seismic
response of low-rise frames
with respect to ground

Fig. 14.8 Lateral e a -
displacement profile =
with respect to ground

where u(H) is the relative displacement of the top floor with respect to the ground, and Z; is the
vertical coordinate of floor i. This assumption leads to the following expression for the total
acceleration of a typical floor:

Zi d*u(H)

14.4
H a7 ( )

d|floori = ag(t>

where a,(f) is the ground acceleration time history. Applying Newton’s law, the force required to
accelerate floor i, assuming it moves as a rigid body and the lateral displacement profile is linear, is

Wi Z,' d2u(H)
P floori — ? {Clg(f) + E d[2 (145)

This force is provided by the shear forces in the columns adjacent to the floor.
Given an earthquake ground motion time history, one applies this floor loading to a structure
and determines the structural response. The solution for the acceleration at the top floor is expressed

as [2]:
T — Payls) + 00) (14.6)

where () depends on the earthquake ground motion and the structural period; I" is a dimensionless
parameter that depends on the distribution of floor masses,
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Zi
Limig HY N wiz,
r= N . (14.7)
N o (L i Wi(Zi)
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Substituting for the top floor acceleration, the inertia force expands to
W.
P|ﬂ00ri:? (){I—Fﬁ} { I"Z6’ } (14.8)

The peak values of a,(f) and 8(¢) do not generally occur at the same time. Also the magnitude of I"
is of order one and the maximum value of 6(7) is usually larger thana, . Therefore, the peak force at

floor i is approximated as:

ZW: [ S
P|floori ~ II_] I {Fﬁ} (149)

where S, is defined as the maximum absolute value of 6(¢). In the seismic literature, S, is called the
spectral acceleration. It is the maximum acceleration that an equivalent single degree of freedom
system experiences when subjected to the earthquake. Summing up the floor forces leads to the
resultant force which is also equal to the maximum shear force at the base.

WS R MO F:
Vv base — P floor i NN—_d
> Wiz 8

(14.10)

Finally, we express the force for floor i in terms of V..

W.Z;
P|floori = (W)V%ase (1411)

The spectral acceleration measure, S,, depends on the ground motion time history a,(#) and the period
of the structure, 7.
A simple approximation for T for a low-rise building is
N
T~ ES (14.12)
where N is the number of stories. Values of S, vs. the structural period, T, have been complied by
various agencies, such as the US Geological Survey’s National Earthquake Information Center [1] for
a range of earthquakes, and used to construct design plots such as illustrated below in Fig. 14.9. One
estimates T and determines S, with this plot. The limiting values for the plot, such as Spg and Spy,
depend on Sys and Sy;; which are defined for a particular site and seismic design code [3]. Values of
Smss Smi, and Ty are listed on the USGS Web site, usgs/gov/hazards: Sy is usually taken as the
spectral acceleration for 5 % damping and 1 s period (i.e., T1 = 1 s): Sy is the spectral acceleration
for 5 % damping and 0.2 s period and 77 is the long transition period. The worst case scenario is for
the structural period to be between 0.2Ts and Ts. When T > T, the seismic load is significantly less
than the load corresponding to the region 0.27s < T < Ts.
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Example 14.1

Given: The three-story building shown in Figs. E14.1a and E14.1b. Assume the building is subjected
to an earthquake in the North—South direction. Take the spectral acceleration as S, = 0.4 g

W, = 900 kip
12ft W, = 1000 kip
12 ft .
W, = 1000 kip
12 ft
-T- 77 Yo
| 100 ft
1 i
Fig. E14.1a Elevation N-S
100 ft

100 ft

Fig. E14.1b Typical floor plan

Determine: The base shear and earthquake forces on the individual floors.
Solution: We use (14.10). The base shear is given by
2
( ;LZ;W) Sa {1000(12) + 1000(24) + 900(36)}2
LWz 8 {1000(12)” + 1000(24)” + 900(36)° }

Sa .
Vpase = Y= 3420(0.4) = 1368kip
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Then, applying (14.11), we obtain the individual floor loads.
Z?ZIW,Z,« = {(12(1000) + 24(1000) + 36(900)} = 68,400

12(1000) :
L= Mw“‘“’ = 0.175(1368) = 239.4kip

24(1000) .
, = me = 0.351(1368) = 480.2kip

36(900)

e = 0.474(1368) = 648.4ki
68, 400 Ve (1368) ip

3=

P3=6484kp ——> ma 3

P, = 480.2 kip —> W

P -2304kp ——> W 4

Example 14.2

Given: The three-story building shown in Figs. E14.2a and E14.2b. The floor weights are indicated.
There is also an additional weight located on the top floor.

W = 1000 kip
ez W, =900kip
121t W, = 1000 kip
121t W, = 1000 kip
121t
T 77 =
100 ft

Fig. E14.2a Elevation
100 ft

100 ft

Fig. E14.2b Typical floor plan
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Determine: The earthquake floor forces for a North—South earthquake of intensity S, = 0.4g.

Solution: The computations are organized in the following table.

Floor Z Wi | WiZi (10%) | WiZ)(10%)
1 12 1000 12 144
2 |24 1000 | 24 596
3 136 | 900 | 324 1050
Roof 136 1000 | 36 11296
\ \ 1104.4 x 10° 13086 x 10°
(104.4(1000))> .
Vibase = (0.4) ——————= 14127k
[bae = (04) 3086(1000) P
12,000
Py =— """ (1412.7) = 162.3ki
' = 102.4(1000) ) P
24(1000) .
Py =————"7"-(1412.7) = 324.8k
> = 704.4(1000) ) P
(32.4 + 36)(1000) .
P3 = 1412.7) = 925.6k
= T 0aa(1000) ¢ ) P

P,=925.6Kip —d W 3

P,=3248kip =——3  mm

(o]

P, =1623kip —— W |

Ve

Note that the shear in the top story is increased considerably due to the additional mass on the third
floor.

14.3 Building Response Under Lateral Loads

Up to this point, we have discussed how one generates the lateral loads acting at the floor levels.
These loads are resisted by the frames which support the floors. In this section, we develop a
methodology for distributing a floor load to the frames which support the floor.

We model the building as a set of rigid floors supported by columns and braces between the floors.
When subjected to horizontal loading, the floor plates displace horizontally, resulting in bending of the
columns and shearing deformation in the braces. The horizontal load is resisted by the shear forces
developed in the columns and braces. We know from the examples studied in Chaps. 9 and 10 that
stiffness attracts force. Therefore, one should expect that the distribution of floor load to the supporting
elements, i.e., the columns and braces, will depend on the relative stiffness of these elements.
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14.3.1 Center of Twist: One-Story Frame

We consider first the one-story braced frame structure shown in Fig. 14.10a. The braces located at the
midpoints of the sides provide the resistance to horizontal load. We represent the braces as simple
shear springs. Figure 14.10b illustrates this modeling strategy. Each brace provides a force which acts
in the plane of the wall that contains the brace.

We locate the origin of the X—Y coordinate system at the geometric center of the floor and assume
the floor is subjected to external forces, P, Py, M. Under the action of these forces, the floor will
experience translation (#, v) and rotation @ about the origin. These displacements produce shear
forces in the springs which oppose the motion. The free body diagram for the floor is shown in
Fig. 14.11.
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Noting the free body diagram shown, the equilibrium equations expand to

+ =S F =P~ Fpc—Fe =0
+TZF>’:Py_FBy_FDy:O (14.13)
B L
ZMO:M+(FCx—FAx)§+(FDy—FBy)EZO

Assuming the floor plate is rigid; the shear forces are related to the displacements by

B
FA\‘/CA(M+2(1)>

B
ch = kC (M - E(U
I (14.14)
Fgy = kg (V + 5 )
L
Fpy, =kp|v— 50))
Substituting for the forces in (14.13) leads to
B
P, = Lt(kA + kc) + E(kA — kc)w
L
Py = V(kB + kD) + E(kB — kD)CU (1415)
B L B? L?
M= E(kA —kc)u + E(kB —kp)v+ {4(/<A +kc) + T (kg + kD)}a)

We see that the response depends on the relative stiffness of the braces. If ko # kc or kg # kp, the
floor will experience rotation when only P, or P, is applied at the geometric center. Given the
stiffness of the braces, one solves (14.15) for u, v, @ and evaluates the braces forces using (14.14).

Example 14.3

Given: The floor plan, dimensions and layout of the braces, and the brace stiffnesses shown in
Fig. E14.3a.

Fig. E14.3a Plan view
Determine: The response due to P,.

Solution: We note that the braces at A, B, D have equal stiffnesses, and the brace at C is twice as stiff
as the others. For convenience, we show these values as just k and 2k. We set P, = M = 0 in (14.15).



14 Lateral Load Issues for Buildings

928
Py = (Bk)u+5(—k)o =P
Py=(2kv=0
500
Solving these equations, we obtain
_25P
70k
v=0
P
“ = 0k

Finally, the brace forces are

B 25 5\ 3

F Co)=P(242) =2

A= kA<”+2w> (70+70) 7

_— B\ . (25 5\ 4

—Re\"T2?) =70 " 70) T 7
- LY (3 !
—B\YT?) T 70) T 14

L 5 1

FDy—kD(V‘z) ”(‘%)“ﬁ

To avoid rotation, which is undesirable, one needs to modify either the stiffness at A or C. Taking

ka = kc = k, the response is

P
Uu=—
2k
v=w=0
P
FA& FCx—z

The formulation described above can be generalized to deal with an arbitrary number of braces or
shear walls oriented in either the X or Y direction. We shift to the notation shown in Fig. 14.12 to

Fig. 14.12 Notation Y
A
5
[ kyi
* k‘l-
’-___——-—____‘ﬁ-‘
Yi
PX
> X

-
&
v
L 4
-~
e
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identify the various braces. Each brace is characterized by a stiffness magnitude (k) and the
perpendicular distance from the tangent to the origin.

Assuming the floor is rigid, the tangential motion for the X oriented braces due to a rigid body
motion of the origin o is

+ = U = uy — y;w (14~16)
Similarly, the ¥ motion for brace j is given by
+ T v =v, +x0 (14.17)

These motions produce shear forces which act to oppose the motion of the floor. The individual
forces are

+ — Fy = —kqu; = —kyu, + kxi)’iw

Summing forces and moments with respect to the origin leads to the equilibrium equations for
the floor

+ — Py — uO(kai) + w(zyikxi) =0
1Py =0 (D k) — @D aiky) =0 (14.19)
Mo + uo (Z y,—kx,-) - (Z xjk),) - w{Zyizkx,- + ij?kyj} =0

where P,, P,, and M, are the external loads on the floor.
We define the following terms:

Z kxi =Ky
Z kyj = Ky

> yiky =K (14.20)
ijky/' =K,y
D viki Yk =K,

With this notation, (14.19) takes the following form:

P, = Kuy— Ky.0
Py, =K,y +K,.0 (14.21)
MQ = —szu() =+ KyZVQ + Koa)

Equation (14.21) applies for an arbitrary choice of origin. Note that forces applied at the origin will
produce rotation when either K. # 0 or K. # 0. If the stiffness distribution is symmetrical, these
terms vanish. Rotation of the floor is a torsional mode of response, which introduces an undesirable
anti-symmetric deformation in the perimeter facades. Therefore, one approach is to always choose a
symmetrical stiffness layout. Another approach is to shift the origin to some other point in the floor.
Obviously, the most desirable point corresponds to K. = K, = 0.

Consider the floor geometry shown in Fig. 14.13. Point o denotes the initial origin and C some
arbitrary point in the floor. We locate a new set of axes at C and express the forces in terms of the
coordinates with respect to C.



930 14 Lateral Load Issues for Buildings

Fig. 14.13 Floor geometry

!
Ui = U — y;0

/ (14.22)
Vi = Ve + X0
Fy = —kgue + kxiy;w (14 23)
Fy, = —kyve — kyl-x;a) ’

The equilibrium equations referred to point C have the following form:

P —uc(D ki) + oY vke) =0
Pre =ve(D k) — (D Aky) =0 (14.24)
M.+ uc (Z y/kx,-) — Ve (Z x,kyj) + a)(—z ylizkx,- - lefkw‘) =0
We choose point C such that
> ki =D xky =0 (14.25)
These conditions define the coordinates of point C. Substituting for x" and y" using

X = —Xc +x
y=-yct+vy

leads to

_ Z Xy
Z kxi

Yc = Z Y
> ki

The equilibrium equations referred to these new axes simplify to

Xc

(14.26)

P, =K, .uc =R,
P,=Kyvc =R, (14.27)
MC = Kca)c =M,

where

KC = Zy;zkxi + Zx}zkyj

The external and internal forces are shown in Fig. 14.14.



14.3  Building Response Under Lateral Loads 931

Fig. 14.14 External and
internal forces

Point C is called the “center of twist.” Figure 14.14 shows that the resultant of the “resisting”
forces acts at the center of twist. External forces applied at the center of twist produce only
translation; an external moment applied to the floor produces twist about the center of twist. We
point out that the coordinates of the center of twist depend on the stiffness of the components located
in the story. The location of the center of twist changes when either the position or magnitude of the
stiffness components is changed.

Example 14.4

Given: The floor plan shown in Fig. E14.4a. The two shear walls are orthogonal and are located on the
X and Y axes.

A
Lo

i
lf

h/2

a2 a/2
Fig. E14.4a
Determine: The center of twist.

Solution: The center of stiffness lies on an axis of symmetry. In this case, there are two axes of
symmetry and therefore the center of twist is at the origin.

Example 14.5

Given: The stiffness distribution shown in Fig. E14.5a.
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Y
k*
h/2 =
2k
2k * o £ X

h)’Z k*

| | |

1 T t

b2 b/2

Fig. E14.5a
Determine: The center of twist.

Solution: The stiffness distributions are symmetrical with respect to the X and Y axes. Therefore,

Xcr=Ycr =0.

Example 14.6

Given: The stiffness distribution shown in Fig. E14.6a.

Y
k*
" ak* | i JR— X
[ 0 ‘
h2 k*
| a |
b2 b/2

Fig. E14.6a

Determine: The center of twist.

Solution: The center of twist (Ct) lies on the X-axis because the stiffness is symmetrical with respect
to the X-axis. Summing moments about the origin leads to

D vk 4K*(=(b/2) _ b

XcT = *
CT Z ks 4k 2

Example 14.7

Given: The stiffness distribution and loading shown in Fig. E14.7a.



14.3  Building Response Under Lateral Loads 933

Fig. E14.7a

Determine: The rigid body motion.
Solution: The floor will experience rotation as well as translation since there is a net moment with respect
to the center of twist. We determine the motion measures using (14.27). The stiffness measures are

Ko=) ki=2k
Ky, = Zkyj = 4k

Ke=Y yiki+ Y ok =2{ (K } = 5%

Then,
P, P,
u——= Y
P
V:—y: y*
K, 4
b
_Py(g)_ 2 _Pyb
w= =Py =7
Kc hk* kK h
2

The deformed configuration of the floor is shown in Fig. E14.7b.

Fig. E14.7b



934 14 Lateral Load Issues for Buildings

Example 14.8

Given: The stiffness distribution shown in Fig. E14.8a.

Fig. E14.8a

Determine: The center of twist for the following combination of stiffness factors:

@ ki=k=k=k
(b) k4 = k3 kl > k2
(C) k4 > k3 kl = k2
d) ky>ksk; >k

Solution: The problem can be viewed as being equivalent to finding the centroid of a set of areas, with
area replaced by stiffness. One can use qualitative reasoning to estimate the location of the center of
twist.

Case (a) kl = k2 = k3 = k4




14.3  Building Response Under Lateral Loads 935

Case (b) k4 = k3 k] > k2

Case (¢) ky > ks ki = ky

k3
Case (d) k4 > k3 kl > k2
Ky
S

Cr

*
k»

Ky
ks

We consider next the single inclined brace shown in Fig. 14.15. Introducing displacements u and
v produces a longitudinal force F equal to ku'. Projecting F' on the x and y axes leads to

F.=Fcosf = k[u(cos&)2 + vcosOsin 9}
. (14.28)
F,=Fsinf = k{usin@cos@+v(sin 0) }

Summing these forces over the number of braces, the resultants are given by



936 14 Lateral Load Issues for Buildings

Fig. 14.15 Inclined brace
Fy F

t

U’ = ucoso+ vsind

» Fx

Ro=) Fi=u) kicos’0+v) kicosOsin0 (14.29)

R, = Z F, = ”Z ki sinfcos 6 + VZ kisinzﬁ
We write these equations as

R, = uK¢. +vK
Ry, = uKcs + vK g

(14.30)

where
K. = Z ki cos 20
K= Z k; cos@sin 0
Ko=) kisin’0

Note that when € = 0° or 90°, these expressions reduce to (14.27).
The line of action is determined by summing moments about O. Working first with the X direction

() and then the Y direction (v) leads to the following pair of equations for x" and y$, the coordinates of

the center of twist.
y*KCC — XK= Z y;ki cos 29 — Z x;k; sin @ cos @

| (14.31)
V' Kes — X' Kgg = Zyik,- sin@cos 6 — ink,- sin 26

When the stiffness elements are parallel to either x or y, these equations reduce to

ch = Zkv Kcs =0 Kss = Zk)

= Z)’kx o > xk,
Z ky Sk




14.3  Building Response Under Lateral Loads 937

Example 14.9

Given: The stiffness distribution shown in Fig. E14.9a. Two of the braces are inclined with respect to

the x-axis.
Y
kq
h/2 ko ko
X
h/2 o
45° 45°
]
kq
| |
' [ [
b/2 b/2
Fig. E14.9a

Determine: The center of twist.

Solution: Evaluating (14.31) leads to

1
Kee = Zk[coszﬁ =2k + 2<2k2) =2k + ks

1 1
K = Zki cos@sinf = <2k2> + <—2k2> =0
1
Kss: ki'29:2 —k =k
S tsinto =2 (30 ~

Zy,-ki c0s’6 =0
Zx,-ki sin?4 =0
Zx,-ki sinfcosf = kzgz (-1)

Zy,-k,- sinfcosf =0

N —

Then,

X'=0

14.3.2 Center of Mass: One-Story Frame

The center of twist for a one-story frame is a property of the stiffness components located in the story
below the floor. It defines the point of application of the inter-story resistance forces acting on the
floor. These forces depend on the translation and rotation of the floor produced by the applied loading,

i.e., they are due to inter-story deformation.
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Fig. 14.16 Plan view of Y
floor A

Vv Yi

v
”

When the loading is dynamic, additional inertia forces are generated due to the acceleration of the
masses located on the floor. In order to study the equilibrium of the floor, we need to establish the
magnitude and location of the resultant of these inertia forces. In what follows, we describe the
procedure for locating this resultant.

Figure 14.16 shows a typical plan view of a floor. We locate the origin at some arbitrary point in
the floor, and suppose that there are masses located at discrete points in the floor. The center of mass is
a particular point in the floor defined by the coordinates ¥ and y, where

Z Xim;
>_m
Z yimi
S

=l
Il

(14.32)

<l
I

Example 14.10

Given: The floor mass layout shown in Fig. E14.10a.

Y

2m

m

v
-~

Fig. E14.10a
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Determine: The center of mass.

Solution: The center of mass is on the y-axis. In general, if the mass distribution is symmetrical, the
center of mass lies on the axis of symmetry. We determine the y coordinate by summing moments
about the x-axis (Fig. E14.10b).

D vmi (2m)hh

Y= Sm 4m 2

—_ 2m

CM

i m y =h2

— O

Fig. E14.10b
Example 14.11

Given: The floor mass layout shown in Fig. E14.11a.

C
m _l'

h/2 +=*

Fig. E14.11a

Determine: The center of mass.

Solution: Summing the moments leads to
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Zmi = 6m

- 2me +2m(b/2) + 2m(—b/2)
6m
5= 2md + 2m(h/2) 4+ 2m(—h/2)

6m

Example 14.12

Given: The floor mass layout shown in Fig. E14.12a.

14 Lateral Load Issues for Buildings

Wl wWio

h/2 b/4 - N il
=T .
- 510 +C : : X
m - ™M m -
h72 4 ' | 1
b2 b2

Fig. E14.12a
Determine: The center of mass.

Solution: We sum moments about the x and y axes and obtain

_ mb/4) b
T T 12
__—m(h/4)
YT T3, T 12

14.3.3 One-Story Frame: General Response

We have shown that there are two key points in the floor, the center of twist and the center of mass.
For quasi-static loading, we work with quantities referred to the center of twist. Noting (14.27), the
response of the center of twist due to an arbitrary static loading is (Fig. 14.17)

P,
U. =
¢ Ky\l\'
P
Vo= —>
Kyy
Mc
W =—
Kc

(14.33)

Note that twist occurs only when there is an external moment with respect to the center of twist;

forces applied at the center of twist produce only translation.
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Fig. 14.17 Forces acting P,
at the center of twist g
M,
Cr ﬁ
e —> > P,

Fig. 14.18 Forces acting a
at the center of mass (a)
Displacements. (b) Forces

When the loading is dynamic, one needs to include the inertia forces. In this case, it is more
convenient to place the origin at the center of mass and work with force and displacement quantities
referred to the axes centered at the center of mass. Figure 14.18a illustrates this choice. Note that the
resistance forces act at the center of twist and produce a moment about the center of mass. The
displacements of the two centers are related by
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UCT = UCM — YcT®@
ver = Ve + Xer@ (14.34)
wcT = W

The equilibrium equations referred to the center of mass have the following form:

P, = miicm + Ky (Uem — Yoro)

Py = miem + Ky (vem + xcro) (14.35)
Mcw = Iemi + Kew + xcrKyy (vom + Xcro) — yerK o (uem — yerw) |

= ICMC.‘.) + CU{KC + X%TKyy + y%TKxx} + XCTKnyCM — yCTKxquM

Equation (14.35) shows that the motion is coupled when the center of twist does not coincide with
the center of mass. The center of mass is usually fixed by the mass distribution on the floor and one
usually does not have any flexibility in shifting masses. Therefore, the most effective strategy is to
adjust the location of the braces in the story below the floor such that the centers of mass and twist
coincide, i.e., to take xcr = ycr = 0.

Example 14.13

Given: The mass and stiffness layout shown in Fig. E14.13a.

y
h
k

20 m i(—):u L n —+—
10 m
= . » X ]\:
B k Im + Mm = 10 m

\ 40 m 20 m

Fig. E14.13a

Determine: The magnitude of the stiffness elements k; and k, such that the centers of mass and twist
coincide.

Solution: First, we locate the center of mass.

Zm, =4m
> " ximi = 10(2m) — 20(2m) = —20m
—20m

z_ <1 _5
X 4m m

Similarly,
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Zyimi = 10(m) — 10(3m) = —20m
—20m

=-5
4m m

y:

Next, we determine k; and k, by requiring the center of twist to coincide with the center of mass.
The steps are

Step I:
2Nk 20k —d0k
TSk ket
\
20ky — 40k = —5k — Sk,
25k, = 35k
ky = 1.4k
Step 2:

vk _20(k—k) _
yCT_ka_ k]"’k -
I

25k = 15k,
ky =1.67k

14.3.4 Multistory Response

A typical floor in a multistory structure is connected to the adjacent floors by stiffness elements such
as columns, shear walls, and braces. When the floors displace, inter-story deformation due to the
relative motion between the floors is developed, resulting in self-equilibrating story forces which act
on the adjacent floors. Figure 14.19 illustrates this mode of behavior. Floors i and i + 1 experience
lateral displacements which produce shear deformations in the braces

V= Uipr — U
and corresponding shear forces
F=ky= k(“iﬂ - ui)

These forces act on both floors i + 1 and floor i; the sense is reversed for the lower floor (this
follows from Newton’s law of action equal reaction).

In order to express these resistance forces in terms of displacements, we need to specify a common
reference frame for all the floors. We suppose the floors translate and rotate with respect to this
common reference frame. We consider floor i. We determine the inter-story displacement measures
for the two centers of twist associated with the stories above and below floor i and apply (14.27).
The resulting expressions for the resultant forces acting on floor i are listed below. Their sense is
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Fig. 14.19 Forces due to floorit1 | ] = Ui
inter-story deformation F <—

7 story i+1”

floori [ ] —> Uj

Fig. 14.20 Forces acting
on floor i

(i+1)

R

i y

Ry (i+1) 1\_, R+
= . hdc L"“' X

g m? l R

c L+ ¢ R(:} Center of twist for story i+1

Center of twist for story 1

defined in Fig. 14.20. Note that the direction of the forces due to story i + 1 are opposite to those due
to story i.
For story i

RY =K [{Mz - y(ci)Twi} - {Mi—l —y8@i }]

Rg) = K;Iy) [{V,‘ — xg>Ta),~} — {V,‘,l — xg)Tw,;l}] (1436)

For story i + 1:
(i+1) — gli+1) N (o 2 VI )
Rx - Kxx Uit1 — Yor “Wi+1 Ui — Yor Wi

RUHD = KD [{v,»+1 + xg;r”a),-ﬂ} - {vi - xg”miﬂ (14.37)

M(CIH) = Kg+l)[wi+l — ;]

The inertia forces for a floor depend on the mass distribution and acceleration of the floor. They act
at the center of mass, a property of the floor. Figure 14.21 shows the inertia forces for floor i.

We require floor i to be in equilibrium. Summing forces with respect to the origin at O results in the
following equilibrium equations:
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Fig. 14.21 Inertia forces
for floor i

cm @

= 1
m \(-“J

ot —

M for floor 1 m (i ey

floor i

, ‘ . ‘ o o N (14.38)
M) — 18>~ M+ M 4 Oy — mO G o + 54RO
)~ R 1 ARED 0

The form of (14.36) and (14.37) shows that the equilibrium equations for floor i involve the
displacements for floor i — 1, i, and i + 1. Assuming there are n floors, there are n sets of equations
similar in form to (14.38).

When the location of the center of mass is the same for all the floors, we take the origin at the
“common” center of mass. If the center of twist also coincides with the center of mass, the equations
simplify to

PO = mWi + K0 (= wi-1) = KD (i1 — ;)
P§,") = m¥; 4+ K;;)(Vi —Vi-1) — K;;H)(Vzurl - Vi) (14.39)

M(()l) = 1<I)CU, + Kg) (CU,' — CU,;]) + K(Ci+l)(wi+1 — CU,')

where u, v, and w are the displacement measures for the center of mass.

These equations are useful for qualitative reasoning about the behavior. In general, we want to
avoid torsion, if possible. Therefore, we distribute the inter-story stiffness elements such that the
location of the center of twist is constant for all stories. In regions where the seismic loading is high,
such as California, one needs to consider dynamic response. In this case, the goal in seismic design is
to have the center of mass and center of twist coincide throughout the height of the structure.

The formulation obtained above can be interpreted as a “shear beam” formulation for a building
system in the sense that the assumptions we introduced concerning the behavior of a floor are similar
to those for a beam subjected to shearing and torsional action. These assumptions are applicable for
low-rise buildings, where the aspect ratio, defined as the ratio of height to width, is of order 1. Most
buildings are in this category. For tall buildings and for those structures having flexible floors, one
creates idealized models consisting of 3D frame structures composed of columns, beams, shear walls,
and floor plates. These models generally involve a large number of variables and require computer-
based analysis methods to generate solutions. The advantage of simple models is that one can reason
about behavior through examination of analytical solutions. Both approaches are necessary and each
has a role.
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14.3.5 Matrix Formulation: Shear Beam Model

In what follows, we introduce matrix notation and express the equations defined in the previous
section in a form similar to the equations for a member system that are presented in Chap. 12. We
number the floor and stories consecutively, and work with the common X—Y-Z reference frame shown
in Fig. 14.22. The following notation is used for floor i:

U, = {u;,v;,w;} = Floordisplacement vector

(14.40)
P; = {P.;,Py;,M;} = Externalload vector

These quantities are referred to the common global reference frame located at point O.
The inter-story displacements at the center of twist for story i are expressed as a matrix product.

AUcr,; = ZCT,[{Q[ ~U, } (14.41)

where Tt has the following general form:

10—y
ZCT,i: 0 1 xg)T (14.42)
0 0 1

The corresponding story resistance force matrices acting at the centers of twist are related to these
inter-story displacements by

ECT,i = KiAQCT,i (14.43)
Rer iy =KiniAUgr ;4
Fig. 14.22 Numbering 7
scheme for floors and
stories
n
5
4
3
2
|
o X
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947
where K; depends on the stiffness properties for story j.
K KY 0
K= |K) K o0 (14.44)
o o kY

We need to transfer these forces from the center of twist to the origin of the common reference
frame. This operation involves the transpose of Tt

T
R =Tcr, zRCT,i (14.45)
Eo,iﬂ = ZCT,iJrlI_eCT,iJrl

Using (14.41) and (14.43), (14.45) expands to

1_{'0,1' = Ko i(gi - QH)

(14.46)
Bo, i+1 Ko i+1 (Qi+l - U)

—1

where K, is the stiffness matrix referred to the common origin, O

_ T

K TCT jK/TCT ]
One starts with the properties of the center of twist namely, K., K,,, K¢, Xct, ycr, and then generates
K, for each story.

(14.47)

We consider next the inertia forces which act at the center of mass of the floor. The displacements
are related by

Uenm.i =Tewm,iUi
1 0

oM 14.48
Tem,i= |0 1 xem (14.48)
00 1

The inertia force matrix acting at the center of mass is related to the acceleration matrix by

F

Yom,i = —mUcwm,i = m Ty, Ui (14.49)
where
m®
m, m® (14.50)
7o
cM
Translating these forces from the center of mass to the origin leads to

F, ,=my,U,

To.i = Mo, (14.51)

fo TCM lmlTCM i

We interpret m, ; as the effective mass matrix for floor i
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Finally, summing forces for floor i, the matrix equilibrium equation referred to the common
reference frame has the form.

Bo,i = mo,igi +Eo,i —R

Ry =0 (14.52)

Substituting for the internal resistance matrices, the expanded form for floor i is

Py =moiU;+ K, (U= Uiy) =K, ;. (U1 — Uy) (14.53)

We suppose there are N floors and express the complete set of N equations as a single matrix
equation,

P =mU + KU (14.54)

We assemble m and K in partitioned form (N rows and N columns). The entries follow from
(14.53).

i=12,...,N
m ; in partitioned row i and columni of m
+Ko'i{}n row i anld co(iumrll i I}Of K
in row i —1 and column i — (14.55)

K. Tn row z and column i — 1. of K
—o1 | in row i — 1 and column i —

P . in row i of P

Note that this approach is identical to the procedure that we followed in Chap. 12 to assemble the
system matrices for a member system. The following example illustrates the steps for a three-story
structure.

Example 14.14

Given: The three-story structure shown in Fig. E14.14a. Assume the transformed mass and stiffness
properties are known for each floor.

Fig. E14.14a
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Determine: The non-zero entries in the system load, mass, and stiffness matrices.

Solution: N = 3 for this example. The partitioned form of the equations is listed below.

Eo, 1 mo, 1 gl
P, = m,, Ez
Pos UUSEN I O
(50, 1 + E0,2) _50,2 0 gl
U
+ —K, (Ko,z + L(o,s) —K, 5 52
0 _50,3 50,3 =

14.4 Response of Symmetrical Buildings

We consider the symmetrical structural system shown in Fig. 14.23. We locate the global reference
frame on the symmetry axis. By definition, the center of mass and center of twist for all the floors are
located on the Z-axis.

We suppose the external floor loading is applied in the X direction. This loading is resisted by the
frames supporting the floors. Each frame displaces in the X direction and develops resistance through
shearing action between the floors.

A typical frame is modeled as a set of discrete masses supported by shear springs. Figure 14.24
illustrates this idealization. The shear spring stiffness for a story in a frame is determined by summing
the contribution of the columns contained in the story. Using the approximate method for estimating
lateral stiffness for frames developed in Chap. 11, the equivalent shear stiffness for a story in a frame
is estimated as

12E 12E
kSO i = mi EFCOI €x El’COI 14‘56
tory Z ter col 1 _|_ /2 Z i 1 ) ( )
where r is the ratio of relative stiffness factors for the column and girder.
_ [col/h
]grider/L

We evaluate the story shear stiffness factors for each frame. When shear walls or braces are
present in a story, we combine the stiffness terms corresponding to the braces with the terms due to
the columns.

Fig. 14.23 Symmetrical AZ
building structure
P 1[ A B C D E
X
SN S 7
/ /
y A4 /
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Fig. 14.24 Shear model z
of typical frame
W,
+ 4 w,
h ° k
4
1 W3 W3
9
h k
W. 3
i 2 > Wo
h 9
1 W1 W1 k2
Kl
h 5
1+ 4 4 X

Fig. 14.25 Shear stiffness AE

t
elements. (a) Steel brace. 4
I h ‘

(b) Concrete shear wall
Lg ’
A

k storyi — keol story i + kbrace‘sloryi (1457)

The shear stiffness factors for the shear elements defined in Fig. 14.25 are

h
ks earwall — ~7 14.58
hearwall = =7 ( )
2AF
Kbrace = L—d (cos 9)2 (14.59)

The complete building system is represented as a set of frames in parallel linked through the
“rigid” floor slab. Figure 14.26 illustrates this idealization. At each story level, all frames experience
the same lateral displacement. It follows that the story shear force in a particular frame is proportional
to the ratio of the frame story shear stiffness to the global story shear stiffness which is defined as

Kgiobal, floori = Ki = E ki
frames frame j ( 14. 60)
ki|fram
Vframej =7

ef‘ 7
i|global
Ki |g

Generalizing this result, we can state that the lateral global loads are distributed to the individual
parallel frames in proportion to their relative stiffness.

Noting Fig. 14.26, the global shear for a story is equal to the sum of the loads acting on the floors
above the particular floor. For example,
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Fig. 14.26 Idealized a
building model. (a) Set of
frames with rigid link. (b)

Global loads and global
story stiffnesses rigid link

fk4|® Py — T g

ANAN

T\ N\
e
1

/
/

Pl

\

-~

Vl’global:Pl+P2+P3 +P4

14.61
V2| gtobat = P2 + P3 + P4 ( )

One first evaluates these global shear forces and then determines the individual frame story shears
with (14.60).
Suppose the ratio of story stiffness to global story stiffness is constant for all stories in frame j

ki |frame j
Then, it follows that frame j carries a fraction equal to a; of the total applied load. This result is
useful since it allows one to reason in a qualitative way about how global floor loads are distributed
into the frames. For example, suppose that there are n frames having equal stiffness. Then, each frame
carries (1/n) of the total lateral load.

Example 14.15

Given: The symmetrical rigid frame structure shown in Fig. E14.15a. Assume the frame properties
are constant throughout the building height and also assume the structure is uniformly loaded. (a) The
columns in frames 2 and 3 are twice as stiff as the columns in frames 1 and 4 and the floor slab is rigid.
(b) Assume equal frame stiffnesses and rigid floor slab. (c) Assume equal frame stiffnesses and a
flexible floor slab.
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TS ST
Fig. E14.15a

Determine: The distribution of the total lateral load to the individual frames.

Solution:

Part (a): A typical floor is shown in Fig. E14.15b. The equivalent story shear stiffness factors are
defined as k~ and 2k". The resultant global shear force acts at the midpoint of the side, and there is no
twist since the stiffness distribution is symmetrical.

Fig. E14.15b Typical floor
The total story stiffness is

S k= (K)1+2+2+1) =6k

According to (14.60), the fraction of the total story shear carried by an individual frame is equal to
the ratio of the frame story stiffness to the total story stiffness. Then,
For frames 1 and 4

*

Koo
Vi=Vi=V__—_vy
T T e T 6

For frames 2 and 3
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*

%1
Vo=Vs=Vo —_y
T T e 3

In this case, the interior frames carry twice as much load as the exterior frames.

Part (b): If the floor slab is rigid and equal frame stiffnesses are used, the frame load distribution
shown in Fig. E14.15¢c is now applicable; the shear is assigned uniformly to the frames.

SITT

/' 7z 7

s

Part (¢): Suppose one generates an estimate for the global loading on an individual frame using the
tributary areas for the frames. Consider the structure shown in Fig. E14.15a. We divide the facade
area into area segments and associate these segmental areas with the frames adjacent to the areas as
illustrated in Fig. E14.15d.

\-4

Fig. E14.15c Typical floor

L
X
\
A

N

RN

AU NN

" f
</ S LS L

/ loading direction

Fig. E14.15d
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We note that the width for the segmental areas 1 and 4 is %2 the width for the interior tributary
areas. Therefore, assuming the external loading is constant over the width, it follows that the
magnitude of the loads for frames 1 and 4 is ¥ the load for the interior frames. This breakdown is
shown in Fig. E14.15e. This distribution is based on the assumption that the frames act independently,
1.€., the floor slabs are flexible.

© o ) o

LSS

XA F I I A
s/
3

Vie

P

/

Vi6 Vi3 V/

Fig. E14.15e

Example 14.16

Given: The five-story symmetrical rigid frame building shown in Figs. E14.16a and E14.16b.
Assume the building can be subjected to an earthquake in either the North—South or East—West
directions. Take the spectral acceleration as S, = 0.15g. Consider all the beams to be the same size
and all the columns to be the same size. Assume Iy = 4/c.

W = 2000 kN +
3m

W, = 2000 kN 4
3m

W, = 2000 kN +
3im

W, =2000 kN 4
3im

W, =2000 kN +
3im

Lo By By b T

9m Sm  9m

Fig. E14.16a Elevation
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O— » -
9m
Q—m * :
9m
O—m - B
9m
d—m » »
9m 9m 9m

f

Fig. E14.16b Typical floor

—t
—

plan

—_—
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“{

Determine: The maximum moments in the columns (a) for rigid floors and (b) for flexible floors.

Solution: We use (14.10). The base shear is given by

2
( z‘S:IZiW)
V|base =

S

2

(2000(3) + 2000(6) + 2000(9) + 2000(12) + 2000(15))>

S Wi(z;)? & 2000(3)” +2000(6)” +2000(9)” + 2000(12)* + 2000(15)*

= 1227kN

(0.15)

Then, applying (14.11), we obtain the individual floor loads (Fig. E14.16c).

P|ﬂoori =

W.Z;
<z:vvlzl> 14 | base

5 \WiZ; = 2000(3) + 2000(6) 4 2000(9) + 2000(12) 4 2000(15)
= 90,000kN/m

Plaor1 =
Pligors =
Pligors =
Pligors =

P|ﬂoor5 =

3(2000)
90, 000
6(2000)
90, 000
9(2000)
90, 000
12(2000)
90,000
15(2000)
90,000

(1227) = 81.8kN

(1227) = 163.6kN
(1227) = 245.4kN
(1227) = 327.2kN

(1227) = 409kN
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409kN
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3272 KN e—mp

2454 kN

163.6 KN —3

SLEKN —>

Fig. E14.16c Earthquake floor loads

It remains to distribute the floor loads to the frames. Since the structure is symmetrical, we need to

consider only one direction, say the N-S direction (Fig. E14.16d).

pp— & % ¥ =]
W

P, —s B ® - ']
> S N
P —
Fhoon 8

Py —s B ' & . .

Py = ® F L u

Fig. E14.16d Floor load distribution

Part a:

When the floor slab is rigid, and the frame stiffnesses are equal, the floor load is distributed uniformly

to the frames (Fig. E14.16e).

1
Pl=Py=Py=P;=-

P oor i
4

Therefore,

20.5kN
40.9kN
61.4kN
81.8kN
102.3kN

Pi=P,=P3=P, =
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102.3kN >
81.8kN >
61.4kN >
409KkN —>
205kN  —3

Fig. E14.16e Frame load—rigid floors

Part b:
When the floor slab is flexible, the loads are proportioned to their tributary floor areas.

Then, it follows that (Fig. E14.16f)

1363 kKN —>»

109 kN —>

BISKN ——a
S45 kN —a

273kN —p

Py =Py =~

P =Py =~

.. P

(1) Intcrior frame

Fig. E14.16f Frame loads—flexible floors

Part c:

We apply the stiffness method described in Chap.

exterior and interior columns.

27.3kN
54.5kN
81.8kN
109kN

136.3kN
13.6kN

27.3kN
= ¢ 40.9kN
54.5kN
68.2kN

68.2 kN

54.5kN

409 kN

27.3kN

Vil

13.6 kN

3
¥

By B

(i1) Extenior frame

11 to estimate the maximum moments in the
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Ic, /b Ic/h  (Ic/4)

Ie. = Icandly = 4lc = — - — 0.5625
Coe = ICHNIB == 0 L T Ig/L (41c)9)
3Elck 1 234Elc kg
ke — — —"E_0.89
. n 1(Icg/h n k
1+4=
2\ Iy/L
L _ 3l 1 _ 2.63Elc
R L (a/k I8
4\ I,/L
Noting that
Ve _ ke
Vi ok

we express the total shear as

ke

VTota = 2VE + 2V = Z(k
1

+ 1) Vi= Vi =0.265V1ota

The distributions are shown in Figs. E14.16g and E14.16h.

384.4 433.6 433.6 384.4

< - « <«
96.1 108.4 108.4 96.1
<

306.75 kN

Fig. E14.16g Maximum column moments—rigid floors



144 Response of Symmetrical Buildings 959
288 325.2 325.2 288 192 216.8 216.8 192
J{ J/ 4/ ,1/ J{ 4/ '!/ 1/
— - - — | — - -—
72 813 81.3 72 48 54.2 54.2 48
< <
409 kN 204.5 kN

Intenior frame

Fig. E14.16h Maximum column moments—flexible floors

Example 14.17

Exterior frame

Given: The one-story frame shown in Figs. E14.17a, E14.17b, E14.17c. Assume the cross sections

are equal.
®© @
249
K, ©) ®
+ @ [ n
o
L
kB
1 ® =" v
k
1 - K, a 2
X
) ll— ® ® k, @
4 © .|_Y . L]
k
2] ¢
1 L L 1 L 1
I | I I
m |
!

Fig. E14.17a Plan
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I I 1
b
h=2L e . Ie . Ie le
3
L L : L K
Fig. E14.17b Elevation—section 1-1
2 I " " I
h==L ¢ I c
3
L L

Fig. E14.17c Elevation—section 2-2

Determine:

(a) The center of mass.
(b) The center of twist. Take I, = 21..

—t-

(c) The revised stiffness required on lines B-B and 2-2 so that the center of stiffness coincides with

the center of mass.

(d) The translation and rotation of the center of twist for the structure determined in part (c) due to

load P;.
Solution:

(a) The center of mass

DX (0.5L)2m + (1.5L)m + (2.5L)m _5

=L

4m 4

(0.5L)3m + (1.5L)m _3

-L
dm 4
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Y
LS
- —
L
. n -
3
L y’-zL
= L] L . > X
ad
L E ;L L
| I
1 L | L L

(b) The center of twist

Icg =Ic1 =1
I, =21,

(Izil//f > B <11Cf//Lh) B (32]11//25) -0

Using the shear stiffness equations (11.11) and (11.12), the relevant stiffness factors are

1

=¢{—— 3> =0.73
fBE ) +l [CE/h
2\ I,/L
fe1= 71 =0.84
BL ™ V/Ice/h\
1+
4\ I,/L
Let (EI/h®) = k. Then,
3ElcE 1 3Elcg
kpg = 2 1 ICE/h = 3 fee = 2.19
1+=
2\ Iy/L
3EICI 1 3E]CI
kot = n 1+1 Ici/h s Tor =252
4\ Iy/L

FTAF1F T F
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ki = ky = 2kgg + kg1 = 6.9k
k3 = kg = ka = 2kpg = 4.38k
kg = kc = 2kgpg + 2k = 9.42k

X
[~
438k

—a

| s
6.9k |=m . 1
|6.9k
|4.38k ‘4.381(
[ ] | | n 5 X
942k

Finally, one obtains the coordinates
o DKy 6.9K(L) +4.38k(2L) + 4.38k(3L) _ L
r > ky 2(6.9k + 4.38k) '

> ik 9.42k(L) + 4.38k(2L)
- - —0.78L
TNy T 2(0.420) + 438k

Y
~
ka
it —i
L
|
+ K |m -
k4
L 3 Ky
78L
ak [ » - - > X
, 1270 ke
I L
1 { 7 L
t } }
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(c) The revised stiffness required on lines B-B and 2-2

5 (6.9k+k&")(L)+4.38k(2L) + 4.38k(3L)
X = X = — = ¥
r 4 6.9k + (6.9 + k) + 2(4.38k)
3 (942k—k7)(L) +4.38k(2L)
Yer =Y =4 =

47 9.42k + (9.42k — k™) + 438k
Sk =24k kT =3.06k

Y
~N
438k
[ —
| 9.42 k-k*=
6.9k |® -= =
|6.9 k +k*
438k 4.38k
| | | ] n ] > X
9.42k
(d) The translation and rotation of the center of twist
Y
~N
438k

—n
6.9k 6.36 k

n

o Cy
9.3k Cos
?-%L 438k 4.38k
| ) | | B 7
¥ =%L 942k X

|

==

Noting the result for part (c) and (14.20) specialized for the center of twist, the displacements of
the center of twist due to P are



Ky = Y ky = k{6.9 +9.3 +2(4.38)} = 24.96k
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Ko = Y2k + Y a2ky = {4.38k(1.25L)2 +9.42k(0.75L)* + 6.36k(0.25L)2}

+ {6.9k(1.25L)2 +9.3k(0.25L)* + 4.38k(0.75L)* + 4.38k(1.75L)2} = 39.78kL>

u=0
P, P
oDy
K,, 249
My, P,(L/4 P
oMo _ Pi(L/4) )2 — 0.00628 —
Ko 39.78kL kL
— =
Y H 1”
w
| | B 3
-
3 C'I X-Uu
.EL
= [ | -} |

14.5 Summary

14.5.1 Objectives

» To describe various idealized models that are used to represent building structures as an assem-
blage of plane frames and rigid floor slabs.e

+ To introduce procedures for generaeting wind and earthquake loads for building structures.

» To introduce the concepts of center of mass and center of stiffness and apply these concepts to

typical building structures.

» To formulate the governing equations for a building idealized as a three-dimensional shear beam.
» To represent these equations using matrix notation.
» To specialize the formulation for symmetrical buildings.
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14.5.2 Key Facts and Concepts

« The normal pressure due to wind varies as a power law (p ~ z'/7) in the vertical direction.

+ Seismic excitation is represented by a set of inertia forces acting at the floor levels.

These forces are defined in terms of certain parameters that depend on the site and are specified by
design codes. The vertical force distribution depends on the floor masses and increases with
distance from the base.

» The center of mass is a property of a floor, i.e., it depends on the mass distribution within the floor.
It is important since the resultant of the inertia forces passes through the center of mass.

» The center of stiffness is a property of the lateral stiffness distribution in a story. Twisting of the
floor slab will occur when the resultant force acting on a story does not pass through the center of
stiffness. Ideally one positions the center of stiffness to coincide with the center of mass if dynamic
loading is one of the design loading conditions.

» Given a set of parallel frames connected by a rigid diaphragm and subjected to a lateral load
applied at the center of twist, the load carried by an individual frame is proportional to the relative
stiffness of the frame.

14.6 Problems

Problem 14.1 Consider the plan view of one-story rigid frames shown below. Determine the center
of twist corresponding to the brace stiffness patterns shown.

< -
(a) Sk (b)
1 J| 10 ft I 10 ft |
gz =3k
Sk
20t 2k
k |10t
k ol
3m ] k
© L 3K
im
| &=

5k

3k
| im L im L im E
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Problem 14.2
w sf
(a) f : ‘
tst:/ Z‘sﬁ
W, = 200kip
W ¢ =1000 kip iid

J |
|

Distribution of mass

(b) ks

k

Stiffness distribution

The one-story frame shown has an unsymmetrical mass distribution.

(a) Determine the center of mass.

(b) Determine the stiffness parameters k; and k, such that the center of stiffness coincides with the

center of mass.

(c) Determine the earthquake floor loads corresponding to S, = 0.3g. Consider both direction, i.e.,

N-S and E-W.
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Problem 14.3 For the rigid frame shown below, determine (a) the center of twist (Ct) and (b) the
seismic floor loads applied at the center of mass (Cyy) for an N-S earthquake with S, = 0.3g. Assume
properties are equal for each floor.

T P W, =4000 kN
4m
1L P W, =5000 kN
4m
+ P W, =6000 kN
4m
-, J7Z o V J7Z 72
, 9m \ 12m y,  9m
| | | |
Elevation
3k
4k| | 4k 6 m
S Cwm
N m—.6 m 6m
4k| 3m | 4k 6m
6k 6k
; 9m \ 12m | 9m |

Typical floor plan



968 14 Lateral Load Issues for Buildings

Problem 14.4 Consider the two-story rigid frame defined below. Assume the weight of the floor
slabs is equal to wyqeor. Concentrated masses are located on each floor as indicated.

East
20 ft

A 30 ft I

8 ft

£
W1 . ISft

Plan-Floor 1

Wo
A

8 ft
Plan-Floor 2

(a) Determine the position of the center of mass for each floor.

(b) Assume the structure is subjected to an earthquake acting in the east direction. Determine the
earthquake forces for the individual floors. Assume wgqoo, = 1000 kip, w; = w, = 1000 kip,
and S, = 0.3g.

(c) Suppose the story stiffness distribution shown below is used. Describe qualitatively how the
structure will displace when subjected to an earthquake. Consider the stiffness distribution to be
the same for each floor.
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k
k
y
k
77
777 7

Problem 14.5 Consider the single-story multi-frame structure shown below. Determine the lateral
forcef in the frames due to a global load P. Consider both wind and earthquake loading. Assume the
slab is rigid.

Problem 14.6 Consider the stiffness distribution for the one-story rigid frame shown below.
Determine the displaced configuration under the action of the loading shown. Assume the slab is
rigid.
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L/3

L3

L/3

2k

Problem 14.7

(a) Determine the center of twist.
(b) Using (14.47) determine K.

Problem 14.8 Consider the plan view of a one-story frame shown below. Using the matrix
formulation presented in Sect. 14.3.5 generate the equations of motion for the story. Take m; = 1000

Ib, m, = 500 Ib, and k£ = 10 kip/in.
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m,

10N 10 11

Problem 14.9 Consider the one-story plan view shown below.

(a) Locate the center of mass.
(b) Locate the center of twist. Take ky = k» = k3 = k4 = k.

(c) Take k; = k3 = 10. Suggest values for k, and k4 such that the center of mass coincides with the
center of twist.
15 ft ) 15 fi |

| ' ks |

15 ft

751t
15 fi

7.5 ft

75ft ks
sp—t '

751t

Problem 14.10 Consider the floor plan shown below. Assume the mass is uniformly distributed over
the floor area. Establish the equations of motion referred to point O.
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N

k

Problem 14.11 Consider the roof plan for a one-story structure shown below. Assume the shear
walls have equal stiffness and the roof dead load is uniform.

(a) Determine the center of mass and the center of stiffness.
(b) Describe how the s]&ructure responds to an earthauake in the N-S direction.

| — 1

6m

Problem 14.12 The framing shown below has identical rigid frames along column lines 1, 2, 3, and

4, and cross-bracing along lines A, B, and C. Consider all the beams and all the columns to be the
same size. Assume I, = 3/, and L = 2h.

(a) Assuming the roof/floor slab are rigid with respect to the rigid frames, what part of the total
seismic load due to a N-S earthquake is carried by the frame 4?
(b) Repeat part (a) considering the roof/floor slab to be flexible.
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