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1. THE NATURE OF EARTHQUAKE GROUND MOTION 15
FAULT LINE
222/ FOOTWALL
HANGING WALL ,
o bl
(b)
LEFT LATERAL NORMAL FAULT
NORMAL BAULT (LEFT OBLIQUE NORMAL FAULT)
@) L EFT LATERAL FAULT
y_‘_.g'}/’,ﬁ'l
() REVERSE FAULT LEFT LATERAL REVERSE FAULT
() (LEFT OBLIQUE EVERSE FAULT)
Figure 1-10. Diagrammatic sketches of fault types
The classification of faults depends only on A strike-slip fault, sometimes called a
the geometry and direction of relative slip. transcurrent fault, involves displacements of

Various types are sketched in Figure 1-10. The rock laterally, parallel to the strike. If when we
dip of a fault is the angle that fault surface stand on one side of a fault and see the motion

makes with a horizontal plane and the strike is on the other side is from left to right, the fault
the direction of the fault line exposed at the is right-lateral strike-slip. Similarly, we can

ground surface relative to the north. identify left-lateral strike-slip.
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A dip-slip fault is one in which the motion
is largely parallel to the dip of the fault and
thus has vertical components of displacement.
A normal fault is one in which the rock above
the inclined fault surface moves downward
relative to the underlying crust. Faults with
almost vertical slip are also included in this
category.

A reverse fault is one in which the crust
above the inclined fault surface moves upward
relative to the block below the fault. Thrust
faults are included in this category but are
generally restricted to cases when the dip angle
is small. In blind thrust faults, the slip surface
does not penetrate to the ground surface.

In most c lip is a mixture of
strike=slip and dip-slip and is called oblique
faulting.

For over a decade it has been known that
displacement in fault zones occurs not only by
sudden rupture in an earthquake but also by
slow differential slippage of the sides of the
fault. The fault is said to be undergoing
tectonic creep. Slippage rates range from a few
millimeters to several centimeters.

The best examples of fault creep come from
the San Andreas zone near Hollister,
California, where a winery built straddling the
fault trace is being slowly deformed; in the
town, sidewalks, curbs, fences and homes are
being offset. On the Hayward fault, on the east
side of San Francisco Bay, many structures are
being deformed and even seriously damaged by
slow slip, including a large water supply tunnel,
a drainage culvert and railroad tracks that
intersect the zone.

Horizontal fault slippage has now also been
detected on other faults around the world,
including the north Anatolian fault at Ismetpasa
in Turkey and along the Jordan Valley rift in
Israel. Usually, such episodes of fault slip are
aseismic-that is, they do not produce local
earthquakes.

It is sometimes argued that a large damaging
earthquake will not be generated along a fault
that is undergoing slow fault slip, because the
slippage allows the strain in the crustal rocks to
be relieved periodically without sudden

Chapter 1

rupture. However, an alternative view is also
plausible. Almost all fault zones contain a
plastic clay-like material called fault gouge. It
may be that, as the elastic crystalline rocks of
the deeper crust stain elastically and
accumulate the energy to be released in an
earthquake, the weak gouge material at the top
of the fault zone is carried along by the
adjacent stronger rock to the side and
underneath. This would mean that the slow slip
in the gouge seen at the surface is an indication
that strain is being stored in the basement
rocks. The implication of this view is that, on
portions of the fault where slippage occurs, an
earthquake at depth could result from sudden
rupture, but surface offset would be reduced.
On the portion where slippage is small or
nonexistent, offsets would be maximum. A
prediction of this kind can be checked after
earthquakes occur near places where slippage is
known to be taking place.

Sometimes aseismic slip is observed at the
ground surface along a ruptured fault that has
produced an earlier substantial earthquake. For
example, along the San Andreas fault break in
the 1966 earthquake on June 27 near Parkfield,
California, offset of road pavement increased
by a few centimeters in the days following the
main earthquake. Such continued adjustment of
the crustal rock after the initial major offset is
probably caused partly by aftershocks and
partly by the yielding of the weaker surface
rocks and gouge in the fault zone as they
accommodate to the new tectonic pressures in
the region.

It is clear that slow slippage, when it occurs
in built up areas, may have unfortunate
economic consequences. This is another reason
why certain types of structures should not be
built across faults if at all possible. When such
structures including dams and embankments
must be laid across active faults, they should
have jointed or flexible sections in the fault
zone.
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s sracn (¢ 18 e single generalized coordinate expressing the motion of the system

and the symbols with asterisks represent generalized physical properties correspond- 3

ing to this coordinate.
by application of either the principle of virtual work, as illustrated by the previous

examples, or Hamilton’s principle as illustrated in Chapter 16. However, standardized ;
forms of these expressions can be derived easily which are very useful in practice.

Consider an arbitrary one-dimensional system, as illustrated by the nxu_su_m... i

in Fig. 8-3, assumed to displace only in a single shape 9(z) with displacements #¥
3 The elastic properties of the system result from distributed external springs varying
: in accordance with k(z), from discrete springs as denoted by the k; values, and from

e =D vzl T e~

@ = = >
ot : | h <& LLLHW
: ~>}
® ek 1 M o
== —© 4 —6—

(©

(@) W

© & = = SaSS |
p(0)
plx1) ; B0
LI o ==
FIGURE 8-3

Properties of generalized SDOF system: (a) assumed shape; (b) mass propertics; (¢) damping
properties; (d) elastic properties; () applied axial loading; (f) applied lateral loading.

In general, the values of these properties can be determined §

JE wo-dimensional systems to a single degree of freedom.
4 rectangular floor slab shown in Fig. 8-4 subjected to a distributed downward loading

expressed in terms of the generalized coordinate Z(t) as given by

v(z,t) = y(z) 2(t)

Part of the total mass of the system is distributed in accordance with m(z) and the
remainder is lumped at discrete locations i (#=1,2,...) as denoted by m;. External

E damping is provided by distributed dashpots varying in accordance with ¢(z) and by

discrete dashpots as denoted by the ¢; values, and internal damping is assumed to
be present in flexure as controlled by the uniaxial stress-strain relation of Eq. (8-8).

distributed flexural stiffness given by EI(z). External loadings are applied to the

E system in both discrete and distributed forms as indicated by the time-independent
& axial forces g(z) and N and the time-dependent lateral forces p(z,t) and p;(t). These
g loadings produce internal axial force and moment distributions N(z) and M(z,¢),
B respectively.

Applying the procedure of virtual work to this general SDOF system in the

f $ame manner as it was applied to the previous example solutions, one obtains the
§ following useful expressions for the contributions to the generalized properties:

L
m* = c\o EHHV Qﬁ.ﬂwu dz + Ma-. ﬁ_m + Mhu .cn-_u__w

¥ L
&= \ o(z) Y(2)? dz + a; \ El(z) §(z)’ de + 3 c; 2

L L
= \o k(z) ¥(z)? dz + \c El(z) ¥"(z)’ dz+ Y kiyp? (#48)

= 2
1‘\a N(z) ¥'(z)" dz

L
PO = [ pe,0) 9ie) dot T pi0) wite) KPS

The vectorial nature of the force and displacement quantities in the last of Eqgs. (8-
18) must be carefully noted. Only components of the forces in the directions of

k& (he corresponding assumed displacements can be included, and the positive sense of
e tach force component must be assigned in accordance with the positive sense of the
corresponding displacement.

The above generalized-coordinate concepts apply equally in the reduction of
Consider, for example, the

VL
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[5th story: P, = 228(12)/0.0522 = 52.414 kips

10th story: P, = 435(12)/0.0609 = 85.714 kips
Sthstory: P, = 642(12)/0.0582 = 132.371 kips

The  corresponding Factors

assuming ¥= ¢ = 1.0 are:

magnilication

lor the 15th story:

M= . — =1.165

l — 7427152414
for the 10th story:

H=- -———]——-—: 1.189

1-13.616/85.714
lor the 5th story:

SN 3 =1.176

I ~19.806/132 371

and the magnified story drifts are:
for the 15th story:

U A=1.165(0.0522) = 0.0608 f1
for the 10th story:

A= 1.189(0.0609) = 0.0724 1
for the 5th story:

HA=1.176(0.0582) = 0.0684

A large-deformation  analysis ol this
building" indicates story drifts of 0.0607 fi.
0.0723 ft. and 0.0686 1 for the 15th. 10th, and
Sth stories. respectively.
Approximate P-Delta Analysis
Three methods  for approximate  P-delta

analysis of building structures are presented in
this section: the iterative P-delta method: the

Chapter 7

direct P-delta method: and the negative bracing
member method. All three methods are shown
to be capable of providing accurate estimaies of
P-delta effects.

Iterative P-Delta Method The iterative P-
delta method™'™ 7% ™% ™20 40 based on the
simple_idea ol correcting firsi-order

dnpldt.cnu.nls by_a_d_dm_mc_ﬂmmm
the dpp[ltd s . Since P-delta effects

arc cumulative in naluu. this correction and
subsequent  reanalysis should be performed
iteratively until convergence is achieved. Al
cach cycle of iteration a modified set of story
shears are defined as:

SV.=Yv,+(3P)A_in

where ZV, is the modified story shear at the end
of ilﬁ-cyclc of iteration. £V, is the first-order
story shear. ZP is the sum of all gravity forces
acting on and above the floor level under
consideration. A, is the story drift as obtained
from first-order analysis in the previous cycle
ol iteration, and /i is the story height for the
floor level under consideration. Iteration may

when ZVJ = ZVH or

Generally for elastic structures of reasonable
stiffness. convergence will be achieved within
one or two cycles of iteration' ™. One should
note that since the lateral forces are being
modificd to approximate the P-dela effect. the
miumn shears obtained will be slightly in error

" This is true for all approximate methods
which use sway [orces to approximate the P-
delta effect.

(7-20)

be  terminated
A=A

| i=1

M EXAMPLE 7-1

For the 10 story moment resistant steel
Irame shown in Figure 7-14, modily the first-
order lateral displacements to include the P-
delta effects by using the lerative P-delta
Mcthod. The computed first-order  lateral
displacements and story drifts for the frame are
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Table 7-1, Applied torces and computed First-Order Displacements for the 10-story frame.

Level Story heighi Gravity force Lateral load Story shear Lateral disp. Story dntt
h.in P Kips Vo Kips LV, kips Dy, an. AL
10 144 180 30.22 3002 7.996 0,517
9 144 396 21.94 5217 7479 0.736
—p B 144 612 19.57 71.74 6.743 (1785
7 144 828 17.20 X893 5.958 0.907
f 144 1044 [4.83 103.76 5.051 0.899
5 144 1260) 1245 116.21 4152 0.914
| 144 1476, 10.08 126,30 3.238 0.833
: 144 1692 7.71 134.01 2.400 0.867
2 144 1908 5.4 139.34 1.533 0.768
_ 180 2124 297 142,31 0,765 0.765
bent at the 8th level of the frame. The story
= height (/1) is 12 feet (144 in.), the total gravity
4 5 Y | force at this level (ZP) is 612 kips. the story
h £ -2 ! shear (ZV) is 71.74 kips. and the first-order
i story drift is (1.785 inches (see Table 7-1).
_ N The P-Delta Contribution to the story shear
— is:
= % o ,)
: (ZP)A, _ (612)(0.785) _ 3,34 Kips
: A Il 144
and the modified story shear is:
u i EZVi=EV, +(ZP) A,/ h
= 71.74 + 3.34 = 75.08 kips
o e : i Repeating this operation for all stories results in
r e | a modificd set of story shears, from which a
e o modificd set of applied lateral forces is obtained
i B 2 | (Table 7-2). A new [irst-order analysis of the
e —- . - — frame subjected to these modified lateral forces

Frewre 7-14. Elevation of the story moment frame used in
Example 7-1.

shown in Table 7-1. The tributary width of the
frame is 30 ft. The gravity load is 100 pst on
the rool and 120 psf® on typical floors. Use
center-to-center dimensions.

The calculations for this example using the
iterative P-delta method are presented in Tables
7-2 and 7-3. The convergence was achieved in
two cycles of iteration. Table 7-3 also shows
results obtained by an "exact” P-delta analysis.

To further explain the steps involved in the
application of this method. let us consider the

results in a modified set of lateral displacements
(D) and story drifts (As) as shown in Table 7-2.
The maximum displacement obtained from the
sccond analysis was 8478 in.. which is 9%
larger than the original first-order displacement.
Hence. a second iteration is necessary. Again
performing the calculations for the bent at the
8th floor:

y , 2)(0.823 -
':_Z'Pj B = [E’I__]m. 823) =3.50kips
h 144

IV, = ZV_‘ + ‘EP] :ﬂ_‘/.‘r?
=71.74 + 3.50 = 75.24 kips
Another first-order analysis for the new set of
lateral  forces  indicates a  maximum
displacement of 8.508 inches. which is less than




Tuble 7-2, lterative P-delta method (First cyele of iteration)
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Level (ZPYA L h IVIHEP)A, I h. Maodified lateral Modified lateral Modified story Drift
Kips Kips Foree Vs, kips Disp. Da. in, As, in.
1 0.65 30.87 30.87 8478 (.533
9 2.02 54,19 2332 7.945 0,767
—y 8 3.34 75.08 R 7.178 0,823
7 3. 22 0115 19.07 0,355 1).954
f 6.52 110.28 16,13 5.396 (1,955 !
S .00 124.21 1393 4441 0.976
i 8.59 134,89 10.68 3465 1.897
i 10,14 144,20 9.31 2.568 0,93()
2 10.18 149.52 5.32 1.638 (1.823
| 9.03 15].34 182 0.815 0.815

Table 7.3 Iterative P-delta method (Second cyele of iteration)

Level (ZPYA, I h, IVAHEP) AN/ . Modified lateral Modified lateral Moditied story
kips Kips Force Vi, Kips Disp. Dy, n. Drift As, in.

10 (.67 30.89 30.89 8508 (8.510) 0.534 (.53
9 211 54.28 33,19 7.975(7.976) (.768 (1).768)
S A 3.50 75,24 20,96 7.207 (7.209) (.825 (0.825)
7 5.51 94,44 19.20 6.382 (6.384) 0.962 ((1.963)

& 6,92 110,68 16.24 5419(5421) 0.959 ((1.959)

5 854 124.75 14.07 4461 (4.462) 0980 (0,980

B 9.1v 13549 11,74 348013481 0.900 (0.901)

3 10,93 14,94 Y A5 2.58002.581) (L9358 (11.935)

) 10,90 150,24 5.30 1.645 (| .646) 0L.827(0.827)

| v.62 151.93 .69 0.818(0.819) ORI8(0.819)

Viltes in parentheses represent results of an “exact”™ P-delia anilysis

I larger than the displacements obtained in

the previous iteration. Hence. the iteration Wils A=FZV,

terminated at this point.

(7-21)

The first-order and  second-order  lateral Alter the first cycle of iteration.

displacements and story drifts are shown in
Figures 7-15 and 7-16. As indicated by these

I
figures. the results are virtually identical to the A, =FZV, =F(ZV))| 1 + (ZP}F) (7-22)

exact results.

Direct P-Delta Method The dircet P-deliy  @nd after the i th eycle of iteration:

method ™ is a simplification of the iterative
method. Using this method, an estimate of final
deflections is obtained directly from the first
order deflections,

The  simplification  is  based on  the
assumption that story drift at the ith level is
proportional only to the applied story shear at
that level (ZV), This assumption allows the
treatment ol cach level independent of  the
others,

I F is the drift caused by a unit lateral load
at the ith level. then the first order drift A, is:

A, =FzV, I+[(£P)—F }+({'ZP1 s ]
1

1

h

f
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4G, -G,)" +(G, +3)G, +2)
[t_o\+3;(c,”+21—1|
(7-27)

Y=1+0.22—

where Gy and Gy are the stiffness ratios as
defined in Section 7.4.1. The flexibility factor y
has a rather small range of variation (from 1.0
for Gy =Gy =e0 .10 1.22 for G, = G, = 0.). For
design purposes a conservative average value of
Y can be used for the entire frame. Lai and
MacGregor' ™' suggest an average value of y =
[.15. while Stevens”" has proposed an
average value ol y= 111,

To include the C-S effect in the previously
discussed P-delta methods. it is sufficient to use
YLP instead of IP wherever the term EIP
appears.,

EXAMPLE 7-4

For the 10-story frame of Example 7-1.
compute the second-order displacements and
story drilts at the first. lifth. and the roof levels
by the modified dircct P-delta method. An
average value of ¥ = L.11 is assumed for all
cileulations,

Using the values listed in Table 7-4 we
have:

® al the roof:

WEP)A, _ (1.11)(180)(0.517) L B
(ZV,)h (30.22)(144)
|
=——=1.025
h o0
\, =pA, =(1.025)(0.517) = 0.530in.
® at the lifth level:
2 914
,/(ZP) _ (L1D(1260)(0.914) _ 0,076
(zv, v (116.21)(144)
U= 1 =1.082
1-0.076
A, =pA, =(1.082)(0.914) = 0.989in.
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® and at the first level:

YEP)A, _ (1.11)(2124)(0.765) 0,070
(V) (142300800
U= s
1—0.070

A, =pA, = (1.075)(0.765) = 0.822in.

Comparison of these results with those obtained
by the original method reveals an increase of
less than 1% in the story drifts due to this
modification.

-7.4.4 "Exact" P-Delta Analysis

Construction of the geometric  stiffness
matrix is the backbone of any cxact sccond-
order analysis. The same matrix is also essential
for any finite clement buckling analysis
procedure. In this section. the concept of
geometric stiffness matrix is introduced. and a
general approach o "exact"  second-order
structural analysis is discussed.

Consider the deformed column shown in
Figure 7-18. For the sake of simplicity, neglect
the axial deformation of the member. and the
small C-S effect. The slope deflection equations
for this column can be written as'”™'*’

M, =EL(1p, 420, - 82 6B) (704
f L L

M, =220 440, 58 OB ) (7.9
& L L

From force equilibrium:

2 =y

F = M, +M, P-4, (7-30)

L /i
F,=<F (7-31)
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Substituting  Equations 7-28 and 7-29 intwo
Equation 7-30:

1‘;:—£{9,+9,,}+12 ‘L‘f-f A=A
L i ]
(7-32)

Now if we rewrite the above equations in a
matrix form, we obtain;

AEL 2 6l e, -
Vv, =il 2= - . B,
! / / i
W 4k okl e
W, = ~ == = B,
! [ ! ! !
6EL 6EL 12K P 126 P
ry —5- o e —5 Y
1 / ! ! ! !
6EL BE) 1260 P 12EL P
!Jl _? _‘ _I__:_ I‘[ i JFFJ
L ! ! Lk Iyl

Since we wrote the equilibrium equations for
the deformed shape of the member, this is a
sceond-order stiffness matrix. Notice that the
only dilference between this matrix. and a
standard first-order beam stiffness matrix, is the
presence of P/AL or geometric terms, The
stiffness matrix given by Equation 7-33 can
also be written as:

¥ [kl=|k, |-|&.] * (7-34)
where |K,| is the standard first-order stiffness
matrix - (material  matrix) and |K,] is the
geometric stiffness matrix given by:

00 0 0
0 0 0
0 +P/L -P/L

0 0 —PIL +P/L

Inspection  of  the simple  second-order
stilfness matrix given by Equation 7-33 shows
why general second-order structural analysis
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has an iterative nature. The matrix includes P/L.
terms. but the axial force P is not known belore
an analysis is performed. For the first analysis

cycle, P can be assumed o be zero (standard
ek

lirst-order _analysis).  In each  subsequent
analysis cycle, the member forces obtained
from the previous cycle are used to form a new
geometric stiffness matrix, and the analysis
continues until convergence is achicved. I
inclastic material behavior is 10 be considered.
then the material stiffness matrix must also be
revised at appropriate steps in the analysis.

Substantial rescarch has been performed on
the formulation of geometric stilfness matrices
and finite  element  stability analysis  of
structures” ™" A complete formulation of
the three-dimensional  geometric  stiffness
matrix lor wide flange beam-columns has been
proposed by Yang and McGuire ™",

The common  assumption  that  [loor
diaphragms are rigid in their own plane. allows
condensation of lateral degrees ol frecdom into
three degrees of freedom per floor level: two
horizontal translations and a rotation about the
vertical axis. This simplification significantly
reduces the effort required for an "

"exact”
second-order analysis. A number of schemes
have been developed o permit direet and non-
iterative inclusion of P-Delta effects in the
analysis of rigid-diaphragm buildings 7% 7% 7
1y

The geometric stiffness matrix for a three
dimensional rigid diaphragm building is given
in Figure 7-197"7 7™ Eor a three-dimensional
building with N floor levels. [K,] is a 3N X 3N
matrix. For planar frames. the matrix reduces 1o
an N X N aridiagonal matrix. The non-zero
terms of this matrix are given by:

0P, P,
' h h.,

i i+

(7-35)

(ZT), (XT).,
= —t

h h

i =+

(7-36)

B,
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__(2P), (7-37)
h
T

A = L) (7-38)
I

Frewre 7-18 Geometric  stiffness  matrix for  three-
dimensional rigid diaphragm buildings,

where I is the foor height for level i, P, is
werght of the i th level. T, is the second-order
story torgue, and

(ZP), =) P, (7-39)
i
B =2F (7-40)

(2P, can also be represented in terms of story
mass. . and gravitational acceleration. g. as

(ZP), =) Xom, |xg (7-41)
The story torque, 75, is given by (7.3%)
" 5 B
7T = ’.d-, - (7-42)
2pd;

S

where p; is the vertical force carried by the jth
column. ¢, is the distance of jth column [rom
the center of rotation of the Moor. and © is an
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imposed unit rigid body rotation of the [loor.
Assuming  that the dead load is cvenly
distributed over the floor and that a roughly
uniform vertical support system is provided
over the plan area of the floor. Equation 7-42
can be further simplified 1o

. £
T =m, =

(7-43)
h

where my, is the rotational mass moment of
mnertia of the ith floor and ¢ is the gravitational
acceleration. The approximation involved in the
derivation of Equation 7-43 s usually
insignificant ™. Hence. for most practical
problems. Equation 7-43 can be used instead of
Equation 7-42. thereby allowing the direct
inclusion of the P-delta effect in a three
dimensional structural analysis.

7.4.5 Choice of Member Stiffnesses for
Drift and P-Delta Analysis

A common difficulty in seismic analysis of
reinforced concrete structures is the selection of
a set ol rational stiffness values 1o be used in
force and displacement analyses. Should one
use gross concrete section properties? Should
one use some reduced section properties? Or
should the gross concrete propertics be used for
onc type of analysis and reduced scction
properties be used for another type of analysis?

The seismic design codes in the United
States are not specific about this matter. Hence.
the choice of section propertics used in lateral
analysis in general, and scismic analysis in
particular, varies widely.

Contributing to the complexity of this issuc.
are the lollowing factors:

I Although elastic material behavior is usually
assumed for the sake of simplicity.
reinforced concrete is not a homogeneous.
lincarly clastic material.

Stiffness and idealized clastic material
propertics ol a reinforced concrete section
vary with the state of behavior of the section
(¢.g. uncracked. cracked and ultimate

states).

!-..l




