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Abstract

This study concentrates on the rocking response of rigid equipment supported on a foundation
base. In most cases heavy electrical equipment is anchored on a concrete base with plan dimen-
sions that are larger than the footprint of the equipment. In the event that the strength of the

restrainers, F,, is sufficiently large and the ground acceleration is sufficiently strong, the equip-

ment will engage its foundation in rocking motion. On the other hand, if the restrainers are too
fragile they will fracture and eventually the equipment will rock atop its foundation base. Accord-
ingly, equipment anchored to a base foundation exhibits two distinct rocking capacities: (a) the
equipment engages the base foundation in rocking motion and (b) the restrainers fracture and the
equipment subsequently rocks as a freestanding block atop its foundation base. The aim of this
study is to compare these two capacities for practical values of the foundation footprint and the
restrainer strength. The study examines intensity levels of ground shaking that will exceed ser-
viceability levels (6 in. uplift at edge), and intensity levelsthat will result in overturning.

The study shows that for specific equipment/base configurations the high-strength restrainers
used by PG& E are sufficient to engage the foundation base in rocking motion for awide family of
recorded earthquake motions. It was shown that the minimum strength capacity of the restrainer
needed to avoid fracture is closely related to peak ground acceleration and that only the Cape
Mendocino record is capable of fracturing the high-strength restrainers. It was found that the

strength capacity of the restrainer should be as high as F, = w to engage the base foundation in

rocking motion. The study reveals that for earthquakes with long distinguishable pulses

(T,>25sec), the margin between exceeding the serviceability level of uplift and achieving over-

turning isminimal.

Nevertheless, none of the strong motions used in this study is capable of overturning the free-
standing configurations examined. Two records, the Rinaldi Receiving Station record (1994
Northridge earthquake) and the Takatori record (1995 K obe earthquake), are capable of uplifting
the two transformers of interest beyond the serviceability level; however, it is found that small
fractions of the foundation protrusion, d, to the half-width of the equipment, b, reduce the uplift

appreciably. Occasional exceptions to this conclusion have been identified and explained.
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1 Introduction

1.1 Problem Statement

Past studies supported by PG& E have investigated separately the rocking response of freestand-
ing blocks to earthquake loading (Makris and Roussos 1998, 2000) and the seismic rocking
response of anchored blocks (Makris and Zhang 1999, 2001). These studies uncovered the many
complexities involved with the rocking response of arigid block and proposed various parameters
related to the kinematic characteristic of the ground motions and the geometric characteristics of

the rocking block in order to identify some order in the computed response.

In this study we build on past knowledge in order to examine the response of electrical equipment,
accounting for geometric details of their in situ configurations. In most cases, heavy electrical
equipment rest on concrete foundations with plan dimensions that are larger than the footprint of
the equipment. The protrusion of the base foundation from the sides of the equipment varies,
since in practice the same base may support different equipment at different times. In most cases,
electrical equipment are anchored to their base foundations with restrainers that have limited

strength, F, (0.4<F,/mg< 1.0), where m = mass of equipment anchored to the base foundation.

Equipment that is anchored to a base foundation exhibits two distinct capacitiesto resist uplift and
eventual overturning: (a) the restrainers are strong enough and the equipment engages the base
foundation in rocking motion or (b) the restrainers fracture and the equipment subsequently rocks
as a freestanding block atop its foundation base. In some instances the ground motion is strong
enough to fracture the restrainers and overturn the resulting freestanding equipment as illustrated
in Figure 1.1, a photo taken after the 1971 San Fernando, California, earthquake.



Figure 1.1. Overturned electricalhequipment at Sylmar Converter Station damaged during the
1971 San Fernando earthquake (top), and adetail showing the failed back-left restrainer (bottom).
Photos taken from the Steinbrugge collection, NISEE, University of California, Berkeley.



1.2 Response Analysis
Owing to the large number of parameters involved in this problem, the scope of the investigation

is limited to the seismic response of two typical slender equipment configurations used by PG& E
— a 60 kip and a 230 kip transformer supported on a base foundation.

This study examines the response of the equipment to 14 strong ground motions, most of which
were recorded near the causative fault of major earthquakes. The study revisits the coherent accel-
eration and velocity pulses that are distinguishable in most of these strong motion records in an
effort to correlate the rocking potential of ground motion with the kinematic characteristics of

simple trigonometric pulses that best approximate the main shaking of the ground.

The analysis presented here considers the two capacities of the equipment-foundation system to
resist uplift and overturning separately. First, the response of equipment anchored to a base foun-
dation with restrainers that are sufficiently strong to engage the base is investigated and the levels
of shaking needed to reach prescribed uplift levels are established. Subsequently, the response of

equipment anchored to a monolithic base with restrainers that have finite strength is analyzed.

The study concludes with the level of ground shaking needed to exceed serviceability limits and
to achieve overturning in association with the practical values of restrainer strength used by
PG&E.



2 Equipment Rocking with Its Foundation Base

We consider the rectangular block shown in Figure 2.1 (top) which isrigidly connected to a rect-
angular base. It is assumed that the anchorages of the block to its base are strong enough so that
when rocking occurs, the block with its base oscillates about the centers of rotation 0 and 0.
Depending on the level and form of the ground excitation, the block with its base may trandate
with the ground, slide, rock or rock-dlide. In most cases the foundation slab (base) of the block is

partially embedded in the ground — a situation that is not favorable for sliding or rocking-sliding.

2.1 Problem Definition
With reference to Figure 2.1, we consider that the mass of the equipment, m, = 4p_bh and that the

mass of the foundation base m; = 4p,s(b+d); where p, and p, are the uniform mass densities
(mass per ared) of the equipment and the foundation base, respectively. In general p,#p, — for
the 60 kip transformer p/p; = 0.4 and for the 230 kip transformer p./p; = 0.6. For this study, in
the interest of simplicity, it is assumed that p, = p; = p. Thisis a conservative assumption since

in reality the center of gravity of the equipment/base structureis slightly lower. With this assump-

tion the total mass, M = m, + m,, of the equipment/base structure is given by

M = 4p(bh+bs+ds), D

and the location of the center of gravity is

2 2
h :h +2hs+s (1+E)’ (2)
c h+s(l+e)
_d
where e = 5<1.

The distance to the center of gravity of the entire structure from the pivot points 0 and 0’ is

R = ,/hZ+(b+d)2, and with the help of equation (2) one obtains
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Figure 2.1. Schematic of arigid block and its foundation in rocking motion (top) and its moment-

rotation diagram (bottom).



_ h2+2hs+s2(1+e)7?
RZ—[ S }+b2(1+e)2. (3)

The moment of inertia, 1, of the equipment/base structure about the pivot point 0 or 0’ is

Iy = mf[g((m d)2+?)] + me[%(bz +h2) |+ m(h+ 292+ (b+ ). (4)

With the assumption that p, = p; = p, Equation (4) takes the form

o = 4p[gs(b +d)[(b+d)2+s2 + %bh(bz +h2) +bh[(h+28)2+ (b + d)2]} . (5)

Theradius of gyration, R, = ,/I,/M, of this configuration is

351+ e)[(b+d)2+ 2] +Ih(b2+h2) +h[(h+25)2+ (b+d)]
_lo_3 3 _ ®)

0~ M h+s+es

2.2 Governing Equations under Rocking Motion

Under a positive horizontal ground acceleration and assuming that the base does not dide, the
structure will initially rotate with anegative rotation 8 <0, and if it does not overturn, it will even-
tually assume a positive rotation and so forth. Figure 2.1 (top) portrays the equipment/base system
under a positive rotation. The equations that govern the rocking motion about points 0 and O

under horizontal ground acceleration, tgy(t) are

108(t) + MgRsin(-a —8) = -MUg(t)Rcos(-a —-6), <0 @)

and

18(t) + MgRsin(a —8) = -Mug(t)Rcos(a —8). 8>0 (8

Equations (7) and (8) are well known in the literature (Yim et al. 1980) and are valid for arbitrary

values of theangle a = atan% . Equations (7) and (8) can be expressed in the compact form
C



B(t) = —ngsn[asgn[ea)] —e(t)] + iggcos[asgn[ea)] —e(t)]ﬁ ©

where p = J% with R and R, given by equations (3) and (6). For the configurations of interest
0

1.5rad/sec< p < 2rad/sec.

Figure 2.1 (bottom) shows the moment-rotation relation during the rocking motion of afreestand-
ing structure. The system has infinite stiffness until the magnitude of the applied moment reaches
mgRsina . Once the structure is rocking its stiffness decreases monotonically, reaching zero when
8 = a. During the oscillatory rocking motion, the moment-rotation path follows this curve with-
out enclosing any area. Energy is lost only during impact when the angle of rotation reverses. In
order for arigid structure to sustain rocking motion a minimum amount of energy loss is needed
during every impact. This minimum amount of energy loss is a function of the geometry of the

structure alone and is computed by applying the conservation of moment of momentum.

The rocking response of afreestanding structure subjected to horizontal ground excitation is com-
puted numerically via a state-space formulation that can accommodate the nonlinear nature of the
problem (Makris and Roussos 1998, 2000; Makris and Zhang 1999, 2000). The state vector of the
systemis

ey = 0807 (10)
06(t) O

and the time-derivative vector is f(t) is

o(t)

{f(r = {y(t} (11)

I}
I
I

—ngs'n[asgn[e(t)] —e(t)] + u§cos[cxsgn[e(t)] —6(1)]

Oodod

The numerical integration of (11) is performed with standard ODE solvers availablein MATLAB
(1992). The fidelity of the numerical algorithms has been validated elsewhere (Makris and Rous-
s0s 1998). As the integration proceeds in time and areversal of the rotation is detected, the angu-



lar velocity after the impact is set equal to the angular velocity before the impact multiplied by the
coefficient of restitution. The maximum value of the coefficient of restitution that allows for rock-

ing motion is computed in the following section.

2.3 Conservation of Moment of Momentum When Rotation Reverses
When the angle of rotation reverses, it is assumed that the rotation continues smoothly from point

0 to 0'. Figure 2.2 shows the rocking structure that is about to transfer its pivot point from 0 to 0.

The momentum of a mass element dm, at adistance r from point 0 is

dJ = r6,dm, (12

and the moment of momentum, dA of that elementary mass about point 0 before impact is
dA = dJ[B = pré;ddxdy (13)
where 5 = r—’;‘2(b+d) is the lever arm of the element momentum vector dJ about point 0.

Accordingly in terms of Cartesian coordinates (x, y) , the total moment of momentum of the rock-
ing structure about point 0 before impact is given by

A = pe'lLl'(x2 +y2)dxdy —2(b + d) xdxdyw (14
A

A

where A is the total area of the rocking structure and 6, is the angular velocity before impact.

Equation (14) can be written as

2s 2b+2d 2h+2s d+2b
A = 1,01 —pBi2(b+d) J’dy J’ xax + J’ dy J‘ xax | , (15)
ov1 1
0 0 2s d
which after integrating yields
A = 181 -MB;2(b+d)2. (26)

The moment of momentum about point 0 after the impact is

A =148, (17)



where 8, isthe angular velocity after impact. Conservation of the moment of momentum before

and after the impact gives

|01~ M8, 2R2sina = 106, (18)

Theratio of the kinetic energy after and before the impact is

Y:
r=—2<1. (19)
61
Substitution of (19) into (18) gives
2 2
r= 1—2%sin20( : (20)
Ro

In the special case of arectangular block without the base RS = ng and equation (20) simplifies
tor = [1 - gsi nzaT . The value of the coefficient of restitution given by (20) isthe maximum value

of r under which a structure with slenderness, a, will undergo rocking motion. Consequently, in

order to observe rocking motion the impact has to be inelastic ([angular velocity after impact]

= Jrx [angular velocity before impact]). As the slenderness of a structure decreases the more

inelastic the impact becomes (i.e., as a increases r increases).
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Figure 2.2. Schematic of the momentum vector dJ of an elementary portion of the rocking
structure just before impact at point 0.
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3 Rocking Response of Anchored Equipment

In the foregoing analysis it was assumed that the anchorages of the equipment to its foundation
dlab are strong enough to engage the foundation slab in rocking motion. The anchorages (hold-

downs) have afinite strength, F, that in most casesis a function of the weight of the equipment,
W, (0.25<F /W< 10). Inthisstudy it is assumed that the restrainers behave linearly until the ulti-
mate strength, F, is reached and that subsequently they deform plastically until the fracture dis-
placement, u,, is reached. Beyond that point the restrainers fracture and the block continues to

rock without experiencing any restoring or dissipative force.

In this study we are interested in comparing the overturning capacity of equipment that rocks with
its foundation base against the overturning capacity of equipment that is anchored with the same
restrainers to a monolithic foundation. Figure 3.1 shows a schematic of anchored equipment in
rocking motion. The restoring elements on each side of the block represent the combined restrain-

ersthat are present at the edge of the block that uplifts.

3.1 Ductile Behavior
Figure 3.2 illustrates the force-displacement relation of restrainers with ductile behavior. In gen-
eral the restrainers can exhibit a post-yielding stiffness and maintain their strength until they reach

a fracture displacement, u,. A measure of their ductile behavior is the ductility coefficient,

= u/u,. A suitable model to approximate such nonlinear hysteretic behavior is given by

P(t) = eKu(t) +(1-€)Ku Z(t) (21)

13



U, (1)

Figure 3.1. Schematic of an anchored block in rocking motion.
14



Figure 3.2. Force-displacement curve of an element with bilinear behavior.
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where u(t) is the extension of the restrainer, K is the pre-yielding stiffness, ¢ isthe ratio of the
post- to pre-yielding stiffness, u, isthe yield displacement, and z(t) is ahysteretic dimensionless

quantity that is governed by the equation:

u,Z(0) +yluolzzo" T + pa iz -ue) = o. (22)

In the above equation B, y, and n are dimensionless quantities that control the shape of the hys-
teretic loop. The hysteretic model, expressed by (21) and (22), was originally proposed by Bouc
(1971) for n=1, subsequently extended by Wen (1975, 1976), and used in random vibration stud-
ies of inelastic systems.

In this study the special case of elasto-plastic behavior is considered by setting the post-yielding
stiffness equal to zero (¢ = 0). However, the developed formulation can easily be extended to

account for Situationswith e z0.

Figure 3.3 (center) illustrates the moment-rotation relation that results from the presence of
restrainers with elasto-plastic behavior, while Figure 3.3 (top) illustrates again the moment-rota-
tion relation of a freestanding block. Under these two restoring mechanisms, the equations that

govern the rocking motion of an anchored block with mass, m, and moment of inertia, 1, (about

pivot point 0 or 0') are

18(t) + MligRcos(-a —8) = —MgRsin(-a —8) - P(t)ZbCOS%, 8<0 (23)
and

18(t) + MUgRcos(a —8) = —MgRsin(a—G)—P(t)Zbcos%, 8>0 (24)

where P(t) isthe force originating from the restrainers that for the general caseis given by (21),

and the special elasto-plastic case (¢ = 0) reducesto

P(t) = Ku Z(t). (25)

16
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Figure 3.3. Moment-rotation curves of freestanding block (top), el astic-plastic anchorages
(center), and anchored block with elastic-plastic restrainers (bottom).
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With reference to Figure 3.1, u, = 2b8,, and equation (25) gives

P(t) = 2Kb8 Z(t) . (26)

Substitution of (26) into (23) and (24) gives

108(t) + MgRsin(~ a —8) + 4Kb28, Z(1) cos% = —Mug(t)Reos(~a —8), 0<0 (27)
and
1p8(t) + MgRsin(a —6) + 4Kb26, Z(1) cos% = -Mig(Rcos(a—0),  0>0. (28)

Using that for a rectangular block, I, = gMRZ, equation (27) and (28) can be expressed in the

compact form

- 3': . 2
B(t) = —ngsin[a sgno(t) —6(t)] + Mcos[asgne(t)—e(t)] + ush ae Z(t)costgj% (29)
o 9 Muypz y g

where p = ./(39)/(4R), and z(t) isthe solution of (22) which in terms of rotation takes the form

8,2(t) +v16()|Z(v)IZ()I" =1+ BO(Iz(vI"-6(1) = 0. (30)

Equation (29) is valid so long as the restrainers hold. Once their fracture displacement,

u; = 2bsinB;, is reached, they do not provide any resistance, and equation (29) reduces to the

equation of motion of the freestanding block given by (9). Figure 3.3 (bottom) shows the
moment-rotation relation during rocking motion of an anchored block with restrainers that exhibit

elastoplastic behavior. For rotation angles [6(t) < 6,, energy is lost only during the reversal of
motion due to impact. Once 6, is exceeded, the restrainers along the uplifted side yield. In the
case that the motion reverses before the rotation reaches 6;, additional energy is dissipated equal

to the area of the flag-shaped regions. This dissipation mechanism will be repeated so long as the

maximum rotation does not reach the fracture rotation, 6;. If 6, is exceeded, the restrainers frac-

ture and the moment-curvature curve reduces to that of the freestanding block.

18



The transition from equation (29) to (9) is conducted with the fracture function () defined as
f(8) = 1 when [6(t)| < 6; (31)
and
f(8) = 0 when [(t)| = 6 (32)

where 8, = ne, and 8y isgiven by 8, = F,/(2Kb).

With the help of the fracture function, the pre-fracture and post-fracture equation of rocking

motion can be expressed as

8(t) = —p2sin[a sgnd(t) —8()] + iggcos[a g () — B()] + @
O

eyZ(t)cosEﬂziEf(e) @. (33)

The integration of (33) requires the simultaneous integration of (30). In this case the state vector

of the system s
| a(t) |
) = Do 0 (34)
0’0
0zt o
and the time-derivative vector f(t) is
_ o0 _
0. lig(t) 3F, sina Bt o
{f(t)} = —nggn[ot sgné (t) —B(t)] +ﬁg—cos[otsgn6(t)—9(t)] + Muuypz ByZ(t)cosIj 5 Df(e)% (35)
S[6() ~Y 8] Z() 201" =1 - o () Z(V)I"
L y il

3.2 Reaction Forces at the Pivot Points

With reference to Figure 3.1, let F and N be the horizontal and vertical reactions at the pivot

points 0 and 0'. Under a horizontal ground acceleration, Ugy(t), the dynamic equilibrium of the

rocking structure along the horizontal and vertical directions gives

19



M(ig(t) + (1)) = F(t) ~P(t)sinf20)] (36)

M3(t) = N(t)—Mg—P(t) COSE%DE (37)

where x(t) and z(t) arethe horizontal and vertical displacements of the center of mass of the rock-
ing structure and P(t) is the force originating from the restrainer. In the case of a freestanding
structure as shown in Figure 2.1, P(t) = 0. Equations (36) and (37) together with equation (33) (or
(9) for the freestanding case) represent the three equations of dynamic equilibrium in the rocking

plane.

The kinematics of the rocking motion yield that

X(t) = RO(t)cos[asgnd(t) —O(t)] + ROZ(t)sin[asgnd(t) —B(t)] (38)

and

7(t) = RO(t)sin[asgnd (t) — O(t)] — ROZ(t) cos[a sgnd (t) —B(1)] . (39)

The expressions given by (38) and (39) substituted into equations (36) and (37) yield

F(t) = M{ L]g(t) + RO(t) cos[a sgn6 (t) —6(t)] + R92(t)sin[0( sgnd(t) — 68(t)1} (40)

e l0n
+P(t)st 50

and

N(t) = M{g+ R8(t)sin[asgnd(t) —B(t)] —ROZ(t) cos[asgnd(t) —B(t)]} (41)

R0
+ P(t)cosD 5]

The reactions, F(t) and N(t), are computed from the elements of the state vector (Equation (34))

with é(t) provided by (33) and P(t) provided by (26). For the simpler case of afreestanding struc-

ture (P(t) = 0), thereaction forces at the pivot points are explicit expressions of the state variables

8(t) and 6(t) and are given by
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and

Ft) _ Yg®
Mg g

NG _ D

g
!
g

NI

1R%]

Mg %_2%

NI

R2- lg(t)
g+ an(alasne () ~6(0)) ~~g eos(2lasgno) -6

+ 2@%Lzs;n[a sgné (1) — 6(1)]
p

. %E—;)EFOS(Z[O(SQHG(I) ~8(0)]) - Li"gsﬁn(Z[mS@me(t) ~8(0]1)5

- 2@%L2 cos[asgnd(t) — 6(1)]
p
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4 Ground Motions and Trigonometric Pulses

The ground motions of interest in this study are listed in Table 1 in historic order. They are strong
ground motions, most of them recorded less than 5 mi (8 km) from the earthquake fault. The fifth
column of Table 1 indicates velocity amplitudes and periods of simple trigonometric pulses that
can approximate some of the kinematic characteristics of the recorded motions (Makris and Rous-
sos 2000; Makris and Chang 2000). The sixth and seventh columnslist the level of the earthquake
which causes the free standing 60 kip equipment (discussed in the next section) to reach the ser-
viceability limit state and the ultimate limit state, respectively. The serviceability limit has been
established from experience (Fujisaki 2001) as an uplift of 6 in. whereas the ultimate limit state
corresponds to overturning of the equipment. A complete discussion of the limit state response of

the equipment is presented in the following section.

Figure 4.1 (left) shows the acceleration, velocity, and displacement time histories recorded at the
Pacoima Dam during the 1971 San Fernando earthquake. The ground displacement exhibits one
main long-period cycle. Thislong-period pulse is aso distinguishable in the ground velocity his-
tory along with high-frequency spikes. Near-fault ground motions, where the displacement his-
tory exhibits one or more long-duration cycles are approximated with type C pulses (Makris and
Roussos 2000; Makris and Chang 2000). An n-cycle ground displacement is approximated with a
type C,, pulsethat is defined as

lig(1) = @, Vpsin(wyT+9), osts 3=, (44

lg(T) = Vpcos(w,T+¢) —Vsin(¢) O<ts< B”%‘%Tp (45)
Vo . Vb 1_ ¢

Ug(T) = - cos(wpr+¢)—Vstm(¢)+w cos(¢) , 0STS%‘|+§—TETP (46)

p p
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Table 1: List of recorded ground motions used in this study.

Level of Level of
) . earthquake_ earthquake
Earthquake Record Mag'\;: itude Dls;anoe Trigonometric Approximation n&;(r:i]edetoo E.p“ft needed to
W (km) ne tlt’)) 6 overturn the 60
equniwr?n Y kip equipment
San Fernando Pacoima Dam, N _
02/09/71 164 6.7 5 Cy:Tp=13s,V,=0.85m/s 123 286
Tabas N _
9/16/78 Tabas, TR 7.4 3 Cy: Tp=50s, V[, =0.95m/s 176 188
Imperial Valley El Centro Array T o= —
B: T,=3.2s,V,=0.7m/
10/15/79 45, 230 66 201 p =325 Vp=0.7m/s 159 215
Loma Prieta Los Gatos
C;: T,=3.0s,V,=0.75m/s
10/18/89 (LGPC, 000) 6.9 6.1 1 Tp=30sVp 105 201
Erzikan . T o —
313/92 Erzikan, N-S 6.7 2 CyiTp=18s V= 0.70m/s 139 171
CapeMendocino | CapeMendocino, 71 85 A:T,=0.55s, V= 1.35m/s 13 303
4/25/92 000 ' ’ Cy: Ty =4.40s, V= 0.40m/s
Northridge Rinaldi Receiving A:T,=08s, V,=175m/s
1/17/94 Station, 228 6.7 71 B: Tp=13s V= 1.3m/s 81 136
Northridge Sylmar Converter T —
:T,=23s,V,=0.
117/94 Station (FN) 6.7 7.1 C, p 3s, p 0.60m/s 138 180
Kobe .
1/16/95 Takatori, 000 6.9 4.3 NA 20 163
Kobe .
1/16/95 Takatori, 090 6.9 4.3 NA 80 223
Taiwan T —
9/20/99 TCUO068, E-W 7.6 36.0 A:Tp=6.5s,V,=240m/s 118 120
Taiwan A:T,=65s V= 2.40m/s
9/20/99 TCU068, N-S 76 %0 | BT =955 Vv, = 190ms i 171
Taiwan T - —
9/20/99 TCUO052, E-W 7.6 333 Cy: Tp=55s, V[, =1.00m/s 143 148
Taiwan T - —
9/20/99 TCUO052, N-S 7.6 33.3 A: Tp=6.5s V,=200m/s 131 139
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Figure 4.1. Fault-normal components of the acceleration, velocity, and displacement time histories recorded at Pacoima Dam
during the February 9, 1971, San Fernando earthquake (left), and acycloidal type C; pulse (right).



In deriving these expressions, it was required that the displacement and velocity be differentiable
signals. The value of, ¢ , is determined by requiring that the ground displacement at the end of the
pulse be equal to a prescribed permanent displacement. In most cases the ground displacement at

the end of the pulse is zero. A type C, pulse with frequency «, = 2rvT, has a duration
_ 20 _ 1 :

T= 81 + %Tp—w—t = 81 + 5—%Tp. In order to have a zero ground displacement at the end of atype

C, pulse:

(n+1/2-¢/mT,
J' lg(T)dt = 0. (47)
0

Evaluating the integral in Equation (47) we obtain

cos[(2n+ 1)1t— ¢] +[(2n + 1)T1— 2] singp —cosp = O. (48)

The solution of the transcendental equation given by (48) gives the values of the phase ¢ . As an
example, for a type C; pulse (n=1), ¢ = 00697m, whereas for a type C, pulse (n = 2),
¢ = 0.0410m. Figure 4.1 (right) shows the kinematic characteristics of a 1.3 sec type C; pulse with
amplitude v, = 0.85m/ sec. Figure 4.2 plots the true acceleration, true velocity, and displacement

response spectra due to the Pacoima Dam record and the associated trigonometric pulse. The
UBC 1997 acceleration design spectrum for ¢ = 5% and the type D soil profile are also provided

for comparison.

Figure 4.3 (left) shows the acceleration, velocity, and displacement time histories recorded during

the September 16, 1978, Tabas, Iran, earthquake, while Figure 4.3 (right) shows atype C, cycloi-
dal pulse with T, = 5sec and v, = 0.95m/ sec. Figure 4.4 plots the true response spectra due to the

Tabas record and the associated trigonometric pulse. Note that while the acceleration spectra are

drastically different, the displacement spectra are very similar.

In comparing Figures 4.2 and 4.4 one can recognize the information that trigonometric approxi-

mations offer. Figure 4.2 (center-left) shows that the peak spectral velocity occurs at a period of
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Figure 4.2. Acceleration, velocity, and displacement response spectra calculated due to the Pacoima Dam record
(Ieft), and the associated cycloidal type C; pulse (right).
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Figure 4.3. Fault-normal components of the acceleration, velocity, and displacement time-histories recorded during the

September 16, 1978, Tabas, Iran, earthquake (left), and a cycloidal type C, pulse (right).
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Figure 4.4. Acceleration, velocity, and displacement response spectra due to the Tabas record
(left), and the associated type C; pulse (right).



T,=13sec While Figure 4.4 (center-left) shows that the peak spectral velocity occurs at a period

near 4.5 sec. These period values are very close to the pulse periods of the trigonometric approxi-

mations shown in Figures 4.1 and 4.3.

Figure 4.5 (left) shows the acceleration, velocity, and displacement histories of the fault-normal
motions recorded at the El Centro Station, Array No. 5 during the October 15, 1979, Imperial Val-
ley, California, earthquake. This motion resulted in a forward-and-back pulse with a 3.2 sec dura-
tion. In this case, the coherent long-period pulse is distinguishable not only in the displacement
and velocity records, but also in the acceleration record. Figure 4.5 (right) shows the acceleration,

velocity, and displacement histories of atype B cycloidal pulse (Makris 1997):

Ug(1) = W,V Cos(0pT) 0<t<T, (49)

Ug(t) = Vpsin(w,T), 0<T<T, (50)
V., V

ug(1) = E)E—aicos(mpn, 0<T<T,. (51)

In constructing Figure 4.5 (right) the values of T, = 3.2sec and v, = 0.7m/ sec were used. Figure

4.6 plots the true acceleration, velocity, and displacement response spectra due to the Array #5
record and the associated trigonometric pulse. It is noted again that the peak spectral velocity

appearsat T,=3.2sec — that isthe period of the trigonometric approximation.

Figure 4.7 (left) shows the acceleration, velocity, and displacement histories recorded at the Los
Gatos Station during the October 15, 1989, Loma Prieta, California, earthquake. Theright plotsin
Figure 4.7 show atype Cq (T, = 3.0sec and v, = 0.75m/sec) pulse that captures the peak ground
displacement and part of the strong velocity pulse; however, many of the kinematic characteristics
of this record are not represented with the trigonometric approximation. This becomes evident in
the response spectra shown in Figure 4.8 in which appreciable differences are apparent, especialy

in the acceleration and velocity spectrum.
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Figure 4.5. Fault-normal components of the acceleration, velocity, and displacement time histories recorded at the El Centro Array No. 5
Station during the October 15, 1979, Imperia Valley, Caifornia, earthquake (left), and a cycloidal type B pulse (right).
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Figure 4.7. East-west components of the acceleration, velocity, and displacement time histories recorded at the L os Gatos Station
during the October 18, 1989, Loma Prieta, California, earthquake (left), and acycloidal type C; pulse (right).
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Figure 4.9 shows the acceleration, velocity, and displacement histories recorded during the March

13, 1992, Erzikan, Turkey, earthquake (left) and their approximation with atype C, pulse. In this
case the type C, pulse captures with fidelity not only the displacement and velocity histories but
also many features of the acceleration history. In constructing Figure 4.9 (right) the values of
T, = 18sec and Vv, = 0.7m/ sec were used. The close resemblance of the Erzikan record to a type
C, pulse is reflected in the corresponding spectra shown in Figure 4.10 which exhibits striking

similarities.

Figure 4.11 (left) shows the north-south components of the displacement histories recorded during
the April 25, 1992, Cape Mendocino earthquake. The interesting aspect of this record is that it
exhibits a sharp acceleration pulse with a peak ground acceleration that reaches 1.5g and a much
longer displacement pulse with duration that reaches 4.5 sec. Figure 4.11 (center) indicates how
the local acceleration pulse can be approximated with atype A pulse, whereas, Figure 4.11 (right)

shows the kinematic characteristics of a 4.4-sec-long type C, pulse. A type A cycloidal pulseis

given by (Jacobsen and Ayre, 1958; Makris 1997):

lig(T) = w, > sin(wy1), 0<1<T, (52
V., V

lg(T) = —29——29cos(wpI), 0<t<T, (53)
V V

ug(1) = —Zpr—i)p—sin(oopr), 0<T<T, (54

p

The effects of the distinct pulses on elastic structures are shown in Figure 4.12. The center column
of Figure 4.12 shows that the type A pulse with a period of 0.55 sec produces acceleration and
velocity spectrawhich closely resemble the earthquake spectrafor periods larger than 0.5 sec. On
the other hand, the displacement spectrum of the pulse grossly underestimates the earthquake
spectrum for periods longer than 2.8 sec. The right column of Figure 4.12 shows that the type C,

pulse with a period of 4.4 sec produces the wrong acceleration and velocity spectra as compared
to the earthquake spectra; while the displacement spectrum captures some of the trends of the

earthquake spectrum at longer periods.
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Figure 4.13 (left) portrays the fault-normal components of the acceleration, velocity, and displace-
ment histories recorded at the Rinaldi Station during the January 17, 1994, Northridge, California,
earthquake. This motion resulted in aforward ground motion that recovered partially. Figure 4.13
(center) shows the acceleration, velocity, and displacement histories of a type A cycloidal pulse

where T, = 0.8sec and Vv, = 1.75m/ sec. Figure 4.13 (right) shows the acceleration, velocity, and
displacement of atype B cycloidal pulse where T, = 1.3sec and Vv, = 1.3m/ sec. When observing

Figure 4.14, which offers the corresponding response spectra, one concludes that both trigono-

metric pulses provide good approximations.

Figure 4.15 shows the fault-normal component of the acceleration, velocity, and displacement
time histories recorded at the Sylmar Station during the January 17, 1994, Northridge earthquake.
The ground displacement consists of two main long-period cycles, the first cycle being the largest
and the subsequent ones decaying. These long-period pulses are also distinguishable in the ground
velocity history where the amplitude of the positive pulsesis larger than the amplitude of the neg-

ative pulses. Figure 4.15 (right) shows the acceleration, velocity, and displacement of a type C,
cycloidal pulsewhere T, = 23sec and Vv, = 0.6m/ sec. Although many of the kinematic character-
istics of the Sylmar record are not captured with the type C, trigonometric approximation, the

velocity spectrum shown in Figure 4.16 exhibits an amplification near 2.5 sec that isvery close to

the 2.3 sec period of the proposed type C, pulse.

Figure 4.17 shows the fault-normal and fault-parallel components of the ground motion recorded
at the Takatori Station during the January 16, 1995, K obe earthquake. This strong motion exhib-
ited severa appreciable cyclesthat do not resemble any of the simple trigonometric pulses used in
this study. Their elastic response spectra shown in Figure 4.18 show high spectral accelerations
and unusually high spectral velocities.

Figures 4.19 and 4.21 show the fault-normal and fault-parallel components of the ground motions

recorded at the TCUO68 station during the September 20, 1999, Chi-Chi, Taiwan, earthquake.

Among other unique characteristics, the motion exhibits avery large and long displacement pulse.
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Figure 4.13. Fault-normal components of the acceleration, velocity, and displacement time histories recorded at the Rinaldi Station
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The E-W component of the TCUOG8 record can be approximated with a type A pulse with

T, = 65sc and V, = 2.4m/sec. This extremely large ground velocity in association with the 6.5-

sec long pulse resulted in a permanent ground displacement on the order of 8 m. The large ground
displacements and velocities that resulted from the TCUO68 motion are also present in the fault-
paralel component shown in Figure 4.21. Figures 4.20 and 4.22 show that the trigonometric
approximations are useful only for estimating spectral displacements as the acceleration and
velocity spectra are sensitive to higher-frequency pulses other than the pulse which is responsible

for the main ground displacement.

The exceptionally large displacements and vel ocities generated during the 1999 Chi-Chi, Taiwan,
earthquake are also observable in the TCUO052 record. Figure 4.23 (left) shows the fault-normal
component of the acceleration, velocity, and displacement time histories; whereas, Figure 4.23

(right) shows the acceleration, velocity, and displacement of atype C; pulsewith T = 5.5sec and
V, = 10m/ sec. Figure 4.25 (left) shows the fault-parallel component of the acceleration, velocity,

and displacement time histories; whereas, Figure 4.25 (right) shows the acceleration, velocity, and

displacement of a type A pulse with T, = 6.5sec and Vv, = 2.0m/ sec. The acceleration, velocity

and ground displacement spectra for the fault-normal and fault-parallel components of the
TCUO052 motions are shown in Figures 4.24 and 4.26, respectively. Similar to the TCUO68

motions, the trigonometric approximations are useful only for estimating spectral displacements.
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5 Evaluation of Minimum Restrainer Strength

The presence of the foundation slab that extends on each side of the elevation view of the equip-
ment increases the rocking stability of the structure, provided that the anchorages (restrainers) are
strong enough to engage the foundation in rocking motion. Rocking of the equipment with the
dab isdesirable because (a) it is aless slender configuration than the equipment alone and (b) the
maximum coefficient of restitution that will allow rocking motion after the first impact is signifi-
cantly smaller than the maximum coefficient of restitution of the equipment alone. As an exam-
ple, for the most slender configuration considered in this investigation (60 kip transformer, see

Table 2) the maximum coefficient of restitution for which rocking of the equipment alone can

happen is ,/r, ., = 0.803; whereas the maximum coefficient of restitution for which rocking of the

equipment with its base can happenis fr.., = 0.577. Inview of these beneficial effectsthat result

from the participation of the foundation base in the rocking motion, our study examines the mini-
mum strength of the anchorages needed to engage the foundation base of the equipment in rock-
ing motion. For the case where additional energy islost dueto local plastic deformations when the
foundation base impacts the underlying soil, the coefficient of restitution is even smaller offering
further stability.

Because of the many parameters involved, our study concentrates on the rocking response of two
typical transformers used by PG&E. The geometrical and physical characteristics of the three
equipment of interest are summarized in Table 2. Schematics of the two transformers are shown in

Figure 5.1 to scale.

5.1 Rocking Response of Equipment Subjected to Pulse Motions
The foregoing discussion on the coherence of selected near-source ground motions indicated that

some of their kinematic characteristics can be approximated with trigonometric pulses that are
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Table 2: Geometrical and physical characteristics of two typical electrical transformers.

Equipment b h Fu k Slab dimension: Slab Weight
Weight (in) (in) (kips) | (kips/in) length, width, (kips)
(kips) thickness (in)

60 35 90 26 500 114,114,10 16
60 35 90 27 920 114,114,10 16
60 35 90 47 1570 114,114,10 16
230 38 90 79 1500 234,150,12 50
230 38 90 80 2760 234,150,12 50
230 38 90 143 3200 234,150,12 50

uniquely defined by their type, pulse period, T, and velocity amplitude, v, . Tables 3 through 5
present the acceleration and velocity levels of selected pulses (type A, type B, and type C, respec-
tively) that are needed to overturn each of the two transformers of interest. The values listed under
the column heading “Equipment on Foundation” are for the case when the restrainers are strong
enough to engage the base in rocking motion, while those listed under “ Equipment (anchored) on
a Rigid Base” correspond to the values needed to overturn the transformers by failing their
restrainers. The restrainer strengths, F,/w, indicated in Tables 3 through 5 are high-end values
used by PG&E; whereas, the columns with F,/w = 0 correspond to freestandingfreestanding
equipment.

Tables 3 through 5 indicate that, in general, the intensity of the trigonometric pulses needed to
overturn the equipment exceeds by far the intensity of the pulses that approximate strong near-
source ground motions. Thisis true not only for the case where the transformers are anchored to
their base, but also for the case where they are free standing. As an example, consider the Rinaldi
Station record shown in Figure 4.13. It can be approximated either with a type A or type B pulse
with approximate duration T, = 1sec. Table 3 indicates that the velocity amplitude of a1 sec type

A pulse that is needed to overturn the freestanding 60 kip transformer is v, = 2.19m/sec, avalue

that exceeds the 1.5m/sec peak velocity of the Rinaldi Station record. As seen in Table 4, the

velocity amplitude for a type B pulse, with duration T, = 1sec, which is needed to overturn the
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equipment is drastically larger (v, = 9.34m/sec). This high-velocity value is due to the inherent

nonlinearity of the rocking problem.

Table 3: Overturning acceler ation and velocity amplitudes of selected type A trigonometric
pulsesfor the 60 kip and 230 kip equipment.

Equipment Weight 60 Kip 230 kip
Equipment Equipment (anchored) Equipment Equipment (anchored)
on Foundation on a Rigid Base on Foundation on a Rigid Base
b = 35", h =90" b =35", h=90" b =38", h=90" b =38", h=90"
d=22",s=5" d=37",s=6"
Equipment Configuration R =108.35", Ro = 123.94" R =96.57", Ro=111.50" | R=117.80", Ro=133.62" | R =97.68", Ro =112.80"
Vr=0.577, p = 1.650 Vr=0.803, p=1.732 Vr=0.370, p = 1.596 Vr=0.773, p=1.722
o =0.554 rad = 31.75° o =0.371rad = 21.25° o =0.690 rad = 39.55° o =0.400 rad = 22.89°
Fu/wW Large Enough 0.00 0.78 Large Enough 0.00 0.62
Wp/p 3.81 3.63 3.63 3.94 3.65 3.65
Type A Ap/Og 5.85 1.89 2.83 6.77 2.06 2.53
Tp= 1 sec [Ap(9) 3.24 0.70 1.05 4.67 0.82 1.01
Vp (m/s) 10.12 2.19 3.28 14.58 2.56 3.15
Wp/p 1.90 1.81 1.81 1.97 1.82 1.82
Type A Ap/Og 1.41 1.29 2.75 1.65 1.30 2.46
Tp= 2 sec |Ar(9) 0.78 0.48 1.02 1.14 0.52 0.98
Vp (m/s) 4.87 3.00 6.37 7.12 3.25 6.12
Wp/p 1.27 1.21 1.21 1.31 1.22 1.22
Type A Ap/ag 1.32 1.21 2.75 1.45 1.23 2.43
Tp= 3 sec [Ap(9) 0.73 0.45 1.02 1.00 0.49 0.97
Vp (m/s) 6.84 4.22 9.56 9.37 4.59 9.09
Wp/p 0.76 0.73 0.73 0.79 0.73 0.73
Type A Ap/Og 1.28 1.19 2.72 1.39 1.20 241
Tp= 4 sec [Ap(9) 0.71 0.44 1.01 0.96 0.48 0.96
Vp (m/s) 8.87 5.50 12.62 11.99 6.00 11.99
Wp/p 0.76 0.73 0.73 0.79 0.73 0.73
Type A Ap/og 1.26 1.19 2.72 1.36 1.18 241
Tp= b5 sec |Ar(9) 0.70 0.44 1.01 0.94 0.47 0.96
Vp (ms) 10.93 6.87 15.77 14.68 7.34 14.99
wp/p 0.63 0.60 0.60 0.66 0.61 0.61
Type A Ap/og 1.23 1.16 2.72 1.33 1.15 241
Tp= 6 sec |Ar(9) 0.68 0.43 1.01 0.92 0.46 0.96
Vp (m/s) 12.74 8.06 18.92 17.24 8.62 17.99

Aspects of the nonlinear nature of the overturning problem are shown in Figure 5.2 which plots
the overturning spectrafor the 60 kip equipment due to atype B pulse. It is seen in Figure 5.2 that

when the ratio w,/p is small the problem of overturning is multi-valued. The lower vaues of

accelerations capable of toppling the transformer induce rocking motion with impact, whereas,
the higher acceleration values induce rocking and eventually toppling without impact. This dual

pattern of overturning vanishes when w,/p is beyond a threshold value where overturning hap-

pens without impact; this requires significantly larger accelerations.
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Table 4: Overturning acceler ation and velocity amplitudes of selected type B trigonometric
pulsesfor the 60 kip and 230 kip equipment.

Equipment Weight 60 kip 230 kip
Equipment Equipment (anchored) Equipment Equipment (anchored)
on Foundation on a Rigid Base on Foundation on a Rigid Base
b =35", h=90" b = 35", h=90" b =38", h =90" b =38", h=90"
d=22"s=5" d=37",s=6"
Equipment Configuration R =108.35", Ro = 123.94" R =96.57", Ro = 111.50" R =117.80", Ro = 133.62" R =97.68", Ro = 112.80"
Vr=0.577, p = 1.650 Vr=0.803, p = 1.732 Vr=0.370, p = 1.596 Vr=0.773,p = 1.722
o = 0.554 rad = 31.75° o =0.371rad = 21.25° o = 0.690 rad = 39.55° o = 0.400 rad = 22.89°
Fu/W Large Enough 0.00 0.78 Large Enough 0.00 0.62
Wp/p 3.81 3.63 3.63 3.94 3.65 3.65
Type B Ap/Olg 18.19 16.15 2.99 20.48 16.37 16.62
Tp= 1 sec [Ar(9) 10.08 5.99 1.11 14.13 6.53 6.63
Vp (M/s) 15.74 9.35 1.73 22.06 10.20 10.35
Wp/p 1.90 1.81 1.81 1.97 1.82 1.82
Type B Ap/Olg 1.66 1.46 2.56 2.20 1.48 2.31
Tp= 2 sec [Ar(9) 0.92 0.54 0.95 1.52 0.59 0.92
Vp (M/s) 2.87 1.69 2.97 4.75 1.84 2.87
wp/p 1.27 1.21 1.21 1.31 1.22 1.22
Type B AplOlg 1.46 1.21 2.53 1.61 1.25 2.28
Tp= 3 sec [Ar(9) 0.81 0.45 0.94 1.11 0.50 0.91
Vp (m/s) 3.79 2.11 4.40 5.20 2.34 4.26
Wp/p 0.96 0.91 0.91 0.98 0.91 0.91
Type B Ap/Olg 1.32 1.21 2.53 1.52 1.23 2.26
Tp= 4 sec [Ap(9) 0.73 0.45 0.94 1.05 0.49 0.90
Vp (M/s) 4.56 2.81 5.87 6.56 3.06 5.62
wp/p 0.76 0.73 0.73 0.79 0.73 0.73
Type B Ap/Olg 1.28 1.19 2.53 1.48 1.20 2.26
Tp= 5 sec |Ar(9) 0.71 0.44 0.94 1.02 0.48 0.90
Vp (m/s) 5.54 3.43 7.34 7.96 3.75 7.03
wp/p 0.63 0.60 0.60 0.66 0.61 0.61
Type B Ap/Olg 1.25 1.16 2.53 1.35 1.18 2.26
Tp= 6 sec [Ar(9) 0.69 0.43 0.94 0.93 0.47 0.90
Vp (M/s) 6.46 4.03 8.81 8.71 4.40 8.43

The 60 kip transformer has a frequency parameter, p= 1.73rad/sec and with a pulse duration

T, = 1sec, (w, = 6.28rad/sec) the resulting dimensionless frequency parameter w,/p = 3.628. It s0
happens that for atype B pulse with w,/p = 3.628, the freestanding 60 kip transformer marginally

escapes the multi-valued region of the graph and can only overturn without impact. To achieve
this with a one-second duration type B pulse one needs 5.98g of acceleration amplitude. Interest-
ingly, when the block is anchored the multi-valued region extends into higher values of w,/p and
in this case the transformer overturns with impact. This explains the substantially lower accelera-

tion amplitude, A; = 1.08g, that is needed to overturn the anchored (F,/w = 0.78) 60 kip trans-
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Table 5: Overturning acceler ation and velocity amplitudes of selected type C, trigonometric
pulsesfor the 60 kip and 230 kip equipment.

Equipment Weight 60 Kip 230 kip
Equipment Equipment (anchored) Equipment Equipment (anchored)
on Foundation on a Rigid Base on Foundation on a Rigid Base
b = 35", h=90" b =35", h=90" b = 38", h=90" b =38", h=90"
d=22"s=5" d=37",s=6"
Equipment Configuration R =108.35", Ro = 123.94" R =96.57", Ro = 111.50" R =117.80", Ro = 133.62" R =97.68", Ro = 112.80"
Vr=0.577, p = 1.650 Vr=0.803, p = 1.732 Vr=0.370, p = 1.596 Vr=0.773,p = 1.722
o = 0.554 rad = 31.75° a =0.371rad = 21.25° o = 0.690 rad = 39.55° o =0.400 rad = 22.89°
Fu/w Large Enough 0.00 0.78 Large Enough 0.00 0.62
Wp/p 3.81 3.63 3.63 3.94 3.65 3.65
Type Ci Ap/Olg 8.48 2.67 2.96 28.13 2.83 2.88
Tp= 1 sec [Ar(9) 4.70 0.99 1.10 19.41 1.13 1.15
Vp (M/s) 14.68 3.09 3.43 60.61 3.53 3.59
Wp/p 1.90 1.81 1.81 1.97 1.82 1.82
Type Ci Ap/Olg 1.77 1.56 2.72 2.06 1.58 2.46
Tp= 2 sec [Ar(9) 0.98 0.58 1.01 1.42 0.63 0.98
Vp (M/s) 6.12 3.62 6.31 8.87 3.93 6.12
Wp/p 1.27 1.21 1.21 1.31 1.22 1.22
Type Ci Ap/Olg 1.57 1.32 2.64 1.74 1.30 241
Tp= 3 sec [Ap(9) 0.87 0.49 0.98 1.20 0.52 0.96
Vp (M/s) 8.15 4.59 9.18 11.24 4.87 8.99
wp/p 0.95 0.91 0.91 0.98 0.91 0.91
Type Ci Ap/Olg 1.48 1.21 2.64 1.64 1.23 2.38
Tp= 4 sec |Ar(9) 0.82 0.45 0.98 1.13 0.49 0.95
Vp (m/s) 10.24 5.62 12.24 14.11 6.12 11.87
Wp/p 0.76 0.73 0.73 0.79 0.73 0.73
Type Ci Ap/ag 1.39 1.19 2.64 1.51 1.20 2.36
Tp= 5 sec [Ar(9) 0.77 0.44 0.98 1.04 0.48 0.94
Vp (M/s) 12.02 6.87 15.30 16.24 7.49 14.68
Wp/p 0.63 0.60 0.60 0.66 0.61 0.61
Type Ci Ap/Olg 1.25 1.16 2.61 1.36 1.18 2.33
Tp= 6 sec [Ar(9) 0.69 0.43 0.97 0.94 0.47 0.93
Vp (M/s) 12.93 8.06 18.17 17.61 8.81 17.42

former. The multi-valued nature of overturning problem is further apparent in Figure 5.3 that plots
overturning spectra due to the type C, pulse.

Our results for the rocking stability of the 60 kip and 230 kip equipment under pulse motions are
summarized in Figures 5.4 and 5.5. Figure 5.4 shows that the protrusion of the foundation base
Increases the rocking stability of the equipment assuming that the restrainers are strong enough to
engage the foundation plate in rocking motion. Figure 5.4 also shows that anchorages with

F,/W = 0.78 are capable in most cases of sustaining accelerations higher than those needed to

overturn the equipment with its foundation base as designed by PG&E. The restrainers exhibit

less capacity under shorter duration pulses (say T,<2sec) for all three pulse types. Similar pat-
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3 o0——o Free-Standing (FUAN:O)
Anchored (Fu/W:O.43)

Anchored (FUAN:O.78)

Figure 5.2. Overturning acceleration spectra of the anchored 60 kip equipment due to a one-

cosinepulse (a = 0.371rad = 21.25°, p = 1.732, n = Jr = 0.803 and p = 5) with restrainer
strength F,/W = 0, 0.43 and 0.78.
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Figure 5.3. Overturning accel eration spectra of the freestanding 60 kip equipment dueto a
type C; cycloidal pulse (o = 0.371rad = 21.25°, p = 1.732, n = Jr = 0.803).
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terns are observed in Figure 5.5 that shows spectra of overturning accelerations and velocities of

types A, B, and C; pulses for the 230 kip transformer. In this case the anchorages with
F,/W = 062 exhibit less capacity than the base-supported equipment for pulses as long as
T, =3sec. What isimportant to note in Figures 5.4 to 5.6 is that the longer the pulse duration, the

smaller is the acceleration amplitude needed to create overturning. Accordingly, a static calcula-
tion will result in the lowest accel eration amplitude needed to create overturning — an over-con-

servative calculation.

Our investigation proceeds with the rocking response analysis of freestanding and anchored
equipment. In addition to overturning (failure) the investigation is concerned with levels of uplift
that exceed the serviceability level. Although different electrical equipment configurations might
be able to tolerate various levels of uplift and remain operational, in this study, a globa upper
bound of the serviceability level has been established from experience as an uplift of 6 in.
(Fujisaki 2001). Thethin linein Figure 5.6 plots the acceleration and velocity amplitudes of types
A, B, and C, pulses that are needed to uplift the 60 kip transformer by 6 in. As the duration of the

excitation pulse increases, these values converge rapidly to the acceleration and velocity ampli-
tudes needed to overturn the transformer. Figure 5.6 indicates that as the duration of the pulse
increases, the margin between serviceability levels and overturning (failure) is minimal and even-
tually vanishes. In addition, Figure 5.6 indicates the velocity amplitude of the trigonometric
approximations of the ground motions considered in this study. We see that the pul se approxima-
tion of the Rinaldi record is the only one which has avelocity in excess of that needed to uplift the
60 kip transformer by 6 in. With reference to Table 1, we see that the Rinaldi record isindeed the
only record that exhibits a distinguishable pulse which is capable of producing an uplift of 6 in.
The Takatori records are also capable of uplifting the equipment by 6 in. but do not have identifi-

able pulses and thus are not represented in Figure 5.6. The velocity amplitudes of type C; pulses

needed to exceed the serviceability limit are several multiples higher than the amplitudes of the
C, pulse approximations of the indicated records. These levels are substantially larger than the
percentage that one has to amplify the actual record to create an uplift of 6 in. This differenceis
likely due to the presence of acceleration spikes which when added to the underlying pul ses result

in motions which are capable of causing the 6 in. uplift.
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5.2 Rocking Response of Equipment Subjected to Recorded Motions

Next, the rocking response analysis of freestanding and anchored equipment subjected to the
selected earthquake records listed in Table 1 is examined. The recordslisted in Table 1 are prima-
rily near fault records which have been chosen in part due to the proximity of electrical substa-
tions to active faults. These records were also chosen as near fault records often contain large

duration pulses for which arelatively low acceleration is needed to induce uplifting and eventual

overturning. Figures 5.7 to 5.22 plot time histories of the rotation, 6, the angular velocity, 6 and
the reaction force, N(t), at the pivot point. Our analysis distinguishes between intensity levels of
the ground shaking that will affect serviceability; and intensity levels of the ground shaking that
will result in overturning. The serviceability level has been established from experience as an

uplift of 6 inches.

The left column of Figure 5.7 plots the response of the 60 kip transformer subjected to 100% of
the Pacoima Dam record. The thick line shows the response of the freestanding equipment;
whereas, the thin line plots the rocking response of the equipment supported on its foundation
base. The freestanding equipment (no base) exhibits some uplifting with its peak value reaching
approximately 3 in., whereas, the equipment with its base does not visually uplift, although, there
Is some fluctuation of the vertical reaction. The dotted horizontal lines in the rotation plots show
the rotations that correspond to a6 in. uplift of the freestanding block (6 = (6in)/(2b)), andto a6
in. uplift of the block-foundation system (8 = (6in)/(2b + 2d)). The second column of Figure 5.7
plots the response of the 60 kip transformer subjected to 123% of the Pacoima Dam record — that
isthe level needed for the freestanding equipment to reach an uplift of approximately 6 in. Under
the 123% level the block-foundation system exhibits more noticeable rotations, than under the
100% level; yet they are below the (6in)/(2b + 2d) serviceability limit. The third column of Figure
5.7 compares the response of the freestanding block with the response of the same block when it

is anchored with restrainers that have the low level strength (F /W = 0.43) used by PG&E. Inter-

estingly, the 123% level of the Pacoima Dam record is capable of fracturing the restrainers which
have been modeled as elasto-plastic element with aductility u = 5. Nevertheless, the presence of
the restrainers suppress the response which exhibits rotations well below the serviceability limit.

When comparing the response of the block-foundation system shown in the second column and
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Figure 5.7. Rocking response of the 60 kip equipment to the 1971 San Fernando earthquake — Pacoima Dam at the serviceability level.



the response of the anchored block (F,/wW = 0.43) shown in the right column one concludes that

under the 123% level of the Pacoima Dam record, the two systems have about the same capacity.
The bottom plots of Figure 5.7. show vertical reactions at the pivot points. When the ductile
restrainers fracture, the angular accelerations of the equipment is nearly zero and the vertical reac-

tionis N = mg +F . The bottom right plot shows that when the restrainers with F /w = 0.43 frac-

tures, the vertical reactionis N = 1.48w which is the expected result.

Figure 5.8 examines the response of the 60 kip transformer on the verge of overturning. When the
level of excitation is 285% of the recorded motion, both the freestanding block and the block-

foundation system escape overturning, however the anchored block with F /w = 0.43 topples

(see second column). This is an interesting example where the anchored 60 kip transformer can
sustain less accel eration than the freestanding equipment. This behavior can be predicted with the
results shown in Figure 5.4 that have been derived from trigonometric pulses. With reference to

Figure 4.1, the Pacoima Dam record can be approximated with atype C; pulse with T, = 1.3sec
and v, = 0.8sm/sec. The last column of Figure 5.4 indicates that whereas the anchored 60 kip

transformer can sustain a higher acceleration than the transformer with its base for most of the
pulse-period range; at the low pulse period range the situation is reversed. As a result when

T, = 1.3sec Figure 5.4 indicates that the 60 kip transformer can sustain less acceleration than the

base-supported equipment. The right column of Figure 5.8 indicates that a slight increase in the
acceleration level (286%) topples the freestanding block but also the anchored block with
F,/W = 0.78. Although 285% of the Pacoima Dam record is an unrealistically high excitation this

analysis shows that for the specific frequency content, the overturning capacity of the 60 kip

transformer is governed by its restrainers.

Figure 5.9 plotsthe rocking response of the 60 kip transformer subjected to the Los Gatos record.
The 100% level of the record induces an uplift of the free standing equipment to the order of 3
inches; whereas, when it is fixed to the base, the motion the equipment/foundation system is neg-
ligible when the base is engaged in the motion. The second column of Figure 5.9 plots the

response of the 60 kip transformer subjected to 105% of the Los Gatos record — that is the level
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needed for the freestanding equipment to reach the 6 in. uplift serviceability limit. Under the
105% level, neither the block-foundation system nor the anchored block with F /w = 0.43

exhibit any appreciable uplift.

Figure 5.10 indicates that more than 200% of the L os Gatos record is needed to overturn the free-
standing 60 kip transformer. Under thislevel of shaking both the base-supported and the anchored

equipment survive the rotation as is expected from the indications of Figure 5.4.

Figure 5.11 plots the rocking response of the 60 kip transformer subjected to the 1992 Erzikan,
Turkey, record. The 100% level of the record does not create any noticeable uplift even to the
freestanding block. The 139% level however resultsin an uplift of 6 in. of the freestanding block
yet does not move either the equipment-foundation system nor the anchored equipment with

F /W = 0.43.

Figure 5.12 examines the response of the 60 kip transformer on the verge of overturning. At a
level of 170%, the freestanding equipment, the equipment-foundation system and the anchored

(F,/W = 0.78) equipment survive the motion with the equipment-foundation system being the
most stable. At the 171% level however, the freestanding block topples, the anchored equipment
with F /W = 0.43 rocks violently after fracturing the restrainers yet survives toppling; whereas,
the anchored eguipment with F /W = 0.78 essentially does not rock although it stretches the

restrainers appreciably. For this record the equipment with its base foundation and the anchored

equipment with F,/w = 0.78 exhibit approximately the same capacity.

A ground motion with arocking potential comparable to the 1992 Erzikan, Turkey, earthquakeis
the Sylmar motion recorded during the 1994 Northridge earthquake. The 100% level of the record
shown at the top left of Figure 5.13 is capable of producing uplift in the freestanding system and
138% of the motion resultsin an uplift equal to the 6 in. serviceability level. Under this excitation

level the equipment-foundation system experiences minimum uplift, whereas the anchored equip-
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ment experiences some moderate rotations which are large enough to fracture the restrainer with

F/W = 043,

The ultimate level response of the equipment to the Sylmar record shown in Figure 5.14 indicates

aresponse very similar to that seen for the Erzikan record (Figure 5.12).

Figure 5.15 shows that the 100% level of the Rinaldi record induces rotations in the freestanding
equipment which exceed the 6 in. serviceability uplift. When the record is increased to 136%, the
freestanding 60 kip transformer topples and the equipment-base system exceeds its serviceability
limit (see Figure 5.16). A similar situation happens with the Takatori record. The 100% level of
the Takatori record induces rotations in the freestanding equipment that exceeds the 6 in. service-
ability uplift (Figure 5.17). When the record is increased to 163% both the freestanding 60 kip

transformer and the anchored transformer with F /W = 0.43 topple and the equipment base sys-

tem exceeds its serviceability limit (Figure 5.18).

Next we investigate the uplifting and overturning potential of the TCU068 and the TCUQ52
motions recorded during the 1999 Chi-Chi, Taiwan, earthquake. The interesting characteristics of
these motions is that whereas they exhibit moderate ground accelerations the ground velocities
are unusually high, exceeding 2 m/sec and the durations of the main pulse periods reach 6 sec or
more. The left column of Figure 5.19 plots the response of the 60 kip transformer subjected to
100% of the TCUO68 E-W record. The freestanding equipment experiences a small uplift whereas
the equipment anchored to its foundation does not move. The center column of Figure 5.19 indi-
cates that 118% of the record induces rotations that reach serviceability levels; however it isinca-
pable of moving the anchored equipment. Figure 5.20 indicates that a further minor increase of
the excitation level (120%) is capable to overturn the freestanding equipment but leaving intact
the anchored equipment. This behavior is consistent with the behavior observed from the rocking
response of blocks under long-duration trigonometric pulses. A behavior similar to the one dis-
cussed in Figures 5.19 and 5.20 is observed in Figures 5.21 and 5.22.
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Figure 5.16. Rocking response of the 60 kip equipment to the 1994 Northridge earthquake — Rinaldi record at the ultimate state.
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Figure 5.21. Rocking response of the 60 kip equipment to the 1999 Chi-Chi, Taiwan, earthquake — TCUO52 NS at serviceability level.
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The results offered by the time history analysis presented in Figures 5.7 through 5.22 are summa-
rized in Figures 5.23 through 5.27 in the form of histograms. The histogram plotted in Figure 5.23
shows the maximum uplift that the 60 kip equipment experiences when subjected to the earth-
guake records listed in Table 1. The earthquake records have been ordered with increasing peak
ground acceleration. It is shown that among these 14 strong records only three records are capable
of inducing uplift that exceeds the 6 in. serviceability limit. Each histogram plotted in Figures
5.24 through 5.27 shows the level of the recorded ground motion needed to reach the serviceabil-
ity limit (6 in. uplift) and the level needed to create overturning. The histograms are plotted as a

function of earthquake magnitude, peak ground acceleration, peak ground velocity and T, v,

(the product of pulse duration and pulse velocity amplitude of the most dominant pulse of the
record) in an effort to identify some correlation between the rocking response and the kinematic

characteristics of ground motions.

Figure 5.24 plots the levels of earthquake records needed to reach the serviceability limit (6 in.
uplift) and overturning with increasing earthquake magnitude. Interestingly, the Rinaldi, Los
Gatos, and Takatori records with respective magnitudes M,, = 6.7 and M, = 6.9 can induce 6 in.
uplift at alevel that is below thelevel of the M,, = 7.6 Taiwan motions. In contrast, the TCU0G8 E-
W motion creates overturning with the lowest percentage raise. When the histograms are plotted
with increasing peak ground acceleration (PGA), as in Figure 5.25, one can observe a trend sug-
gesting that |ess percentage of the recorded motion is needed to generate the 6 in. uplift. However,

this order vanishes when looking at the levels needed to overturn the equipment.

Figure 5.26 plots the level of earthquake records needed to reach the serviceability limit (6 in.
uplift) and overturning with increasing peak ground velocity. With this arrangement there is more
order with respect to the overturning level (i.e., asmaller percentage increaseis required to topple
the 60 kip transformer for records with higher peak ground velocity). Nevertheless, this order is
disturbed by the Pacoima Dam and Cape Mendocino records and vanishes when serviceability
uplift is of interest.
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Figure 5.27 plots the levels of earthquakes with increasing values of T,0v,, where T, = pulse
period and Vv, = pulse velocity amplitude of the trigonometric pulse that best approximates the

recorded motion. With this arrangement, order emerges for toppling but there are no identifiable
trends for the serviceability limit. Our study concludes that for estimating the serviceability uplift
of the 60 kip (b= 35", h=90") equipment, the peak ground acceleration should be used as an indi-

cator; whereas for estimating overturning, the product T, v, appearsto be the best indicator.

Figure 5.28 shows the minimum restrainer strength required for the restrainer not to fracture. The
minimum restrainer strength is strongly correlated with the peak ground acceleration. Of the

earthquakes considered, 4 are capable of fracturing the low strength restrainers F,/w = 0.43, and

1 is capable of fracturing the high-strength restrainers F /w = 0.78.

Finally, Figure 5.29 shows the maximum vertical reaction force at the pivot points. The lowest
level corresponds to the reaction force when the block is free standing; whereas, the middlie and
upper levels correspond to the reaction force for the case when the equipment is anchored with the
low- and high-strength restrainers. When the ground motion does not cause uplift the reaction at
each edge is taken to be 0.5W. When the equipment does uplift the reaction force increases appre-
ciably asit opposes not only the full weight of the equipment but also inertia effects and the force
in the restrainer opposing uplift. For the Cape Mendocino record the reaction reaches 1.25W for
the freestanding case (1W self-weight + 0.25W dynamic effect) and 1.91W for the case when the
equipment is anchored with the high-strength restrainers. More than half of the earthquakes stud-
ied produce a reaction force along the edge that exceeds 1.25 times the weight of the equipment
(2.5 times greater than the static edge force 0.5W).
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6 Effect of Base Foundation on Uplift

The time histories of block rotations presented in the previous chapter indicated that the lateral
protrusion of the base foundation, d, from each side of the equipment with width 2b might have an
appreciable effect on reducing uplift. Figure 6.1 (bottoms) plots the maximum uplift of the 60 kip
equipment that engages its foundation in rocking motion as the protrusion of the foundation base,
d, increases. It is observed that even a small fraction of d/b appreciably reduces the uplift induced
by certain motions. For instance, Figure 6.1 indicates that when d = 0.25b = 8.75 in. the uplift of
the equipment-foundation system is below 2 in. for all strong motions considered with the excep-
tion of the Rinaldi Station motion. For the existing configuration, d = 22 in., the maximum uplift
due to the Rinaldi Station motion is about 1.5 in., whereas all other strong motions induce uplift
that is less than 0.3 in. The benefits of the protrusion of the base foundation are of interest pro-
vided that the restrainers are capable of engaging the base foundation in the rocking motion. Fig-
ure 6.1 (top) indicates the minimum strength of restrainers needed to avoid fracture and thus
engage the foundation in rocking when the 60 kip transformer is subjected to the indicated record.

It is shown that high-strength restrainers (F /W = 0.78) survive the shaking from all earthquakes

and therefore engage the foundation in rocking motion, while the low-strength restrainers

(F,/W = 0.43) fracture when the equipment is subjected to the Pacoima Dam and Rinaldi records.

Although the minimum strength was determined from analysis assuming a monolithic foundation,
the analysis indicates that the reduced capacity of the low-strength restrainers might govern the
response of the equipment-foundation system. That is, if the restrainers fracture, the resulting

uplift would likely be larger then the values shown in Figure 6.1 (bottom).
Figure 6.2 (bottom) plots the maximum uplift of the 230 kip equipment, which has the same

height as the 60 kip equipment (h = 90in.) but alarger width (b= 38in.). It is clear from the figure
that the 230 kip equipment configuration is more conservative than the 60 kip equipment. Figure
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6.2 (top) shows that the high-strength restrainers (F,/W = 0.62) survive the shaking from all

earthquakes; therefore they engage the foundation in rocking.

Figure 6.3 plots the maximum uplift of arigid block that has the same height as the two previ-
oudly studied transformers (h = 90 in.) but a smaller width (b = 30in.). Interestingly, the TCU068
E-W record, that generated moderate uplift in the other two configurations, is now overturning the
more sender block. A small increase in the foundation protrusion, d, establishes stability and

when d/b = 0.6 the upliftisbelow 6 in. for all records.

One interesting feature of the response curves shown in Figures 6.1, 6.2, and 6.3 is that they do
not decrease monotonically as d/b increases. The most notable example is the response curve
resulting from the Sylmar record which shows that the uplift actually increases as d/b increases
from 0 to 0.1. This curve has been isolated in Figure 6.4 (top) and has been replotted in a linear

scale.

In order to explain this “unexpected” behavior, Figure 6.5 plots the acceleration time history of
the Sylmar record (top) and the response of four different configurations: d/b = 0, 0.05, 0.1, and
0.15. The Sylmar record contains a violent acceleration pulse ABCDE that initiatesat t = 3sec and
expires slightly prior to t = 4sec. The violent pulse is succeeded by another strong pulse EFGHI,
which also exhibits the peak ground acceleration. Indeed, as d/b increases (first three plots), the
forward rotation of the structure before t = 4 sec reduces. It isinteresting to note that the first col-
umn indicates that at t = 4 sec, the first forward rotation is at its maximum and some of the action
of the following pulse is consumed in re-centering the structure, while the third column indicates
that at t = 4sec, the first forward rotation has expired and the action of the following pulse is
entirely dedicated to induce a new rotation to the system that carries momentum along the same
direction. It isthis sensitive combination of successive pulsesin the record, with the motion of the
equipment foundation system, that results in a larger uplift as d/b increases from 0 to 0.1. When
d/b = 0.15 the forward rotation of the structure prior to t = 4sec is totally suppressed and the
angular velocity is nearly zero.When the second strong pulse, EFGHI, strikes, the structureis virtu-

aly at rest and thus the resulting uplift is substantially smaller than in the previous configurations.
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system subjected to earthquake motion (bottom).
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Figure 6.4. Effect of foundation size on the uplift of the 60 kip equipment-foundation system
subjected to the Sylmar record (top), and the Rinaldi record (bottom).
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Figure 6.5. Response of the 60 kip equipment-foundation system with increasing values of d/b when subjected to the Sylmar record.
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In contrast to the response of the equipment-foundation system to the Sylmar record, the response
of the 60 kip equipment-foundation system to the Rinaldi motion decreases monotonically as d/b
increases. This curve has been isolated and is presented in Figure 6.4 (bottom). In addition to this
curve, the uplift of the 60 kip equipment-foundation system subjected to the trigonometric pulse
approximation of the Rinaldi record is presented for comparison. The fact that these two curves
differ only slightly suggests that the pulse approximation of the Rinaldi record captures most of
the rocking potential of the actual earthquake. A detailed view of the rocking response of the 60
kip equipment subjected to the Rinaldi record is given in Figure 6.6 for d/b ratios: 0, 0.05, 0.1,

0.15. As stated above, the uplift decreases monotonically as d/b increases.
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Figure 6.6. Response of the 60 kip equipment-foundation system with increasing values of d/b when subjected to the Rinaldi record.



7 Conclusions

In this study we investigated the seismic stability of rigid electrical equipment supported on a
base foundation. In most cases the base foundation has plan dimensions that are larger than the
footprint of the equipment, which is anchored atop the base with restrainers. With this configura-
tion, the equipment-foundation system exhibits two distinct capacities to resist uplift and eventual
overturning: (a) the restrainers are strong enough and the equipment engages the base foundation
in rocking motion and (b) the restrainers fracture and the equipment subsequently rocks as afree-

standing block atop its foundation.

Initially, the study examined the rocking response of the freestanding transformers and showed
that only one of the strong motions considered is capable of fracturing the high-strength restrain-
ers used by PG& E. However, none of the strong motionsis capable of overturning the equipment,
which is considered the ultimate limit state. The minimum restrainer strength needed to avoid
fracture correlates strongly with the peak ground acceleration. Two records (Rinaldi and Takatori)
are capable of uplifting the two transformers of interest beyond the serviceability limit (6 in. uplift
at equipment edge); however, it is found that small values of foundation protrusion, d, reduce the
uplift appreciably. For the most slender of the PG& E configurations studied (width = 2b = 70in.
and slenderness= o = 0.371rad), it was found that a ratio of d/b=0.3 appears to be adequate to

limit uplift.

It was found that for earthquakes with long distinguishable pulses (T,>25sec) the margin

between exceeding the serviceability level of uplift and achieving overturning is minimal. Fur-
thermore, the study concludes that the longer the pulse duration, the smaller the acceleration

amplitude needed to induce uplifting or overturning.
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With the exception of the Cape Mendocino record, which has an unusually high peak ground acceler-
ation, the study concludes that the high-strength restrainers used in practice are sufficient to engage
the foundation base in rocking motion and that a restrainer strength of F, = mg should be sufficient
for al practical purposes. When an anchored equipment stretches its restrainers, the reaction at the
pivot point includes the weight of the equipment, the force developed in the restrainer opposing uplift,

as well as the dynamic effects. The reaction force can be as high as or dlightly higher than

mg+F, = 2mg if one follows the recommendation of this paper (F, = mg). This four-fold increase

over the static reaction value must be considered in the design of the foundation base.
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