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Abstract: We present a simple nonlinear model of a shear-beam building that experiences large
nonlinear deformations and collapse when excited by large pulses of strong earthquake ground
motion. In this paper, we introduce the model and show that its properties can be selected to be
consistent with the damage observed in a seven-story hotel in San Fernando Valley of the Los An-
geles metropolitan area during the 1994 Northridge earthquake. We also show an example of exci-
tation that leads to the collapse of the model. We illustrate the response only for a sequence of hor-
izontal pulses. We will describe the response of the same model to horizontal, vertical, and rocking
motions at its base, as well as for more general excitation by strong earthquake ground motion, in
future papers.

Keywords: collapsing earthquake response; nonlinear shear-beam building model;
Van Nuys 7-story hotel damage; finite differences method

1. Introduction

Buildings exposed to extreme events (earthquakes, tsunami, hurricanes, explosions,
vehicle impact, fires, and terrorist attacks) may experience damage to key structural com-
ponents that can lead to complete collapse. Examples include Ronan Point (London, 1968),
the Capitan Arenas (Barcelona, 1972), the Argentine Israelite Mutual Association (Buenos
Aires, 1994), the Murrah Federal Building (Oklahoma, 1995), the Sampoong Department
store (Seoul, 1995), the World Trade Center (New York, 2001), and the Achimota Melcom
Shopping Centre (Acra, 2012). These events have emphasized the need to design resilient
buildings that can undergo considerable damage without experiencing complete collapse.
Ideally, these buildings would be able to survive an extreme event in order to maintain
functionality and enable the restoration of a pre-event performance. As such, it becomes
essential to understand the geometrical and mechanical sequences of collapse in some
detail.

Engineering analyses of collapsing structural models and proposed solutions for re-
silient design started to appear in publications around 2000, and the number of such stud-
ies continues to grow. The papers describe design methods to prevent collapse in different
structural systems, in terms of three widely used approaches: tying force prescriptive
rules, alternative load path (ALP) methods, and key element design methods [1]. The ALP
method, which begins with the sudden removal of a key load-carrying member, has been
used in analyses of modular high-rise buildings [2,3], steel buildings [4], and reinforced
concrete (RC) buildings [5,6]. Recorded and observed collapses during the demolition of
buildings have been used to verify the accuracy of computer simulations [7,8].
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Before the era of modern earthquake engineering (circa early 1900s), traces of partial
and complete collapse of various stone structures caused by strong earthquake shaking
could be seen at numerous archeological sites. However, since the 1930s, when the first
strong motion accelerographs were introduced [9], the complete collapse of a building by
strong earthquake shaking has not been recorded. At the present time, although many
instrumented structures exist in the world, only a few have experienced early stages of
damage [10-13].

In the vicinity of earthquake faults, the destructive strong ground motion contains
powerful pulses [14] and large permanent displacements [15,16] that can lead to large
nonlinear responses and to structure collapse. For example, during the 1940 earthquake
in Imperial Valley, California, field observations of strike-slip dislocations on the surface-
fault rupture showed displacement amplitudes in the range from 1 to 2 m. At Cocopah,
the observed fault slip was 3.5 m and 5 m at the All American Canal [15]. During the 1971
San Fernando earthquake, the rupture started at a depth of 9 km with a dislocation am-
plitude of 10 m. The dislocation then propagated up along the fault with a velocity of 2
km/s and diminishing slip amplitudes to 1 m. Before reaching the surface, the dislocation
increased to near 6 m. Field observations in the San Fernando Valley of the surface-fault
breaks showed strike-slip displacements of 0.5 to 1 m up and 0.8 to 1.7 m strike-slip dis-
placements. During the San Fernando earthquake, the fault motion lasted about 9 s [16].
During the 1994 Northridge earthquake, the slip started at a depth of 17.5 km with a slip
of about 3 m. The dislocation then propagated up toward the northwest and west and
stopped at a depth of 5 km. The fault length was 18 km, with a width of 24 km. The faulting
lasted about 6 s [17]. Figure 1 shows the central San Fernando Valley and the site of the
Van Nuys seven-story hotel (VN7SH). The dashed lines represent horizontal projections
of the faults of the 1971 San Fernando and 1994 Northridge, California, earthquakes. The
duration of faulting during these two earthquakes was about 9 and 6 s, respectively. Di-
rections and arrows show the distances to the seven earthquakes (see Table 3.1 in [18]).
The solid stars show the epicenters of two Northridge aftershocks.

At present, there are no publications that describe the numerical simulation of the
response of three-dimensional building models through all stages of geometrically non-
linear response leading to collapse caused by strong earthquake shaking [1]. The buildings
in which the early stages of nonlinear response have been recorded have provided a full-
scale experimental basis for studies on the onset of nonlinearity in the soil and in the struc-
ture [10,19-21]. Studies on the nonlinear response of simple beam models of buildings,
excited by strong motion pulses, have helped to point out to locations along the building
height at which nonlinear deformations would be initiated [22-24]. Such studies have led
to the successful identification of the locations at which damage has been initiated in ac-
tual buildings, as confirmed by post-earthquake site visits [24].

This paper aims to contribute to the understanding of how large amplitude pulses of
ground motion might lead to the collapse of buildings deforming predominantly in shear
using the numerical simulation of the nonlinear response of a simple building model, con-
sidering both material and geometric nonlinearities. Building collapse is a complex and
highly nonlinear process in which the structural system and foundation soil interact sim-
ultaneously, while the principle of superposition does not apply. To begin to understand
some of the basic features of this process, we conducted a controlled numerical experi-
ment and considered only the most elementary example of a shear beam supported by
rigid soil, i.e., neglecting phenomena associated with the soil-structure interaction. At this
stage, we considered only a horizontal strong-motion pulse at the base. The response of
the model was computed by a finite difference scheme. This study, however, differs from
our previous closely related studies, which were also based on the simulation of the build-
ing response by the finite-differences method [23], in that the model also considers large
deformations and the effects of gravity.

This paper is organized as follows. First, the Section 2.1 describes the case of a full-
scale building damaged by earthquakes, based on which the simple model solved in this
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paper has been constructed. Then, the Section 2.2 describes the model and method of so-
lution. The Section 3 shows the results for displacements and strains along the height of
the model, which point to the locations where collapse was initiated and show how it
spread throughout the model. Finally, in the Section 4, the results are discussed, and the
conclusions reached are presented.
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Figure 1. Location of Van Nuys seven-story hotel (VN7SH) and relative to the faults of the 1971 San
Fernando and 1994 Northridge, California, earthquakes and other earthquakes recorded in the
building [18].

2. Materials and Methods
2.1. Motivation

The number of instrumented buildings that have experienced some earthquake dam-
age is limited and, as far as we know, no buildings with strong motion recorders have
experienced collapse during earthquake shaking. Therefore, we used observations of the
early stages of damage in the Van Nuys seven-story hotel building (VN7SH) to qualita-
tively illustrate the onset of damage as predicted by our model. We also considered hy-
pothetical large amplitudes of ground motion to illustrate one possible path toward com-
plete collapse of the building.

2.1.1. The Structure

VN7SH (Figure 2) was lightly damaged in the 1971 San Fernando earthquake and
subsequently repaired. It was severely damaged in the 1994 Northridge earthquake (Fig-
ure 1) [25-29]. The building, which is 18.9 by 45.7 m in plan and 20 m high, was designed
in 1965 and constructed in 1966 [30,31]. The typical framing consists of four rows of col-
umns spaced on 6.1-m centers in a transverse direction and 5.7-m centers in a longitudinal
direction (nine columns) (Figure 2). Spandrel beams surround the perimeter of the struc-
ture. Lateral forces in the longitudinal (EW) direction are resisted by interior column-slab
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frames (B and C) and exterior column-spandrel beam frames (A and D). The added stiff-
ness in the exterior frames associated with the spandrel beams creates exterior frames that
are roughly twice as stiff as the interior frames. The floor system is a reinforced concrete
flat slab that is 25.4-cm thick at the second floor, 21.6-cm thick at the third-to-seventh
floors, and 20.3-cm thick at the roof [32-36]. The building is relatively stiff for shear defor-
mations on the lowest two floors and more flexible between the third floor and roof (Fig-

ure 3) [24].
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Figure 2. (Top left) View toward the southwest, (top right) typical transverse section, and (bot-
tom) typical floor framing plan.

The building is situated on undifferentiated Holocene alluvium, uncemented and
unconsolidated, with a thickness of less than 30 m, and an age of < 10,000 years [37,38].
The average shear-wave velocity in the top 30 m of soil is 300 m/s, and the soil-boring log
shows that the underlying soil consists primarily of fine sandy silts and silty fine sands.
The foundation system consists of 96.5-cm-deep pile caps supported by groups of two-to-
four, poured-in-place, 61-cm-diameter, reinforced-concrete friction piles. These are cen-
tered under the main building columns, and all of the pile caps are connected by a grid of
beams. Each pile is approximately 12.2-m long with a design capacity of over 444.82 x 103-
N vertical load and up to 88.96 x 103-N lateral load. The structure is constructed of normal-
weight reinforced concrete [30].
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Figure 3. A layered model of the building and the velocity of shear waves in the layers determined
by ambient vibration tests [27].

2.1.2. Earthquake Damage and Recorded Response

Although the Mv= 6.4 Northridge earthquake on 17 January 1994 severely damaged
the building, its potential damage was probably reduced by the nonlinear response of
soils in the area surrounding the building [37—43]. The structural damage was extensive
in the exterior north (D) (Figure 2) and south (A) frames, which were designed to take
most of the lateral load in the longitudinal (EW) direction. Severe shear cracks occurred
in the middle columns of frame A, near the contact with the spandrel beam just below the
fifth floor (Figure 4), and these cracks significantly decreased the axial, moment, and shear
capacity of the columns. The shear cracks that appeared in the north (D) frame caused
minor-to-moderate changes in the capacities of these structural elements. No major dam-
age to the interior longitudinal (B and C) frames was observed, and there was no visible
damage to the slabs or around the foundation. The nonstructural damage was significant.
Photographs and detailed descriptions of the damage from the earthquake can be found
in [18,28,29]. An analysis of the relationship between the observed damage and the
changes in equivalent shear-wave velocity along the building height can be found in
[11,27]. A discussion of the extent to which this damage has contributed to the changes in
the apparent period of the soil-structure system can be found in [12,13].
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Figure 4. View of damaged columns A7 and A8 in frame A on the north side of the building after
the Northridge earthquake (see Figure 2) [18].

Accelerations during the 1994 Northridge earthquake were recorded by a 13-channel
CR-1 central recording system and one tri-axial SMA-1 accelerograph with an independ-
ent recording system, which had a common trigger time with the CR-1 recorder [18,44].
Figure 5 shows the first 25 s of recorded strong-motion displacements in the EW direction,
which corresponds to the longitudinal direction in this building. In this paper, we consid-
ered only the longitudinal (EW) response of the building because it was the least affected
by the soil-structure interaction, enabling us to approximately analyze its response via a
simplified 1D, layered, shear-beam model. The motion in the building was recorded at the
ground; at the second, third, and sixth floors; and at the roof. The five highlighted peaks
in the recorded ground displacement, all acting in the same direction, were used in this
paper as a guide to adopt simplified excitation by five half-sine pulses, which are shown
at the bottom of the figures presenting the results of this study. In future generalizations
of this work and associated sensitivity studies, we will consider various combinations of
pulses differing in their total number, relative amplitudes, directions of action, and dura-
tion.
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Van Nuys, 7-story Hotel
Nortrhridge Earthquake, 17 Jan. 1994, M,=6.4
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Figure 5. The first 25 s of the EW recorded earthquake displacements in VN7SH at a ground level;
the second, third, and sixth floors; and at the roof. Pulses are emphasized by shades in the recorded
motion at the ground level, with amplitudes A~11, 12, 10, 8, and 7 cm; durations 1.8, 1.4, 2.3, 1.5,
and 2.4 s; at 3.1, 7.8, 11.2, 15.6, and 19.1 s after the trigger, respectively, and propagated up the
building.

2.2. Method
2.2.1. Model

Our goal is to explore the complexities of nonlinear building response through all of
the stages that led to the building’s collapse. As this is a highly nonlinear problem, we will
approach it in stages by first considering the most elementary models and then progress-
ing toward more realistic ones. To this end, in this paper, we described only the nonlinear
collapsing model consisting of a shear building. We assumed that earthquake ground mo-
tion was only horizontal. We ignored the vertical and rocking ground motions and as-
sumed that there was no soil-structure interaction.

We considered a 1D shear-building model (Figure 6a) excited by a horizontal half-
sine pulse at its base (Figure 6b). We present equations that consider both horizontal and
vertical motion at the building base, but in this paper, we showed the results only for
excitation by a horizontal pulse. The density and shear wave velocity in the building var-
ied with height and are given in Table 1, with values motivated by the VN7SH building,
which we previously investigated. We assumed that the base of our model is rigid, i.e.,
there is no soil-structure interaction, and that during the ground displacement the base
(point 1) moves horizontally with displacement u(#), which is a pulse-like motion. In all

of the results in this paper, we used H, = 20.036 m and &, =0.0025 for the maximum
linear strain in the bilinear stress—strain relationship, with second slope } =0.44 (Figure

7). To enable qualitative comparison with previous studies of the nonlinear response of
the VN7SH building, this stress—strain relationship has been selected based on several
response analyses using simplified engineering push-over methods, reviewed,
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interpreted, and then adopted as in [22]. The average shear-wave velocity in the building

and B are the height and

7
was computed as g, = H, /Zh—’

=1 i

= 91.79 m/s, where

L

shear-wave velocity, respectively, in the i -th building layer.

Table 1. One dimensional VN7SH model assumed to be fixed at its base.

Story Height (m) Number of Spatial Intervals in Each B Pi
h Story (m/s) (kg/m3)
First story 3.987 59 140.20 76.92
Second story 2.675 39 129.50 82.90
Third story 2.656 39 91.44 82.90
Fourth story 2.656 39 79.25 82.90
Fifth story 2.656 39 77.72 82.90
Sixth story 2.6555 39 76.20 82.90
Seventh story 2.7505 40 73.15 82.90
y(m), v(m)
oN'
dy
w dy/2
'N'1 dy
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A —
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: i b
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Figure 6. (a) The model, a shear building with a fixed base. (b) The input horizontal ground motion

pulse.
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Figure 7. The constitutive law for the shear-building material.

We considered a model with continuously varying stiffness, determined from ambi-
ent vibration tests [27]. Because the measurements could not resolve the stiffness associ-
ated with the individual structural members, the floor slabs were not modeled explicitly.
The model was discretized into 294 spatial intervals, so that the top point ~ of the build-
ing in Figure 6a is the 295th point of the model. Above this point, in order to facilitate the
computation of the spatial derivative in the numerical calculations, an additional dummy
point N' is introduced at distance dy , which will be the 296th point of the model. The

constitutive law of the building material o =o (&) is bilinear (Figure 7).

2.2.2. Equations of Motion

To derive the equations of motion of the model, we considered an arbitrary point of
the building, &, in arbitrary time, ¢ (Figure 8). The active forces per unit volume acting
on element k are the inertial body forces pii and piV , and the self-weight pg . The

state of stress at element k consists of shear stress 7., and normal vertical stress o, .

Because of these forces, element k& undergoes shear deformation &, at time ¢. The

translational motion of point k consists of horizontal motion u, and vertical motion v
(Figure 8).

From Figure 8, d¢ =dycose, and the area 4'=AxAz=1 and the relation between
the derivatives with respectto y and ¢ are

o ody 1 2

0 vde  cose, oy @)
From the free-body diagram of element & (Figure 8)
ot ov
_ &n , ' _
YF, =0 = [r§n+ % dy—TinjA -pA (dycossk)a—tx—o 2)

In Equation (2), we introduced the transformation from the x—y tothe -7 co-
ordinate system, in which coordinate & has origin at the center of element & and is ori-
ented in its longitudinal direction, while coordinate 7 drops out because the model is
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1D, including transformation of the derivatives using Equation (1), and divisionby A'dy
gives
ov x 1 ar&‘q
ot pcos?eg Y

®)
Similarly, from the free body diagram of element k (Figure 8)
doy oA vy
YF,=0 = Gy+6_§dy_0y A’ -pA'(dy -cos gy ) - 9 =0 (4)

and Equation (4) becomes

ovy 1 ooy

= -9 5
ot pcos?e. Y ©)

Equations (3) and (5) represent the equations of motion for element k.

y(m) GV+8(5_y_dy
A 4 0 a
ot
n_}_ &n dy
- &
&
......................................... F77}
S I - — HS)
HE&]
¥ =)
3| gk —
V., A
g
x (m)
> Ug

Figure 8. The free body diagram of element # .

2.2.3. Compeatibility Conditions

We introduce a connecting element &, such that it connects points k& and k+1, as
shown in Figure 9, which has length dy and is characterized only by its angular velocity
@ and rotation &y . We use this element to derive the compatibility relation between the
motions of the two points based on the principles of the kinematics of rigid bodies.

Figure 9. The connecting element between two points, k£ and & +1.
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Figure 10 shows the parameters used in the computation of the compatibility rela-
tion. Part (a) shows the horizontal and vertical components, Vi , , V(k +1),x7 Vk,y/ and

Vik +1),y - of the velocity vector at points k& and k+1, Vi and Vi+1.The angular ve-

locity and rotation of the connecting element, o and €, and the relative velocity vector,

V(k+1)/k , between points k and k+1, are shown in part (b). The orientations of the axes

and unit vectors are shown in part (c), while part (d) shows the orientation of the angular
velocities and velocity vectors. The horizontal and vertical velocities of the two points, &
and k+1, are related to each other through the angular velocity of the connecting ele-
ment, o.

Vi {
Vy
X
Vik1)x k+1 =
o
j
- :
(c)

> T v,

N I%‘

(b) (d)

Figure 10. (a) The definition of the horizontal and vertical velocities; (b) rotation, angular velocity
and relative velocity in the connecting element as a rigid body; (c) convention of axes and unit vec-
tors; and (d) convention of horizontal and vertical velocity vectors and angular velocity.

Based on the convention in Figure 10d, o is positive counterclockwise. However,
we adopted a convention such that ¢, and ¢, are positive if clockwise, which implies

¢, = —o . The position vector 7, is defined as the vector that originated at point kand
ending at point k+1 and has length dy. Based on the kinematics of rigid bodies, the
following relations between the velocities at & and k+1 and the relative velocity,

V(k+1) /k , can be obtained

Vil =Vi + V(k+1)/k =Vik +okx7 (6)
V(k+1)’xf + V(k+1)’y] = Vk’xf + Vk’yj — o|F|cos Exl + o|F|sin €] (7)

in which
o=—¢ , |f|=dy (8)

v, Vi), x = Vi x
dy

Substituting Equation (8) into Equation (7) and defining and

Wy Vikrny ~ ey
oy dy

gives
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avx7 avy T s . =
—=1 +—=j =¢§;.|cosg,l —sing 9
2y 2y J k( k kJ) )

Taking dot product of each side of Equation (9) with (cos skf —sin ak]) gives

%{+8La' (coss { —sing 1)_&3 10
2y 2y J | k kJ )= €k (10)
and
. avx aUy .
£ =———COS g ——Singg (11)
oy oy

Equation (11) constitutes the compatibility equation for the element, which relates
the horizontal and vertical velocities of points kand k+1 (Figure 10). It is noted that, in

the absence of such compatibility condition, velocities &y /0f and v, /0, specified in
Equations (3) and (5), would be independent.

2.2.4. The Finite Differences Scheme

The Lax-Wendroff [45] O(df*,dy*) finite difference method for a set of simultane-

ous equations is used to solve the problem. Equations (3), (5) and (11) can be written in
matrix form as

[U,t]3xl = [B]3x2 [F,y :|2><1 + [G]le (12)
in which
uolo F—{%} G- .
- y (> - G ) - _g )
y ov
&k Dx cose - —Ysing,
oy oy
—12 0 (13)
p cos” g
B= 0 12
p cos” g
0 0

Expanding U in Taylor series up to the third term gives

ou At [ o%U 3
Uk,n+1 = Uk,n + At(gj + T[_atQ } +0 (At ) (14)
k,n k.n

The substitution of Equation (12) into Equation (14) gives

2
Ukn+1:Ukn+At BE-FG +AL3 B@_’_G +O(At3) (15)
’ ’ oy k 2 ot oy e

’

In which
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i B@_‘,G :[iBj@_f_Bi@_‘_gG (16)
ot\ Jdy ot )ody ot oy ot

ia_ina_in(a_Fa_szi J Ba_F+G (17)
otdy oy ot oyl\du ot oy oy
And J is the Jacobian matrix
Otgn  Otgn Oty Otey,
ov ov oe 0 P
J = Jacobian(F) = oF = * y = & (18)
ou 60y 6Gy 6Gy 0 6Gy
vy, Ovy,  Oe Ot

Finally, Equation (15) for point k of the model and time step #

comes

2 2
At At At
Uk,n+1 = Uk,n +?Ck,n + 2p Dk,n + 2p

in which

1 G
cos? e Y

1 oo
— —pg

cos? e Y

ov
p aﬁcos € — —ysinak
oy oy

k,n

ov

ov

D =
k,n i 1
oy

oy oy oy

1 o ovy

6vy

ot
i sin(2ey) a&cosek——ysinek [ﬂj
cos g oy oy Yy
0o
i sin (2ey ) aﬁcosak——ysinak —
CoSs ' g oy oy Yy
ot 0c
5 an cosgk—i 12 Y |si
cos” g, Y 9Y | cos“ g, 0Y
2 2
ov, Ov 0 ov
+p —&—ycos(%k)—% [ ij —[—yj sin (2ey )

ot
o OV cos g — ——singy &
cos” g, Y|\ Y oy g

0 0o
E,, = 12 9| % cos gy ——2Lsingy |—=
’ cos” g, 0Y || Yy Yy 23

Ek,n

k,n

k,n

of the analysis be-

(19)

(20)

21)

(22)
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2.2.5. Stresses, Boundary Conditions, and Displacements
The normal stress, G, at each point and its derivative with respect to the strain, &

, are computed as

294 9 )
(%0 ) s = —Ek {p COS™€jn+1 [(”y ) ini " 9}} dy (23)
0 294
Yy — ; . ; .
2, B, o e
N+ =

For a stress-free point at the top of the shear building (point 295, see Figure 6), at all
times, the velocities and stresses at the dummy point (296, see Figure 6) are updated as

(Ve )296 n_ (v )294 n
2dy =0 = (W)aggn =(Ve)roa, (25)
(Uy )296,n - (UU )294,n (26)
( )296 n (G )294,,1 (27)
(¢)206,n =~ (E)a0an = (zen )296,,1 =~ (ten )294,,1 (28)
ot
(. )
296,n 294,n
0o 0o
F),. 3 0
296,n 294.n

The geometric interpretation of the horizontal and vertical positions and rotations of
the first several connecting elements, along with the excitation at the base, are shown in
Figure 11. The horizontal and vertical coordinates of point & at time step n, Xj , and
Y n, depend on the displacement of the elements below it. Let ¢, , be the rotation of the

connecting element between two points & and k+1 (Figure 9). Then, the connection be-
tween the elements (Figure 11) implies

k-1
Xien =(Ug),, + 2 (dysine;n) G1)
moiZ
k-1
Yin = (Vg )l,n + > [dy (cos €jn— 1)} (32)
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Figure 11. Horizontal and vertical displacements and rotations of the model.

3. Results
3.1. Qualitative Calibration

We employ the observed damage in VN7SH only as a qualitative guide about the
cases that may be of interest to explore. We did not attempt to model its response in real-
istic detail, which would require specific modeling of the structure and result in many
response complexities that would make causal interpretation of the final results difficult.
As the nonlinear problems had highly variable outcomes and depended on real-time in-
teraction between the initial conditions, excitation, and nonlinear response, the outcome
could thus be described only by distributions, with no possibility of unique deterministic
results.

We began by using the recorded motions at the base of the building (Figure 5) to
select strong-motion “excitation” consisting of five strong-motion pulses. The pulse am-
plitudes ranged from 7 to 12 cm, and the durations lasted from 1.4 to 2.4 s. As in Figure 5,
we assumed those five pulses all acted in the same direction and at the times correspond-
ing to the times seen in the figure. We calculated the permanent strains in our model and
showed their distribution along the model height after each pulse in Figure 12.
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Figure 12. The permanent strains in the building model resulting from a sequence of five pulses
(pulses start at 0.0 s, 4.7 s, 8.1 s, 12.4 5, and 16.0 s). Strains are shown during the quiescent ground-
motion times—before the onset of the following pulses (before 4.7 s, 8.1 s, 12.4 s, and 16.0 s) and
after the fifth pulse at 18.4 s. Vertical red lines labeled 0.16% show that the permanent strains did
not exceed this value.

In this example, all five pulses act in the same direction. Thus, although it might be
expected that the permanent strains would progressively increase after each pulse, this
was not the case. As Figure 12 shows, between the third and seventh floors (between 7-m
and 16-m heights), permanent strains changed the sign. For example, after the second
pulse, three areas with large, negative permanent strains became permanent positive
strains of comparable amplitudes. During the last, fifth pulse, a similar reversal occurred.
Perusal of the sequence of such changes shown in Figure 12 confirms that the principle of
superposition did not apply in nonlinear problems.

Figure 12 also shows that the reversals of positive and negative permanent strains
were approximately centered near the fifth floor where the main damage occurred during
the Northridge earthquake (Figure 4). Furthermore, Figure 12 shows that during this par-
ticular excitation, the amplitudes of the permanent strain did not increase during excita-
tion by five pulses. The peak permanent strains reached amplitudes of about 0.16% after
excitation by the first pulse, and as shown in the figure by the labeled vertical lines at
0.16%, did not exceed this amplitude during the second and all subsequent pulses.

3.2. An Example of Collapse

As can be seen from Figure 5, the EW pulses in strong-ground motion during the
Northridge earthquake did not exceed about 12 cm, and while these amplitudes did dam-
age the building, it did not collapse. To illustrate a collapsing behavior of the shear-beam
model building, the displacement pulses were amplified 14 times. Thus, in the following
A =154 cm, A, =168 cm, A, =140 cm, A, =112 cm, and A; =98 cm were used as

amplitudes of successive pulses, and the pulse durations of 1.8, 1.4, 2.3, 1.5, and 2.4 s were
kept the same. These amplitudes and durations were not intended to model any specific
measured earthquake displacement, and their purpose was only to illustrate one hypo-
thetical example, which would lead to a complete collapse of the model building in this
paper. Nevertheless, these amplitudes were of the same order as what could be expected
in the vicinity of faults breaking the surface in California.
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In this example, the collapse occurred at the end of excitation, just after the end of the
fifth pulse. For larger amplitudes, the collapse occurred earlier; however, a detailed anal-
ysis and description of such cases was beyond the scope of this paper. In the example
considered here, the building experienced progressively increasing permanent strains,
which would bring it to a rapid collapse after the action of the last pulse, at 18.4 s.

In contrast with Figure 12, which shows reversals of signs of the permanent strains,
and in spite of the fact that all five pulses acted in the same direction, Figure 13 shows
increasing permanent strains, all in the same direction, and a large sign reversal at 18.4 s,
just before collapse.
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Figure 13. Permanent strains in the building model resulting from a sequence of five pulses. Strains
are shown for times during quiescent ground motion just before the onset of the following pulses
(at4.7s,8.1s,12.4 s, and 16.0 s) and after the fifth pulse at 18.4 s.

Figure 14 shows the displacements along the building height during excitation by the
first three pulses. During the first pulse, the drift amplitudes were already much larger
than 1%, and during the response to the second and third pulses, the drifts exceeded 10%.
These were large displacements that exceed the threshold of tolerable drift amplitudes
[46]. Although the building was severely damaged, it was still standing.
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Figure 14. Model displacements during the first three pulses, which, after the third pulse, exceed a
10% drift. Roof displacements corresponding to 1% and 10% drifts are shown with red lines above
the figure. Consecutive displacements of the building are shown during the first three pulses. The
duration times corresponding to the plotted configuration are shown in seconds.

During the action of the last two pulses, between 12.4 s and 18.4 s, the building dis-
placements still oscillated, but with progressively larger displacements, corresponding to
and exceeding drifts of 20% (Figure 15). Then, between 18.4 s and 18.742 s, gravity forced
the building to rapidly fall. The collapse occurred between 18.742 s and 18.763 s. Figure
16 shows the evolution of permanent strains during the beginning of collapse, while the
building swings through the vertical from right to left as shown in Figure 17 (left). Figure
17 (right) shows the very last stages of collapse beginning at 18.742 s and then the final
collapse at 18.763 s.
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Figure 15. Model displacements during the last two pulses. The roof displacements corresponding
to 1% and 10% drifts are shown in red lines above the figure. Consecutive displacements of the
building are shown during the last two pulses. The duration times corresponding to the plotted
configuration are shown in seconds.

In this example, we assumed only the horizontal ground motion, and thus the final
approach to collapse, between 18.4 s and 18.763 s, was dominated by the action of gravity.
Consideration of the vertical and rocking ground motions would have resulted in a more
complex sequence dominated by dynamic instability, especially when the vertical pulse
ground motion acted in the upward direction.
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Figure 16. Permanent strains in the building model after the fifth pulse, during the short time inter-
val from 18.4 s to 18.742 s. The evolution of permanent strains during the time just preceding the
collapse of the building, is shown, which occurs after 18.742 s.
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Figure 17. Movement of the building just before the final collapse (left), and the rapid collapse
sequence between 18.742 s and 18.763 s (right).

4. Discussion and Conclusions

In this paper, we introduced a nonlinear model of a shear beam building that could
collapse as a result of the action of large horizontal displacements at its base and with full
participation of the gravity force. To make the examples of nonlinear response plausible,
the ground-motion pulses used in the examples were selected to resemble the ground
motion recorded at a building site in the central San Fernando Valley during the 1994
earthquake in Northridge, California.

Most contemporary approaches for analyses of collapsing structural response require
sudden removal of one or several key structural-bearing members in order to initiate fail-
ure [1-8]. In contrast, the model we describe in this paper requires no such causal initia-
tion. The model naturally begins to experience large strains and dynamic instabilities
wherever and whenever the wave motion in the structure initiates large nonlinear defor-
mations and unstable configuration. Further refinement and generalization of such a
modeling approach will be invaluable for structural-response analyses and collapse mech-
anisms during other catastrophic events that are associated with extremely large loads
(high winds, heavy debris carried by tsunami inundation, projectile loading and penetra-
tion, above-and-within ground explosions, collisions with heavy objects, and many oth-
ers).

Our aim was not to analyze in detail whether and under what conditions VN7SH
would have collapsed were it excited by larger ground motion—for example, somewhere
near or at an earthquake fault. Such an analysis requires more detailed modeling of the
building, the consideration of all ground-motion components and the modeling of the
soil-structure interaction effects. Nevertheless, our analysis suggests that the approach
described in this paper can be generalized to predictions of nonlinear and collapsing
ranges of response, both in the range of motions that were recorded at the VN7SH site
during the Northridge earthquake and during far greater ground-motion amplitudes that
can be expected to occur near surface breaks of earthquake faults.
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Systematic further development of the analysis methods of the collapsing stage of
response of buildings will make it possible to devise new design strategies, which will be
introduced to delay and prevent collapse. This will require numerous sensitivity studies
and the systematic interpretation of a great many possible outcomes. Monitoring the dis-
sipated energy of nonlinear responses will provide a tool for more realistic design meth-
ods. Such methods will move away from response spectra and toward balancing the time
history of demand power of strong motion with the capacity of structures to absorb the
energy during large nonlinear responses.

The shear beam model we considered in this paper is suitable for buildings with large
plan dimensions and with only moderate heights. For modern tall buildings, the overall
contribution of bending deformations will have to be considered, either as a Timoshenko
beam [21], or as coupled Bernoulli and shear beams [47,48]. Such improvements and gen-
eralizations will be addressed in our future work.
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