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Abstract: The sequence of collapsing stages of buildings during strong earthquake shaking is still
a poorly understood phenomenon. This study aims to use numerical simulations to improve our
understanding of the sequence of phenomena that accompany the collapse of buildings during
damaging earthquakes. For that purpose, we use a nonlinear shear-beam model of a building that is
excited by a sequence of large horizontal and vertical displacement pulses at its base. The propagation
of the input pulses through the structure is simulated by a finite difference scheme. We select the
properties of our model to be similar to those of a seven-story hotel in San Fernando Valley of
the Los Angeles metropolitan area, which was damaged during the 1994 Northridge, California
earthquake. We present results of one example of collapsing response of the model to hypothetical but
plausible ground motion close to an earthquake fault. We illustrate the response only for a sequence
of horizontal and vertical pulses. We show the differences in the nature of the collapsing sequence for
vertical upward and downward pulses of ground motion. Rocking input motions will be added in
our future work. Improved understanding of the stages of collapse of buildings will be useful for the
development of design strategies to prevent it.

Keywords: building collapse during earthquake; nonlinear shear-beam model; damage in a seven-
story hotel; finite difference method

1. Introduction

We present an example of a building model that experiences nonlinear response
and collapse when excited at its base by a sequence of simultaneous horizontal and vertical
displacement pulses. The collapse of a building is a complex physical process, characterized
by large material and geometric nonlinearities and interaction between the nonlinear
response and the excitation, which develop as the response progresses. To facilitate the
understanding and the systematic interpretation of the relative significance of the different
components of excitation, we have been investigating this nonlinear problem in stages
with progressively increasing complexity of the excitation. In our previous work [1], we
considered the same model subjected only to horizontal pulse excitation; the study showed
that the collapse was initiated by large horizontal deflections, which were consequently
taken over by the gravity forces. The vertical inertial forces, caused by the vertical ground
motion pulses at the base, introduce dynamic instability and add to the complexity of
the response that leads to large nonlinearities and eventually to collapse. Investigation
of the role of rocking base motion, acting concurrently with the vertical and horizontal
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pulses at the base, is not included in this paper but will be addressed in our future work.
Consideration of the effects of soil–structure interaction is also out of the scope of this study.

In this paper, the building model analyzed is a fixed-base shear beam with variable
stiffness along its height. We assume that the building has relatively large plan dimensions,
compared to the height, in order for it to deform as a whole mostly in shear. The response
of the model is computed in the time domain by tracing the propagation of the input
displacement pulses using a finite difference scheme. Collapse in a cell of the finite difference
scheme is defined as the state when its vertical lines reach horizontal position; once this
state is reached, it remains unchanged during the subsequent excitation. Collapse of the
structure is defined as the state in which all cells have collapsed.

Earthquakes, tsunami, hurricanes, explosions, vehicle impact, fires, and terrorist at-
tacks, may cause critical damage to structures that can lead to collapse. Some examples
of structural failures that have led to many victims, extensive damage, and social impact
include Ronan Point in London, the Capitan Arenas in Barcelona, the Argentine Israelite
Mutual Association in Buenos Aires, the Murrah Federal Building in Oklahoma, the Sam-
poong Department store in Seoul, the World Trade Center in New York, and the Achimota
Melcom Shopping Centre in Acra [2]. To prevent such events, structures need to be able
to sustain considerable damage without collapsing completely, i.e., to be resilient. Ideally,
resilient structures should be able to survive an extreme event and remain functional, as
well as to enable restoration to their pre-event performance. Achieving this design goal
requires in-depth understanding of the geometry and mechanics of collapse sequences.

Analyses of collapsing structures and proposals for resilient design started to appear
around the year 2000. Between 1940, when Lord Baker analyzed buildings damaged
by bombs [2], and 2000, there were fewer than five papers per year addressing collapse.
By 2010, that number grew to 40 per year, and by 2017 it reached 130 per year [2]. Re-
cent reviews of studies of collapsing behavior of structures appear in Adam et al. [2],
El-Towil et al. [3], Byfield et al. [4], Qian and Li [5], and Kunnath et al. [6].

The papers on methods for collapse prevention describe the following three widely
used approaches [2]. (1) The tie force methods provide the levels of tying, ductility, and
continuity required to prevent failure and are recommended for structures with low risk of
failure. In buildings, the collapse is initiated when one of its vertical loads carrying members
fails, leading to a sequence of failures that can end in total collapse. To prevent these failures,
(2) alternative load path (ALP) method can be introduced (e.g., Vierendeel action, catenary
action, and contribution of the nonstructural elements). When the ALP approach cannot
provide sufficient load distribution ability, (3) the key element design methods, which
introduce key structural elements providing strength of last resort (i.e., structural members,
the failure of which initiates the collapse), can be introduced. The ALP method begins with
sudden removal of a key load-carrying member and has been used in analyses of modular
high-rise buildings [7,8], steel buildings [9], and reinforced concrete (RC) buildings [10,11].
Recorded and observed collapses during demolition of buildings have been used to verify
the accuracy of computer simulations [12,13].

The key characteristic of the above proposed methods for prevention of structural
failure, leading to collapse, is the educated assumption by the design engineer about
which structural members may initiate the failure sequence. Identifying these members
is a straightforward decision in the case of placement of explosives for demolition of
structures, or when the impact by heavy objects is known in advance. However, these
members are impossible to anticipate for shaking by large earthquakes. Observations of
failed buildings, following earthquakes, have shown that the failure can be initiated near
the top, anywhere along mid-height and at the base of the building. Studies based on
wave propagation have shown that this is indeed the case [14–16]. Numerical modeling
of buildings that can predict spontaneous initiation of failure, during exposure to strong
earthquake shaking, can contribute to our understanding of the sequence of events leading
to failure. The numerical model described in this paper can provide this information,
in terms of distribution functions describing the outcomes, after it has been shaken by
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numerous strong ground motion time histories. Description of the outcomes in terms
of distributions is necessary due to the numerous possible outcomes resulting from the
mutual interaction of the excitation with the nonlinear response amplitudes.

Evidence of partial and complete collapse of various stone structures, caused by strong
earthquakes, could be seen at numerous archeological sites since before the 1900s. In the
1930s, strong motion accelerographs were introduced [17], opening the possibility to record
the response of a collapsing building during a strong earthquake, but such response has
not yet been recorded. Currently, there are many instrumented structures worldwide; only
in a few of them, the response during the early stages of damage has been recorded [18–22].

The approach used in this paper differs from the previous studies in that the collapse
begins spontaneously with the occurrence of large strains and instabilities caused by the
ground motion, and then continues to be governed by the large nonlinear waves and by the
action of gravity. Our approach enables studying the locations in the structure at which the
collapse is initiated and the factors that influence its initiation, spreading, and the sequence
of collapsing displacements.

To the best of our knowledge, there are no instrumented buildings that have experi-
enced collapse during earthquake shaking. In this paper, the parameters of our building
model are chosen to correspond approximately to the east-west (EW) response of Van Nuys
seven-story hotel (VN7SH; Figure 1), an instrumented reinforced concrete building in the
Los Angeles Metropolitan Area, which was lightly damaged by the MS = 6.5 San Fernando
earthquake of 9 February 1971, and, 23 years later, severely damaged by the ML = 6.4
Northridge earthquake of 17 January 1994 [18–20]. As a rare example of an instrumented
building that has been severely damaged by an earthquake, it has been the subject of or the
motivation for many studies [1,14,16,21–31]. During the 1994 Northridge earthquake, its
response was recorded by a 13-channel CR-1 central recording system and a self-contained
triaxial SMA-1 accelerograph with common trigger time [19,32].
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Figure 1. (Top left) Northeast view; (top right) typical transverse section; and (bottom) typical floor
framing plan of the Van Nuys seven-story hotel (VN7SH).
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The faulting during the San Fernando earthquake of 1971 started at depth of 9 km
with a slip of 10 m; its dislocation then spread upward and southwest along approximately
a 45◦ dipping fault, breaking the ground surface at about 12 km northeast of the VN7SH.
The vertical surface breaks ranged from 0.5 to 1 m upward and 0.8 to 1.7 m in the strike slip
direction [1,33]. During the 1994 Northridge earthquake, the slip was initiated at depth of
17.5 km, about 8 km west of the VN7SH, with a slip of 3 m. The dislocation then propagated
up toward northwest and west and stopped at depth of 5 km below the ground surface.
The fault was 18 km long and 24 km wide [1,34].

Detailed description of the building and of the damage caused by the Northridge
earthquake can be found in [18–20]; a recent summary can be found in [1]. Herein, we
include only a brief description of the structure and a review of the damage. Figure 1 shows
a photo of the building, a typical transverse section, and a typical floor plan, in which the
column lines have been marked and the dimensions of the structure have been specified.
Figure 2a shows the shear-beam model and the distribution of the shear-wave velocity
along its height (discussed in more detail in the next section), and Figure 2b shows a photo
of the north side of the building and views of columns A7 and A8, which were severely
damaged. The structural damage was most severe in the exterior north (D) and south (A)
frames, which had been designed to resist most of the lateral loads in the longitudinal (EW)
direction (Figure 1). Below the 5th floor, shear cracks occurred in the columns of frame
A, near the contact with the spandrel beam (Figure 2b) [1]. The shear cracks in the north
(D) frame were minor. There was no damage to the interior longitudinal (B and C) frames,
and there was no visible damage to the slabs or around the foundation. The nonstructural
damage was significant.
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Figure 2. (a) The model (layered shear beam) and its shear-wave velocity profile, based on ambient
vibration tests [23]. (b) View of columns A7 and A8, which were severely damaged by the 1994
Northridge earthquake (located on the north side of the VN7SH building).

The response of the building to the Northridge earthquake was recorded at the ground,
second, third, and sixth floors, and at the roof. Figure 3a shows the first 25 s of the east-west
(EW) displacements. The five highlighted peaks in the recorded ground displacement,
all acting in the same direction, are used in this paper as a guide in adopting simplified
excitation by a sequence of five half-sine pulses. Figure 3a, shows one pulse with amplitude
A and duration td. The response of the model was computed for several cases of a sequence
of pulses, which are shown in the figures presenting the results. The amplitudes of the
pulses are hypothetical and are meant to illustrate only one possible path toward complete
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collapse of the model. We will consider various combinations of pulses, differing in
their total number, relative amplitudes, directions of action and duration, in our future
generalizations of this work and associated sensitivity studies.
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Figure 3. (a) The first 25 s of the EW component of displacement, recorded in VN7SH building during
the 1994 Northridge earthquake, at ground level, second, third, and sixth floors, and at the roof.
Pulses in the displacement responses are emphasized by shades. At ground level, the pulses have
amplitudes A ∼11, 12, 10, 8, and 7 cm, durations td = 1.8, 1.4, 2.3, 1.5, and 2.4 s, and occur at time
t = 3.1, 7.8, 11.2, 15.6, and 19.1 s after trigger. (b) Model of an input horizontal ground motion pulse.
The vertical pulse of the same shape will have amplitudes 1/5, 1/2, 3/4 of A.

This paper is organized as follows. The Materials and Methods section present the
model and the method of solution. The method is the same as in [1]; only a summary
is presented in this paper for the purpose of completeness. The Results section presents
plots of the model displacements at various moments of time until collapse occurs, and the
Discussion and Conclusions section presents the conclusions of this study.

2. Materials and Methods
2.1. Model

The one-dimensional (1D) structural model is a fixed-base shear beam of height Hb
and with piecewise constant varying stiffness, determined from ambient vibration tests
of the VN7SH (Figure 2a) [25]. Since the measurements could not resolve the stiffness
associated with the individual structural members, the floor slabs were not modeled
explicitly. Every floor of the building is represented as a layer, with height hi, mass density
ρi, and shear-wave velocity βi, i = 1 to 7. The numerical values of these parameters are
shown in Table 1 and the wave velocity profile is shown next to the building model in
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Figure 2a. Overall, the total height Hb = 20.036 m and the average shear-wave velocity is

βb = Hb/
7
∑

i=1

hi
βi

= 91.79 m/s.

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

Story Story Height (m)
hi

Number of Spatial
Intervals in Each Story

βi
(m/s)

ρi
(kg/m3)

1 3.987 59 140.20 76.92
2 2.675 39 129.50 82.90
3 2.656 39 91.44 82.90
4 2.656 39 79.25 82.90
5 2.656 39 77.72 82.90
5 2.6555 39 76.20 82.90
7 2.7505 40 73.15 82.90

The motion of the model is described in the x−O− y, which has origin at the base, as
shown in Figure 2a. Its horizontal and vertical displacements u(t) and v(t) are positive,
respectively in the positive x− and y− directions. The structure is excited by horizontal
and vertical displacements at the base ug and vg.

The finite difference model of the building is divided into 294 spatial intervals in such
a way that point N on the top of the building is the 295th point of the model (Figure 4a). In
order to simplify the computation of the spatial derivative in the numerical calculations, a
dummy point N′ is defined as the 296th point of the model, at distance dy above the top
point N.
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A bilinear stress–strain relationship σ = σ(ε) is adopted for the material such that
the ratio between the second and the first slopes γ = 0.44; the maximum linear strain is
selected as εyb = 0.0025 (Figure 4b). This stress–strain relationship has been selected based
on several response analyses using simplified engineering push-over methods, reviewed,
interpreted, and then adopted as in [14].

The finite difference scheme propagates the wave motion into the model. This motion
is initiated with horizontal and vertical pulses at the base, upward into the model. The
wave propagates into the beam with local linear velocity, defined in Figure 2a, when
the amplitudes are in the linear range, and with reduced velocities (Figure 4b) when the
strains exceed εyb. For long waves, the finite difference scheme combines the wave motion
propagating from the base upward with the wave motion reflected from the top of the
beam and propagating downward.

2.2. Equations of Motion and Compatibility Conditions

Figure 5a shows a free-body diagram of an arbitrary element k of the beam at the
n-th time step. The element has length dy and cross-sectional area A′ = ∆x ∆z = 1.
The absolute horizontal and vertical displacements of its center are u and v. At time t, it
undergoes rotation εk and is subjected to inertia body forces ρ

..
u and ρ

..
v, self-weight ρg, per

unit volume, and to shear and normal stresses τξη and σy, acting on the cross-sectional area
of the deformed element. The local coordinate ξ has origin at the center of the element
and is oriented in its longitudinal direction, while the local coordinate η is eliminated
since the model is 1D (Figure 5a). Upon coordinate transformation from the x− y to the
ξ − η coordinate system, the dynamic equilibrium equations in the horizontal and vertical
directions become as follows [1]:

∂vx

∂t
=

1
ρ cos2 εk

∂τξη
∂y

(1)

∂vy

∂t
=

1
ρ cos2 εk

∂σy

∂y
− g (2)
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To obtain the compatibility equation that relates the horizontal and vertical velocities at
the center of elements k and k + 1, a connecting element k, between these points is introduced,
in order that it has length dy and moves by rotation εk and angular velocity ω (Figure 5b).
The angular velocity is positive counterclockwise while the rotation of the connecting
element and its time derivative

.
εk are positive clockwise. Based on the principles of

kinematics of rigid bodies, the horizontal and vertical velocities of points k and k + 1 are
related to each other by the compatibility equation for the connecting element k [1]:

.
εk =

∂vx

∂y
cos εk −

∂vy

∂y
sin εk (3)

2.3. The Finite Difference Scheme

The set of simultaneous equations is solved by the Lax and Wendroff’s O(dt2, dy2)
finite difference scheme [35]. For this purpose, a matrix form of Equations (1)–(3) is
defined as

[U,t]3×1 = [B]3×2
[
F,y
]

2×1 + [G]3×1 (4)

in which

U =


vx
vy
εk

, F =

{
τξη
σy

}
, G =


0
−g

∂vx
∂y cos εk −

∂vy
∂y sin εk

,

B =


1

ρ cos2 εk
0

0 1
ρ cos2 εk

0 0

 (5)

Upon expanding U in Taylor series up to the third term and introducing Jacobian
matrix for vectors U and F ([1]), vector U at time step n + 1, and in the center of element k
is computed as

Uk,n+1 = Uk,n +
∆t
ρ

Ck,n +
∆t2

2ρ
Dk,n +

∆t2

2ρ
Ek,n (6)

in which

Ck,n =


1

cos2 εk

∂τξη
∂y

1
cos2 εk

∂σy
∂y − ρg

ρ
(

∂vx
∂y cos εk −

∂vy
∂y sin εk

)


k,n

(7)

Dk,n =



1
cos4 εk

[
sin(2εk)

(
∂vx
∂y cos εk −

∂vy
∂y sin εk

)](
∂τξη

∂y

)
1

cos4 εk

[
sin(2εk)

(
∂vx
∂y cos εk −

∂vy
∂y sin εk

)(
∂σy
∂y

)]
∂

∂y

(
1

cos2 εk

∂τξη
∂y

)
cos εk − ∂

∂y

(
1

cos2 εk

∂σy
∂y

)
sin εk+

+ρ

{
− ∂vx

∂y
∂vy
∂y cos(2εk)− 1

2

[(
∂vx
∂y

)2
−
(

∂vy
∂y

)2
]

sin(2εk)

}


k,n

(8)

Ek,n =


1

cos2 εk

∂
∂y

[(
∂vx
∂y cos εk −

∂vy
∂y sin εk

)
∂τξη

∂ε

]
1

cos2 εk

∂
∂y

[(
∂vx
∂y cos εk −

∂vy
∂y sin εk

)
∂σy
∂ε

]
0


k,n

(9)

2.4. Stresses, Boundary Conditions, and Displacements

The normal stress σy at the center of element k and at time step n is computed using
the rotation ε and the vertical acceleration

..
v of the center of the elements above it [1]. To
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satisfy the stress-free boundary condition at the top (point 295 in Figure 4a) at all times,
the horizontal and vertical velocities and the derivatives of the shear and normal stresses,
with respect to the shear strain or rotation ∂τξη

∂ε and ∂σy
∂ε at the dummy point (point 296 in

Figure 4a) should be the negative of the corresponding values at point 294. Moreover, the
shear and normal stresses at point 296 should be the same as the corresponding values at
point 294 [1]. The geometric definition of horizontal and vertical positions and rotations of
the first and other connecting elements are shown in Figure 5b.

The horizontal and vertical positions of the center of element k at time step n, Xk,n, and
Yk,n are computed using the rotations of the element below it. Suppose εk,n is the rotation
of the element connecting the centers of elements k and k + 1 at time step n. Then,

Xk,n =
(
Ug
)

1,n +
k−1

∑
j=1

sin εj,ndy (10)

Yk,n =
(
Vg
)

1,n +
k−1

∑
j=1

cos εj,ndy (11)

2.5. Definition of Collapse

The collapse of a layer, which has height dy, occurs when its vertical lines rotate by an
angle of ±π/2 and become horizontal. Once this occurs, the layer is not allowed to deform
any further and its rotation is set permanently to ±π/2. This shifts the vertical axis of the
model by ±dy/2 at this layer and everywhere above it, which increases the overturning
moment and contributes to the collapse of the adjacent elements above and below it.

3. Results

We use the observed damage in VN7SH as a qualitative guide to define cases that
would be interesting to investigate. We do not attempt to model its response realistically
and in detail since we would need accurate modeling of the building, which, in turn, would
lead to complexities in the results, making it difficult to interpret them.

The sequence of horizontal EW pulses during the Northridge earthquake, which
had maximum amplitudes less than 12 cm (Figure 3a) caused severe damage but did not
cause collapse. In order to simulate collapsing stages of the model, the amplitudes of the
horizontal pulses were amplified 14 times [1]. After this magnification, the amplitudes of
the consecutive horizontal pulses are A = 154, 168, 140, 112, and 98 cm, and their durations
are td = 1.8, 1.4, 2.3, 1.5, and 2.4 s. The horizontal pulses are combined with vertical pulses
to have amplitudes A, which are 1/5, 1/2, and 3/4 of those of the corresponding horizontal
pulses and durations td, which are the same as those of the horizontal pulses. The vertical
pulses are all upward or all downward. These pulse amplitudes and durations are not
specific to a particular earthquake but are expected to be similar to those found in the
vicinity of faults breaking the ground surface.

We select the vertical pulses to have amplitudes equal to 1/5, 1/2, and 3/4 of the
amplitudes of the horizontal pulses to illustrate the consequences of incident wave motion
arriving at the building site with different incident angles. In this paper, we illustrate
the response only for the pulses that can be thought of as representing body waves. We
will investigate how the surface Love and Rayleigh waves contribute to the collapsing of
buildings in our future papers.

In our previous study [1], we subjected the same building model to the same sequence
of five horizontal pulses and observed that the collapse occurred at the end of the fifth pulse.
For pulses with larger amplitudes, collapse would occur sooner, which can be shown with
a more detailed analysis. In the following examples, the model is excited by simultaneous
horizontal and vertical pulses and will experience progressively increasing permanent
strains, which will bring it sooner to collapse.
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Figures 6–9 present selected results. In all of them, the plots in the first row show
the displacements along the building height at different time instances. The red lines on
the top mark the ±1% and ±10% drift amplitudes, corresponding to the displacement
scale at the bottom. The different lines correspond to a sequence of the building model
positions eventually leading to collapse. The center row shows the pulses and the times
when the collapse is initiated and completed. The bottom row shows the vertical and
horizontal positions of the top of the building up to the time of collapse. The plots in the
second row show the corresponding input displacement pulses. The third row of plots (in
Figures 8 and 9 only) shows the horizontal and vertical displacement of the roof at the time
of collapse.
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Figure 6. (Top) Plots of the model displacement during the excitation by each one of the first three
pulses. During and after the first pulse, the interstory drift exceeded 10%. The roof displacements
that correspond to the interstory drift of 1% and 10% are indicated by red lines on the top of the plots.
The different lines show the displacements at different time instances. The heavy lines indicate the
start and end time of the corresponding time interval. (Bottom) The input horizontal (solid lines) and
upward vertical (dashed lines) pulses. In this example, the vertical pulses have amplitudes that are
3/4 of those of the corresponding horizontal pulses.
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fifth pulses. Collapse begins at 17.765 s and is completed at 17.74 s. 
Figure 7. Same as Figure 6 but showing the model displacement during excitation by the fourth and
fifth pulses. Collapse begins at 17.765 s and is completed at 17.74 s.
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Figure 8. (Top) The model displacement during the collapsing stages of the structure for different
amplitudes of the upward vertical pulses: 1/5 (part (a)), 1/2 (part (b)), and 3/4 (part (c)) of those of
the horizontal pulses. The horizontal wide gray lines mark building floors 2 through 7. (Middle) The
last two of the sequence of five pulses during which collapse occurs. (Bottom) Horizontal and vertical
positions of the roof of the building model around the time of collapse. The green dot indicates the
start of collapse.
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Figure 9. Same as Figure 8, but for downward vertical pulses. In this example, collapse occurs during
the third and fourth pulses.

In the examples shown in Figures 6 and 7, the vertical pulses act upward and have
amplitudes equal to 3/4 of those of the horizontal pulses. Figure 6 shows the displacements
during excitation by the first three pulses. During the first pulse, the drift amplitudes
already exceed 10%, and during the response to the second and third pulses, the drifts
become significantly larger than 10%. These are large displacements that exceed the
threshold of tolerable drift amplitudes [36]. Although the building is severely damaged, it
is still standing. Figure 7 shows the displacements during excitation by the last two pulses.
During the action of the last two pulses, between 12.4 s and 17.675 s, the displacements
still oscillate, but are progressively larger, corresponding to and exceeding 20% drift. Then,
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between 17.675 s and 17.74 s, the gravity forces the building to rapidly fall. The collapse
occurs at 17.74 s.

Figures 8 and 9 show the last stages of collapse, respectively for vertical pulses acting
upward and downward. Each of these two figures has three columns ((a) to ((c)), which
correspond to different scaling factors of the amplitudes of the vertical pulses (1/5, 1/2,
and 3/4). The plots show only the pulses during which collapse occurs (pulses 4 and
5 in Figure 8 and pulses 3 and 4 in Figure 9). It is seen that, in all cases, the final stage
of the collapse begins when the horizontal displacements of the top of the building are
large, and the top of the building oscillates with a period of 1.054 s. The oscillation in the
vertical position of the top of the building has period 0.527 s and results from up and down
movements of the top associated with its horizontal motion.

The location where collapse begins is different in Figures 8 and 9. In the former, the
final stage of the collapse starts near mid-height, and then progresses due to the action of
gravity. In all three cases shown in Figure 8, the building collapses to the left. In Figure 9,
the collapse begins at the base of the building, and then progresses up toward the other
elements. In this figure, the building collapses to the left in cases (a) and (b), and toward
the right in case (c).

In Figure 8, the vertical ground pulses act upward, thus increasing the axial forces in
the structural members carrying the vertical loads in buildings modeled by our simplified
shear beam. This moves the axial loads in the columns closer to their critical buckling loads.
In Figure 9, the vertical ground pulses act downward, thus decreasing the axial loads in
the columns due to the gravity loads. It is seen that, for very large ground motions in the
vicinity of faults with very large dislocation amplitudes, this can lead to short time intervals
during which the compression forces in the columns due to the weight of the building can
become negative (tension). We will investigate the consequences of these increases and
decreases of forces in columns for different construction materials (concrete, steel, wood,
masonry, etc.) in our future studies.

4. Discussion and Conclusions

We described the collapsing stage of a nonlinear model of a shear building subjected
to large amplitude horizontal and vertical displacement pulses at its base, including the
effects of gravity. The duration of these pulses was chosen to be similar to the ground
motion recorded at a building site (Figure 3a) in the central San Fernando Valley during
the 1994 earthquake in Northridge, California, but the amplitudes of the horizontal pulses
were magnified 14 times and those of the vertical pulses were magnified by factors of 2.8, 7,
and 10.5 to provide a collapse condition. It was shown that, for the example considered,
for downward vertical pulses, the collapse began at the first element (counted from the
base upward), and then extended to the elements above it. For upward vertical pulses, the
collapse was initiated at the elements at mid-height. The collapse was initiated sooner in
the case of downward vertical pulses as compared to the case of upward vertical pulses.

The shear-beam model, selected for this analysis, is based on the assumption that
the building columns are infinitely rigid under the action of the axial forces, and thus do
not deform. Therefore, considering M–N (moment–axial force) interaction and its role in
analyzing the collapse of this building’s columns does not come into play. The collapsing
mechanism in this building model can be viewed as occurring due to the creation of plastic
hinges at the top and bottom of the columns, which eventually allows the columns to
collapse toward the horizontal (collapsed) direction, equal to ±π/2.

Many current methods for analyzing the structural response in the collapse phase
require sudden removal of one or more main structural members to initiate failure. In
contrast, the model presented in this paper does not require this starting point. The
presented model naturally begins to experience large strains and dynamic instability when
the wave motion in the structure creates large nonlinear deformations and an unbalanced
configuration. The generalization of this model will be valuable for the analysis of structural
response and failure mechanisms during other extreme events that are associated with very
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large loads (high winds, heavy debris carried by tsunami inundation, projectile loading
and penetration, above-and-within ground explosions, collisions with heavy objects, and
many others).
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