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Abstract. The soft-story failure is one of the most typical types of damage observed in buildings during earthquakes. The failure
of an intermediate soft story of a structure results in large impact loading acting on the lower floors due to the fall of the upper
stories. The aim of the present paper is to study the behavior of the structural members exposed to such extreme load conditions
occurring under ground motion excitation. Special attention is paid to investigate the influence of the degradation of horizontal
stiffness of columns on the response of the building during earthquake. The results of the study show that the stiffness degradation
of building columns, due to impact caused by the fall of the upper stories, may have a considerable influence on the structural
response. Moreover, the results clearly indicate that the time of impact plays a substantial role in the overall behavior of the
building suffering from the soft-story failure. It has been shown that the structural response may be increased significantly if
impact takes place when the building is in the range of its peak deformations during the earthquake, especially when the structure
is just approaching the extreme position.
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1. Introduction

The soft-story failure is considered to be one of the most typical types of damage observed in buildings during
earthquakes. In the 1989 Loma Prieta earthquake, for example, many wood-frame buildings in the Marina District
experienced permanent offsets of their soft stories [1]. As the result of the Hyougoken-Nanbu (Kobe) earthquake
of 1995, a large number of the damaged steel and reinforced concrete buildings suffered from failure of the first
or intermediate story due to lack of lateral strength as well as ductility of columns [2,3]. The soft-story failure was
also common during the 2004 Asia earthquake resulting in major damage in downtown of Banda Aceh [4]. It was
observed during ground motions that the failure of an intermediate soft story of a building leads to large impact
loading acting on the lower floors due to the fall of the upper stories. If the resistance of the structural members of
the lower stories is not sufficient the progressive collapse of the whole building may be initiated leading to increased
material damages as well as human loses.

The investigation on earthquake-induced impacts in buildings has been conducted in earthquake engineering for
more than two decades now. However, all of the previous studies were nearly exclusively focused on horizontal struc-
tural interactions observed during earthquakes as the result of the difference in dynamic properties of neighboring
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buildings. This phenomenon, known as the earthquake-induced structural pounding, may lead to substantial damage
or even collapse of colliding structures. The basic investigation on pounding between insufficiently separated build-
ings in series, modeled as single degree-of-freedom systems, was carried out by Anagnostopoulos [5]. Davis [6]
used this simple structural model to study pounding of a building against a rigid adjacent structure. Single-degree-
of-freedom models were also employed by other researchers (see, for example, [7–10]). More detailed analyses
were carried out using discrete multi degree-of-freedom structural models, in which mass of each story was lumped
at each floor level. A number of studies using such numerical models were conducted for isolated and non-isolated
buildings with different heights, story masses and stiffness properties (see [11–15]). The research on earthquake-
induced pounding was also conducted using the Finite Element Method (FEM). The method was employed in
the study conducted by Papadrakakis et al. [16], in which floors of colliding buildings were modeled as single
four-node plane stress elements and walls as four linear beam-column elements. More accurate, three-dimensional
non-linear analysis of pounding between two insufficiently separated buildings using FEM was recently carried out
by Jankowski [17,18].

On the contrary to the earthquake-induced horizontal collisions in buildings, impact between the damaged upper
part of the building falling onto the lower stories after the soft-story failure has not been really studied so far. The
experimental investigation on the behavior of horizontally deformed steel columns (deformation as the result of
earthquake loading) that are additionally subjected to vertical impact load was conducted in [19]. In that study,
however, the introduced pre-deformation was a static one and the influence of the dynamic effects of the ground
motion was not considered (limitation of the experimental setup). The aim of the present paper is to study the
behavior of the structural members of the building under real earthquake excitation subjected to vertical impact load
after failure of the intermediate soft-story. Special attention is paid to investigate the influence of the horizontal
stiffness degradation of columns on the overall structural response during the ground motion.

2. Theoretical approach

Let us consider a column of a building with both ends fixed to the floor slabs, which is exposed to bending (as the
result of horizontal earthquake loading) and simultaneously to vertical load acting on its top (see Fig. 1). The case
of the vertical load, which results only from the weight of the floor slab (static load) was studied by Juhasova [20].
In this paper let us consider a more general case, in which the vertical load results also from impact of the upper
stories falling onto the top of a column after the soft-story failure (dynamic load).

Taking into account the theory of the second order (see, for example, [21]), the differential equation describing
the deformation of the column at a given time, t, of the ground motion can be written as:

EI
∂2u(x, t)

∂x2
+ P (t)x + F (t)u(x, t) = 0, (1)

where E is the Young’s modulus of elasticity, I is the moment of inertia of the cross section, u(x, t) denotes the
horizontal displacement at the distance x from the middle of the column (see Fig. 1), P (t) is the horizontal inertial
force due to earthquake loading and F (t) stands for the vertical force, which consists of the weight of the floor slab
as well as the load due to impact of the upper stories falling onto the top of the column after the soft-story failure.
The general solution of Eq. (1) can be expressed as (compare [20]):

u(x, t) = a(t) sin (k(t)x) + b(t) cos (k(t)x)− P (t)x

EIk2(t)
, (2)

where

k2(t) =
F (t)

EI
, k(t) � 0. (3)

Considering the boundary conditions (see direction of x at Fig. 1), parameters a(t) and b(t) can be calculated as
equal to:
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a) from the condition: u(0, t) = 0 we have: u(0, t) = b(t) cos 0 = 0, so: b(t) = 0,
b) from the condition: u′ ( l

2 , t
)
= 0 we have:

u′
(
l

2
, t

)
= a(t)k(t) cos

(
k(t)

l

2

)
− P (t)

EIk2(t)
= 0, so: a(t) =

P (t)

EIk3(t) cos
(
k(t) l

2

) .
Substituting the derived values of a(t) and b(t) into Eq. (2) leads to:

u(x, t) =
P (t)

EIk3(t) cos
(
k(t) l

2

) sin (k(t)x)− P (t)x

EIk2(t)
, (4)

u(x, t) =
P (t)

EIk2(t)

(
sin (k(t)x)

k(t) cos
(
k(t) l

2

) − x

)
. (5)

For x = l
2 we obtain:

u

(
l

2
, t

)
=

P (t)

EIk2(t)

(
tan

(
k(t) l

2

)
k(t)

− l

2

)
. (6)

The total horizontal displacement of the upper support, u(l, t), can be obtained from the following formula:

u(l, t) = 2u

(
l

2
, t

)
. (7)

Substituting Eq. (6) into Eq. (7) yields:

u (l, t) =
2P (t)

EIk2(t)

(
tan

(
k(t) l

2

)
k(t)

− l

2

)
. (8)

Neglecting the influence of horizontal damping at this stage of considerations, the horizontal stiffness of the column,
K̄(t), can be obtained from the following formula:

K̄(t) =
P (t)

u(l, t)
. (9)

Substituting Eq. (8) into Eq. (9) leads to:

K̄(t) =
EIk2(t)

2

2k(t)

2 tan
(
k(t) l

2

)− k(t)l
, (10)

K̄(t) =
EIk3(t)

2 tan
(
k(t) l

2

)− k(t)l
. (11)

The above relation can also be expressed in the form:

K̄(t) =
12EI

l3
k3(t)l3

24 tan
(
k(t) l

2

)− 12k(t)l
= Kd̄(t), (12)

where:

K =
12EI

l3
(13)

is the horizontal stiffness of the column fixed at both ends (see [21]) and

d̄(t) =
k3(t)l3

24 tan
(
k(t) l

2

)− 12k(t)l
(14)
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Fig. 1. Deformed column exposed to bending (as the
result of horizontal earthquake loading) and simultane-
ously to vertical load acting on its top.

Fig. 2. Relation between the degradation parameter, d̄(t), and k(t)l.

Fig. 3. Inelastic single degree-of-freedom system. Fig. 4. Elastic three degree-of-freedom system.

is a parameter describing the degradation of the horizontal stiffness as the result of dynamic vertical load and is
valued within the interval (0, 1) for 0 < k(t)l < π. The relation between d̄(t) and k(t)l is shown at Fig. 2. It can be
seen from the figure that the value of d̄(t) is nearly equal to 1 for small values of k(t)l ∈ (0, 0.2) indicating that, in
this range, the influence of vertical dynamic load on the horizontal stiffness can be neglected. On the other hand, for
higher values of k(t)l, the value of d̄(t) substantially decreases and for k(t)l → π the degradation parameter, d̄(t),
tends to be equal to zero. From the condition k(t)l → π, considering Eq. (3), one may determine the value of the
vertical critical dynamic force, Fcr(t), for which K̄(t) → 0:

Fcr(t) =
π2EI

l2
. (15)

Comparing the value of the dynamic force Fcr(t) described by Eq. (15) with the value of the vertical critical static
force, Pcr, for the straight column fixed at both ends due to the loss of its stability (see [21]):

Pcr =
4π2EI

l2
, (16)

we can draw the conclusion that: Pcr = 4Fcr(t).
Considering Eq. (12), the dynamic equation of motion in the horizontal direction for a structure modeled as an

inelastic single degree-of-freedom system (see Fig. 3) under earthquake excitation can be written as:

MÜ(t) + CU̇(t) + K̄(t)U(t) = −MÜg(t), (17)

where Ü(t), U̇(t), U(t) is the horizontal acceleration, velocity and displacement of the structure with relation to
the ground; M , C, K̄(t) is the mass, damping coefficient and inelastic stiffness coefficient, respectively; and Üg(t)
denotes the ground motion acceleration.
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It should be mentioned, that the inelastic stiffness coefficient, K̄(t), used in Eq. (17), might incorporate not only
the degradation of horizontal stiffness of columns but also degradation of stiffness of other structural elements. It is
quite an often situation when the seismic loads leads, for example, to the degradation of stiffness of joints between
the columns and horizontal elements (beams or slabs). This effect might play a very important role in the response
of buildings under earthquake excitation, especially in the case of buildings designed according to old standards or
pilotis frame structures (see [22]).

3. Numerical model

In order to investigate the influence of stiffness degradation on the structural behavior under seismic excitation,
a number of numerical simulations have been conducted. The study has been focused on the response of a three-
story building, in which failure of the second and the third story is assumed to take place at different times of the
earthquake and those upper stories fall onto the top slab of the first story. The analysis has been conducted in the
following three phases (changes between particular phases make the analysis nonlinear):

3.1. Response of the building before impact

In the first phase of analysis (before impact), the building has been modeled as an elastic three degree-of-freedom
system (see Fig. 4). The dynamic equation of motion for such a structural model under earthquake excitation can be
formulated as:

MÜ(t) +CU̇(t) +KU(t) = −M1Üg(t), (18a)

M =

⎡
⎣M1

M2

M3

⎤
⎦ ; Ü(t) =

⎡
⎣ Ü1(t)

Ü2(t)

Ü3(t)

⎤
⎦ ; U̇(t) =

⎡
⎣ U̇1(t)

U̇2(t)

U̇3(t)

⎤
⎦ ;U(t) =

⎡
⎣U1(t)
U2(t)
U3(t)

⎤
⎦ , (18b)

C =

⎡
⎣ C1 + C2 −C2

−C2 C2 + C3 −C3

−C3 C3

⎤
⎦ ;K =

⎡
⎣ K1 +K2 −K2

−K2 K2 +K3 −K3

−K3 K3

⎤
⎦ , (18c)

where: Üi(t), U̇i(t), Ui(t), Ki, Ci (i = 1,2,3) is the horizontal acceleration, velocity, displacement, damping coef-
ficient and elastic stiffness coefficient for a story with mass Mi, respectively.

3.2. Response of the building during impact

After failure of the second and the third story, the behavior of the remaining first story of the building has been
modeled as an inelastic single degree-of-freedom system (see Fig. 3). The dynamic equation of motion formulated
in Eq. (17) has been employed taking M = M1, C = C1 and K̄(t) determined according to Eq. (12). The dis-
placement, velocity and acceleration of the first story, as obtained at the end of the previous phase for the three
degree-of-freedom system, have been taken as the initial values. In this phase of the analysis, the vertical force, F (t)
(see Fig. 1), due to impact of the upper stories falling onto the top of the first story, has been calculated at each time
step using the non-linear viscoelastic model of impact force expressed by the formula [23]:

F (t) = β̄δ
3
2 (t) + c̄(t)δ̇(t) for δ̇(t) > 0 (approach period of impact),

F (t) = β̄δ
3
2 (t) for δ̇(t) � 0 (restitution period of impact),

(19)

where β̄ is the impact stiffness parameter, δ(t) describes the relative deformation of colliding structural members
and c̄(t) is the impact element’s damping which, for the free fall of the second and the third story onto the top of the
first story, can be obtained from the formula (compare [23]):

c̄(t) = 2ξ̄

√
β̄
√
δ(t)

M1(M2 +M3)

M1 +M2 +M3
, (20)
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Fig. 5. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 1 s.

Fig. 6. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 2 s.

where ξ̄ denotes the damping ratio related to a coefficient of restitution, e. The approximate relation between ξ̄ and
e in the non-linear viscoelastic model can be expressed by the formula (see [10]):

ξ̄ =
9
√
5

2

1− e2

e (e(9π − 16) + 16)
. (21)

3.3. Response of the building after impact

It has been assumed in the analysis that after impact the weight of the second and the third story stays at the top
of the remaining first story and the building has also been modeled as an inelastic single degree-of-freedom system
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Table 1
Peak displacement values under the El Centro earthquake for different cases of impact times

Time of impact s Peak displacement m Increase %
With stiffness degradation Without stiffness degradation

1 0.1016 0.1006 0.99
2 0.1008 0.0990 1.82
3 0.0883 0.0795 11.1
4 0.0551 0.0551 –
5 0.0778 0.0736 5.71
6 0.0723 0.0554 30.5
7 0.0613 0.0613 –
8 0.0613 0.0613 –
9 0.0613 0.0613 –

Fig. 7. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 3 s.

(see Fig. 3). The dynamic equation of motion formulated in Eq. (17) has been used taking M = M1 +M2 +M3,
C = C1 and K̄(t) determined according to Eq. (12). In this phase of the analysis, the constant value of the vertical
force, F (t) = (M1 +M2 +M3) g (g is the gravity acceleration), which results only from the weight of all floor
slabs, has been applied.

4. Results of numerical simulations

The numerical simulations have been focused on the behavior of a three-story building, in which failure of the
second and the third story is assumed to take place at different times of the earthquake and those upper stories fall
onto the top slab of the first story. The following values describing the structural properties of the intact building
have been used in the analysis (see [14]): M1 = M2 = M3 = 25 × 103 kg, K1 = K2 = K3 = 3.460× 106 N/m,
C1 = C2 = C3 = 6.609× 104 kg/s (structural damping ratio, ξ = 0.05), l = 3.5 m. The values of the non-linear
viscoelastic impact force model’s parameters have been applied as equal to: β̄ = 2.75 × 109 N/m3/2, ξ̄ = 0.35
(e = 0.65) (see [14,23]). In order to solve the equations of motion Eqs (17) and (18) numerically, the time-stepping
Newmark method [24], with the standard parameters: γN = 0.5, βN = 0.25 (see [25]) and constant time step
Δt = 0.0002 s, has been used. The numerical procedure has been programmed using MATLAB software. The NS
component of the El Centro earthquake (18.05.1940) has been applied in the analysis.
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Fig. 8. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 4 s.

Fig. 9. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 5 s.

The analysis has been conducted for two cases. First, the response of the building has been determined taking
into account the degradation of horizontal stiffness of columns under seismic excitation and vertical load. Then, a
similar analysis has been carried out without considering the effect of stiffness degradation. It has been assumed in
the analysis that impact (due to the fall of the upper stories onto the top of the first story) takes place at different
times of the earthquake. The examples of the results, for impact at t = 1 s, t = 2 s, t = 3 s, t = 4 s, t = 5 s,
t = 6 s, t = 7 s, t = 8 s and t = 9 s of the El Centro earthquake, are shown in Figs 5–13. The peak displacement
response values for different cases of impact times are denoted in the figures by arrows and also summarized in
Table 1. Additionally, Fig. 14 presents the impact force, F (t), relative vertical deformation of colliding structural
members, δ(t), and the impact element’s damping time histories during impact, c̄(t), which gives some insight into
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Fig. 10. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 6 s.

Fig. 11. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 7 s.

the model of impact force defined in Eqs (19)–(21).
It can be seen from Figs 5–13 that incorporation in the numerical analysis the degradation of horizontal stiffness

has a considerable influence on the structural behavior under earthquake excitation. In nearly all of the cases the
stiffness degradation leads to the increase in the response of the first story of building (the only exception is the
reduced response shown in Fig. 11 for impact at t = 7 s). Moreover, the curves shown in Figs 5–13 indicate that the
time of impact plays a substantial role in the overall behavior of the structure. It can be seen from Figs 7, 9, 10 and
13 that, for the case when impact takes place when the structure is in the range of its peak deformations during the
earthquake, the increase in the structural response can be really substantial (especially in the case when the structure
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Fig. 12. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 8 s.

Fig. 13. Displacement time history of the first story of building under the El Centro earthquake with and without considering the degradation of
horizontal stiffness for impact at t = 9 s.

is just approaching its extreme position). In the case of impact at t = 6 s (see Fig. 10), for example, the increase in
the peak displacement due to the degradation of horizontal stiffness is as high as 30.5%. Relatively high increase in
the peak displacement value (by 11.1%) can also be observed in Fig. 7 obtained for impact at t = 3 s. On the other
hand, when impact takes place when the displacement of the building is relatively small (see Figs 5, 6, 8 and 11),
the incorporation of the stiffness degradation on the structural response is less important, even that some increase in
the peak displacement (on the order of 1–2%) due to the degradation of horizontal stiffness has also been recordered
(see Table 1).
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Fig. 14. Time histories during impact: (a) impact force; (b) relative vertical deformation of colliding structural members; (c) impact element’s
damping.

5. Concluding remarks

The behavior of the structural members of the building under earthquake excitation which are additionally sub-
jected to vertical impact load after failure of the intermediate soft-story has been studied in this paper. Special
attention has been paid to investigate the influence of the horizontal stiffness degradation of columns on the overall
structural response during the ground motion. First, the theoretical approach to the problem of the column’s defor-
mation has been presented. Then, the numerical analysis concerning the behavior of a three-story building suffering
from the earthquake-induced soft-story failure has been described.

The results of the study show that the degradation of horizontal stiffness of building columns, due to impact caused
by the fall of the upper stories, may have a considerable influence on the structural response. Moreover, the results
clearly indicate that the time of impact plays a substantial role in the overall behavior of a building under earthquake
excitation. It has been shown that the structural response may be increased significantly if impact takes place when
the structure is in the range of its peak deformations during the ground motion, especially when the structure is just
approaching the extreme position. On the other hand, when impact takes place when the actual displacement of the
building during earthquake is relatively small, the influence of the stiffness degradation on the structural response is
less significant.

The study described in this paper has concerned the response of a three-story building modeled as a lumped mass
system under unidirectional earthquake excitation. Moreover, only the degradation of horizontal stiffness of columns
has been considered and the degradation of stiffness of joints (which might play an important role in the response
of buildings under earthquake excitation) has not been considered in the numerical model. Further studies on more
detailed structural models of different types of buildings under three-dimensional ground motion excitations are
therefore required in order to extend our knowledge on behavior of buildings suffering from the soft-story failure
during earthquakes.
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