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Abstract Buildings are the most concerned element in landslide
risk assessment. A weak link in landslide risk analysis is the
evaluation of building response and vulnerability when impacted
by a landslide. In this paper, failure mechanisms and processes of
typical reinforced concrete buildings upon landslide impacts are
discovered through an explicit time integration analysis in LS-
DYNA. The Arbitrary Lagrangian-Eulerian formulation, which
allows automatic rezoning, is applied to simulate the landslide
flow dynamics and the impact into the building. Three landslide
intensity levels are considered. Progressive collapse of the building
is observed in the high-impact intensity case. The frontal walls are
firstly destroyed due to its low out-of-plane flexural capacity,
followed by the progressive failure of columns at the ground floor.
The collapse of building occurs when the remaining load-bearing
components cannot resist the superstructure loadings. Two plastic
hinge failure mechanisms are observed on the damaged columns
when the ultimate bending moments of the columns are exceeded
at both ends. Finally, a five-class classification system is proposed
to evaluate building damage states based on field observations and
the numerical simulation results. The analysis helps robust build-
ing design and assessment of building vulnerability to landslides.

Keywords Landslides - Debris flow - Buildings - Vulnerability -
Impact analysis - Progressive failure - LS-DYNA

Introduction

Rainfall- or earthquake-induced landslides can be destructive
events when they mobilize large volumes of soil and/or rock and
undergo large distances. It is impossible to stop such disastrous
events of the nature; the only way is to reduce or avoid the risk
(Tiwari and Marui 1999). In such a case, risk mitigation measures
must necessarily focus on the vulnerability of the exposed ele-
ments and, in particular, of the buildings potentially impacted by
landslides, as the destruction of buildings can not only cause
enormous economic losses but also endanger the people inside
the buildings. Corominas et al. (2014) performed comprehensive
quantitative landslide risk assessment and noted that the vulner-
ability assessment, which is a key component of landslide risk
assessment, has been limited. A significant research gap exists in
assessing the vulnerability of buildings exposed to landslides
(Mavrouli et al. 2014).

Existing methods to assess the damage of building structures
can be divided into the following three categories: expert judgment
or factor-related method (Leone et al. 1996; Uzielli et al. 2008; Li
et al. 2010; Uzielli et al. 2015), statistical methods based on past
failure data (Fuchs et al. 2007; Akbas et al. 2009; Totschnig and
Fuchs 2013; Quan Luna et al. 2011; Lo et al. 2012; Jakob et al. 2012;
Eidsvig et al. 2014; Kang and Kim 2016; Peduto et al. 2017; Zhang
et al. 2018), and physically based numerical simulations (Mavrouli
and Corominas 2010a, 2010b; Negulescu and Foerster 2010;
Fotopoulou and Pitilakis 2013; Parisi and Sabella 2017). Among
these methods, statistical methods are the most frequently used in
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the literature. Despite the progress in the assessment of building
vulnerability to landslides, some important aspects are still miss-
ing in the statistical methods. First, the accuracy of the statistical
methods is highly data-dependent and some important data about
landslide intensity and structure damage state are very hard to
retrieve from past failure events. Second, the explicit interaction
process between landslide intensity and building damage is not
considered. Many uncertainties are involved in the interaction
process. Particular characteristics of buildings, such as the struc-
ture type, material property, geometry, and position, are not con-
sidered, so that the building damage is often expressed as
monetary loss. Few are expressed as physical damage. If any, the
damage states of building are classified in a qualitative way (e.g.,
Jakob et al. 2012; Kang and Kim 2016). Third, the landslide inten-
sity is often expressed as the debris depth as it can be obtained
easily from field surveys. Other intensity measures, such as veloc-
ity or pressure, are rarely available in the literature.

A prerequisite for the establishment of a physical vulnerability
model is to understand the interaction process and failure
mechanisms of building structures. An explicit physical meaning
can, then, be provided to enhance the structural design and reduce
the vulnerability of building structures. Mavrouli and Corominas
(20104, 2010b) have utilized a finite element model to analyze the
dynamic response of buildings subjected to rockfall. Buildings
exposed to slow-moving landslides have been studied in a numer-
ical method by Fotopoulou and Pitilakis (2013). As for the rapid
flow-like landslide, Faella and Nigro (2003a, 2003b) performed
pioneering work on the failure mechanisms of buildings based
on field studies. Federico and Amoruso (2008) applied a uniform
hydrodynamic pressure on the whole height of an RC pillar to back
analyze the column failure mechanism proposed by Faella and
Nigro (2003a). Mavrouli et al. (2014) presented a method to assess
the vulnerability of simple reinforced concrete buildings based on
limit state theory. More recently, Parisi and Sabella (2017) carried
out fragility analysis for RC-framed buildings and masonry infill
walls using pushover analysis. A distributed landslide impact
pressure was applied to the structure directly, which was assumed
to consist of a hydrostatic pressure and a dynamic overpressure.
Yet, the impact process between the landslide and the building is
not considered. It is still a challenge to predict the progressive
collapse process of buildings impacted by landslides or debris as a
complex dynamic interaction process (Zeng et al. 2015). The pro-
gressive failure mechanisms of the building structure must be
explored further and verified with field evidence.

In this paper, a numerical method is applied to investigate
the landslide-building interaction and building failure process.
The structural responses and progressive collapse mechanisms
of typical RC-framed buildings are analyzed. In the following,
the numerical models are described in the “Analysis
methodology” section. Then, the progressive collapse process-
es and failure mechanisms are analyzed in the “Progressive
building collapse processes” and “Failure mechanisms of
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building components” sections. Finally, a five-class classifica-
tion system is proposed to assess the building damage state.

Analysis methodology

Numerical model

Numerical simulation of the complex interaction between a land-
slide and a building is still a challenging task, especially when large
deformations are involved. LS-DYNA is a multi-purpose finite
element platform; its contact algorithms and fluid-structure inter-
action module are suitable for dealing with the complex interac-
tion problems. Kwan et al. (2015) and Koo et al. (2017) have
utilized this package to analyze landslide flow and landslide-
barrier interaction problems. It has been shown to provide good
predictions of landslide mobility and landslide-structure interac-
tions. More importantly, it provides an algorithm to simulate the
complicated behavior of reinforced concrete components. There-
fore, an explicit dynamic analysis of progressive collapse of a
three-dimensional reinforced concrete (RC)-framed building
structure due to landslide impact is carried out.

In this impact simulation, three parts need to be
modeled—landslide, RC-framed building structure, and terrain,
which are shown in Fig. 1. The landslide is modeled using 8-node solid
elements with one integration point. The Arbitrary Lagrangian-
Eulerian (ALE) formulation, which can perform automatic rezoning
and handle scalar advection in an Eulerian grid, is applied to the solid
elements of landslide (Hallquist 2006). The terrain is modeled using
rigid solid elements. The RC-framed building structure can be simu-
lated by both implicit and explicit models. In an implicit model, the
reinforced concrete is regarded as a homogenous material in which the
concrete and rebar are treated as a whole. Generally, an implicit

(a) Landslide
flow mass

Column

method, using beam and shell elements, is more efficient and most
commonly used to analyze the global structure response in the liter-
ature, for example, under seismic loading (Lin et al. 2014) or blast
loading (Almusallam et al. 2010). However, as Elsanadedy et al. (2014)
mentioned, the employment of beam elements for columns and
beams may create problems in the application of blast pressure, which
means the two-node beam elements cannot be well coupled with ALE
elements and the loads on columns are only transmitted through the
facade elements. In this way, the column and beam failure, which is a
critical failure phenomenon in the building damage evaluation, cannot
be well captured. Therefore, in this paper, the explicit model is applied
considering its accuracy.

In an explicit model, the rebar and concrete are discretized into
beam and solid elements, respectively. The concrete volume is
modeled using 8-node solid hexahedron elements which have
three degrees of freedom at each node. The stirrup and longitudi-
nal reinforcements in the concrete are modeled as two-node beam
elements using the Hughes-Liu beam element formulation. A
coupled algorithm provided by LS-DYNA is applied to simulate
the concrete-rebar interaction. The velocity and acceleration of
rebar nodes are distributed to related concrete nodes, and, then,
the two updated variables of the concrete nodes are redistributed
to the beam nodes. So, the momentum conservation and the force
balance can be achieved, and the rebar can move almost the same
way as the concrete.

The background of the impact analysis in Fig. 1is the Shenzhen
landslide, which occurred on 20 December 2015. The landslide
destroyed 33 modern buildings, leading to 73 deaths and 17 inju-
ries. This case provides not only the building prototype and the
landslide material parameters but also a chance to investigate the
failure mechanisms of buildings.

Longitudina
1 rebar

Fig. 1 Finite element model: (a) global model; (b) RC-framed building; and (c) detailed configuration
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The modeling of reinforced concrete structures is firstly vali-
dated against a single-beam analysis. Then, progressive collapse
analysis is conducted on a 2-bay (4.8 m), 3-span (3.6 m), and 3-
story (3.6 m) RC-framed structure, which is a typical building
structure type. Figure 1 shows the globe numerical model and
the RC building details. The relative distance between the landslide
mass and the building is 50 m, which is scaled down from the
background case. The width of the flow channel is 30 m. The
reinforcements of the columns and beams consist of 8@14 longi-
tudinal rebars and 8-mm-diameter hoops placed at 200 mm spac-
ing. The transverse and longitudinal reinforcements of the slab are
modeled at 200 mm spacing. The section of the columns and
beams is rectangular; 300 mm X 300 mm in dimension. The thick-
ness of the slabs and walls is 150 mm. The window size is 1.2 m X
1.4 m at 0.9 m height from the bottom of the wall. The windows
and doors are assumed to have no resistance to the landslide
impact and are not modeled.

Material models

The landslide flow mass is simulated as a single-phase frictional
soil material (MAT_SOIL_AND_ FOAM), which is assumed to be
elasto-plastic, and described by the Drucker-Prager yield criterion.
This material model has been shown to be able to simulate well
landslide dynamics (Kwan et al. 2015; Koo et al. 2017). The
deviatoric perfectly plastic yield function, f, is described in terms
of the second stress invariant J,:

f = L-lac + a,p + a.p’] (1)

where a,, a,, and a, is the mean
stress.
The original Drucker-Prager (D-P) yield criterion can be

expressed as:

V], =A+BI (2)

are coefficients and p

where I,  is the first invariant of Cauchy stress; J, is the second
invariant of the deviatoric part of Cauchy stress; and A and
B are material coefficients. Since p=1,/3, we can obtain a, =
A?, a,=6AB, and a,=9B.

Given friction angle ¢ and cohesion ¢,
ing yield function parameters, A and B,
calculated by:

Ao 2,/3c cosp B_ 2 sing
~ (3+sing) " (A3(3+sing)

the correspond-
in Eq. (2) can be

(3)

According to Yin et al. (2016), the flow material in the Shenzhen
landslide was soft and wet and is considered saturated in this
paper. The shear strength parameters of the samples were deter-
mined using consolidated quick direct shear test. The minimum
undrained shear strength parameters were ¢ =20° and c=
10 kPa. In this paper, these parameters are used to reproduce
the flow process by assuming an undrained condition during the
landslide flow process as the duration of flow and impact is short.

The constitutive material models for reinforcements and concrete
need to be determined separately. A three-invariant cap model is

applied to describe the concrete behavior (*MAT_CSCM _CON-
CRETE). The yield function is expressed by Murray (2007) as:

f(]n]za]yﬁ) :]z_sz}Fc (4)

where Fy  is the shear failure surface:

Fr(1) = a-dexp™ + 0J, 5)

The values of &, (3, A, and @ are selected by fitting the
model surface obtained from the triaxial compressive tests on
plain concrete cylinders. The intersection of the shear surface
and the cap is at ;=x. F. is the hardening cap:

[II_L(H)} “]1_L(H)| + ]1_L(H:)]
2[X(k)=L(r)]*

Fc(]n’f) =1- (6)

k if K > Ko
where L(k) is defined as ko otherwise and ko is the

value of J; at the initial intersection before hardening occurs as
the cap moves. F. is equal to unity for J,<L(x) and elliptical
for J,>L(x). The intersection of the cap with the J, axis is
X(k). This value depends on the cap ellipticity ratio R, which
is the ratio of the major and minor axes: X(x)=L(k)+
RF; (L(k)). R, which is calculated based on the Lord angle
and experimentally determined values at different pressures, is
used to determine the strength of concrete at any state of stress
relative to the strength at the triaxial compression state; for exam-
ple at the triaxial tension state or torsional state. The advantage of
this model is that it models the complex behavior of concrete by
specifying the unconfined compressive strength only.

An elastic-plastic material model is employed to model the
longitudinal steel reinforcements and stirrups. This model is able
to properly describe the hardening behavior of steel. HRB400
reinforcing bars are applied. The masonry wall is a more complex
component, as it comprises of masonry bricks and mortar. Con-

L(k) =

sidering the fact that the wall components always fail in a brittle
manner, in this paper, an elastic-perfect-plastic material is utilized
considering the strength in tension. The constitutive model pa-
rameters for different materials are summarized in Table 1.

In continuum modeling and numerical simulations, erosion tech-
niques are often used to avoid computer overflow. If any element
reaches the prescribed failure thresholds, it will be assumed to have
no resistance to any loading and then deleted from the calculation.
In the present study, the failure criteria of concrete are based on the
maximum principal strain provided by the model. A concrete ele-
ment is deleted when it reaches a maximum principal strain of o.2.
The wall elements are deleted when the plastic strain reaches o.1. A
plastic failure strain of o.1 is adopted for the reinforcements in
concrete. It should be noted that these values are obtained by trial
and error. If they are too large, computer overflow and element
distortion will still occur. If these values are too small, a large number
of elements will be deleted, which is not reasonable and may lead to
numerical instability. Using this erosion algorithm, the progressive
collapse process of buildings can be observed clearly.

Boundary conditions, loadings, and contact interfaces
The foundation of the building is not considered in the numerical
model, and fixed boundary conditions are assigned for the bottom
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Table 1 Constitutive model parameters

Landslide soil

Parameters

Concrete Steel reinforcement Infill wall

Bulk density, p (kg/m’) 2000 2400 7850 1800
Elastic modulus, E (MPa) 20 23,000 200,000 5900
Poisson’s ratio, v 0.3 0.15 0.30 0.15
Undrained friction angle, ¢ (°) 20 - - -
Undrained cohesion, ¢ (kPa) 10 - - -
Unconfined compressive strength (MPa) - 20.1 - -
Yield stress (MPa) - - 400 0.53
Ultimate stress (MPa) - - 540 -
Failure strain - 0.20 0.10 0.10

nodes of the columns and walls. This implies that only the super-
structure can be affected by the landslide impact. All the degrees of
freedom of the landslide nodes at the bottom are fixed. Slide
boundary conditions are applied on the nodes at the sides of the
landslide mass. Both the dead loads (gravity) and live loads are
considered. According to the load specifications for the design of
building structures (MOHURD 2012), a uniformly distributed load
of 2 kN/m” is imposed on the top surface of the slab and roof. The
gravity load is applied as a ramp loading function and maintained
constant once it reaches the peak gravity load level. Subsequently,
the live load is applied in a similar ramp function (Fig. 2).

The Coulomb frictional rule and a penalty method are applied
at the landslide-terrain interface and the landslide-barrier inter-
face. The penalty method places an imaginary normal interface
spring at the contact surface. The contact force is calculated based
on the interface stiffness and the penetration depth (Hallquist
2006). A penalty factor f; (default=o0.1) is used to scale the
estimated stiffness k.  For a solid element, the scaled stiffness is:

_ fsiKiAiz

ksi Vi

(7)

where K; is the bulk modulus; A; 1is the face area of the ele-
ment; and V; is the volume of the element. The friction coeffi-
cient, y, at the landslide-terrain interface is taken as 0.30, which
is obtained by trial and error to get a predetermined impact
velocity. The friction coefficient at the landslide-barrier interface

is set to 0.36, which is given by y=tan ¢.

Landslide reaches the building

Load

Gravity load (ramp function)

Live load (ramp function)

Time (s) '

Fig. 2 Loading stage in the numerical model
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Progressive building collapse processes

Before conducting the impact analyses, validation of the modeling
method for the reinforced concrete components has been per-
formed. The three-point bending test on a typical RC beam is
simulated to validate the method. The validation case is described
in detail in the Appendix.

In this paper, three impact energy cases, namely low-, moderate-,
and high-impact intensity cases with three frontal impact velocities
of 4.8, 6.8, and 8.8 m/s, respectively, are carried out. In order to
generate a series of landslides with different levels of kinetic energy,
only the height of slope is varied and all other conditions are
identical with each other. The slope heights for the three levels of
kinetic energy are 28.3, 30.2, and 32.2 m, respectively. The progressive
development of building damage state, thus, can be observed clearly
and verified with each other conveniently.

The impact processes of these three impact cases are shown in
Figs. 3, 4 and 5. Figure 3 shows the final stage of the building
impacted by a landslide in the low-impact intensity case. In this
case, only the frontal wall failure is observed. The frontal walls are
destroyed, first, due to its low out-of-plane flexural capacity; then,
the landslide material flows into the building, reaching one half
bay of the building. The primary structural components are not
damaged because of the low kinetic energy of the landslide in this
case. A building damaged in this manner was observed in the
Shenzhen landslide, as shown in Fig. 6a. This building was located
at the distal end of the landslide; the kinetic energy of the landslide
front was too small to cause structural damage.

Figure 4 shows the snapshots of the building damage observed
in the moderate-impact intensity case. After the failure of the
frontal walls, two corner columns are damaged, followed by the
destruction of the side walls behind the corner columns. The two
middle columns still bear the superstructure loads. After the
destruction of the frontal walls, the material flows into the build-
ing and destroys the inner walls in the 2nd row (Fig. 4b). However,
the material does not reach the corner columns in the 2nd row due
to the fact that the columns have higher resistance than the brick
walls and part of the kinetic energy of the flow material has been
absorbed by the 1st row corner columns. After the failure of the
columns, the superstructure loads are arrested by the beam and
infill wall system above the failed column, avoiding collapse of the
building. This damage state of building was observed in the
Zhouqu debris flow (Fig. 6b). Overall, the kinetic energy of the
landslide in this moderate-impact intensity case is not sufficient to



(b)

k_z

Fig. 3 Snapshots of the frontal wall failure in the low-impact intensity case: (a) oblique view; (b) top view; and (c) side view

cause the collapse of the building and only local damage occurs.
The failure mechanism of the two corner columns will be
discussed later.

Figure 5 shows the progressive collapse process of the
building in the high-impact intensity case. Unlike the situa-
tion in the moderate-impact case, following the failure of the
corner columns, the two middle columns are also damaged
during the initial impact. Then, the landslide debris marches
forward and destroys the walls behind the damaged columns.
Because of the larger kinetic energy, the flow material reaches
the columns in the 2nd row, destroying the two corner col-
umns in the 2nd row first and the two middle columns in the
2nd row subsequently, since the flow material reaches the
corner columns in the 2nd row earlier (Fig. 5g). Although
the strength of the corner and middle columns is the same,
the failure times are different. This is caused by the different
failure mechanisms and conditions of the flowing material.
After this moment, only the columns in the 3rd row remain,
which are not sufficient to bear the superstructure loads. The
whole building starts to fall forward, and damage initiates on
the top of the columns in the 3rd row. Finally, the whole
building collapses. This state of building damage was ob-
served in the Shenzhen landslide (Fig. 6d). This building
was located at the near end, and its bottom floor was totally
destroyed, followed by the collapse of the upper floors.

(@)
Torsional failure
of the corner
columns

The building collapse is induced by the progressive failure of
columns, which are the main components to bear the vertical load
for the RC-framed building. Figure 7 shows the vertical loading
transfer in the columns. In Fig. 7a, after the initial impact, the axial
forces in the 1st row columns start to increase and the corner
columns fail at 5.5 s with an axial force of 300 kN. After that
moment, the axial forces in the middle columns increase suddenly
to 400 kN, and the failure of the middle columns is observed at
5.6 s. The axial force, then, transfers to the columns in the 2nd row,
quickly increasing from 100 to 400 kN, followed by the gradual
increase to 700 kN from 5.7 to 6.4 s. This stage corresponds to the
failure of the side walls in the 1st bay. At 6.5 s, the flow material
reaches the corner columns in the 2nd row, and failure occurs. The
axial force, then, transfers to the middle columns in the 2nd row
with a dramatic increase from 700 to 1700 kN, and the middle
columns fail. The above-mentioned progressive vertical loading
transfer in the high-impact case can also be partially observed in
the moderate-impact intensity case (Fig. 7b).

Failure mechanisms of building components

The collapse of the RC-framed building is induced by failure of the
vertical bearing components, i.e., the columns. As mentioned
previously, the corner columns are the first bearing components
destroyed by the landslide. Figure 8 shows the time histories of the
earth pressure behind the corner and middle columns in different

(b)

Fig. 4 Snapshots of impact process in the moderate-impact intensity case: (a) oblique view; (b) top view; and (c) side view
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2nd row corner
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2
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_

Fig. 5 Snapshots of progressive building collapse in the high-impact intensity case: (a—f) oblique view; (g) top view; and (h) side view

impact cases. For the corner columns, in all three impact cases,
there is a pressure difference among the left, front, and right sides
of the corner columns due to the different flow conditions. The
highest peak earth pressures occur in the front of the corner
columns, from a strong interaction between the columns and the
flowing landslide material. The smaller peak earth pressures on the
left and right sides of the corner columns reflect two facts. First,
the landslide material can flow through the open area on one side.
Second, the frontal walls on another side almost have no resistance
under the out-of-plane loading induced by the landslide and can
be suddenly destroyed. This leads to a weaker interaction mecha-
nism and, hence, a smaller peak earth pressure. Similarly, the
highest peak earth pressure occurs in the front of the middle
column. However, the earth pressures on the left and right sides
of the middle column are almost the same due to the similar flow
condition.

Because of the pressure difference on the corner columns,
torques are produced on the corner columns (Fig. 9). The ultimate
torque is about 25 KNm for the high- and moderate-impact inten-
sity cases, at which the corner columns are destroyed. In the low-
impact intensity case, in which the corner columns do not fail, the
maximum torque is about 12 kNm. A complex flexural-torsional
failure mechanism is observed for the failed corner columns,
which leads to a lower ultimate bending moment than the pure
bending failure of the middle columns. Figure 10 shows the time
histories of the bending moment on the bottom of the columns. In
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the high-impact intensity case, the ultimate bending moment in
the failed 1st row corner column is about 50 kNm, which is lower
than that in the failed 1st row middle columns (i.e., 75 kNm in
Fig. 10a). The ultimate bending moments are about 9o kNm for the
columns in the 2nd row (Fig. 10ob). This slight increase of the
ultimate bending moment is caused by the increased axial force
in the column.

In the moderate-impact intensity case, the ultimate bending
moment in the failed 1st row corner column is also 50 kNm. For
the middle column, although the peak bending moment is still
large (Fig. 10¢), a plastic zone only appears at the bottom, which is
a fixed end directly impacted by the landslide. After this initial
impact, the walls behind the middle columns do not collapse due
to the lower impact energy. A plastic hinge does not develop at the
top of the column. In this way, the middle columns do not expe-
rience bending failure. In the low-impact intensity case, no struc-
tural components are destroyed as the bending moments on the
columns are small (Fig. 10d).

From the discussion in the previous texts, it can be concluded
that the interaction mechanism and the failure mechanism of the
RC columns are well captured by the impact analyses. The plastic
hinge theory can well explain the failure mode of the columns. The
failure of the building components occurs at the same time of the
peak pressure in this study. If the impacted components survive
from the initial impact of landslide, a safer condition would be
achieved due to the quick drop of the impact pressure.



Fig. 6 Building damage states observed in Shenzhen landslide and Zhouqu debris flow

Vulnerability of buildings

To estimate the vulnerability of buildings to landslides or debris
flows, the damage state of the building and the landslide intensity
need to be determined. To accurately evaluate the building damage
state, it is necessary to establish a classification system based on the
specified damage scenario and failure mechanisms. Leone et al.
(1996) provided a sample of levels of damage to buildings.
Vamvatsikos et al. (2010) identified building damage based on col-
lapse mechanisms observed in field studies. Hu et al. (2012) proposed
a classification scheme based on a classification system of earth-
quake damage to buildings. Mavrouli et al. (2014) also defined five

(a)
2000 1st corner
> -=-=-- Ist middle
< 15001 =-me= 2nd corner
=SS O 2nd middle
S 1000
3 e
5 5001 s, #ETTT

Time (s)

e .

) &

http://news.cri.cn/gb/27824/2010/08/
10/78252950188_13.htm

damage states considering hierarchies of structural components.
Kang and Kim (2016) applied the classification scheme proposed
by Leone et al. (1996) and Hu et al. (2012) to determine the damage
degree of buildings. However, the hierarchies of the damage state of
buildings are not clear as they are established according to expert
experience on building damage state. Moreover, the description of
the level of damage is not specific and not unified in the existing
systems, which impedes their application in landslide risk analysis.

In this paper, a five-class classification system for RC buildings

is proposed (see Table 2) on the basis of the work done by the
above-mentioned researchers considering the impact analysis

~
o
~
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2000+ 1st corner
-=-=-- Ist middle
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50 55 6.0 6.5 7.0
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Fig. 7 Vertical loading evolution in the columns: (a) high-impact intensity case and (b) moderate-impact intensity case
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Fig. 8 Pressure time histories on the columns: (a) corner columns in the high-impact intensity case; (b) middle columns in the high-impact intensity case; (c) corner
columns in the moderate-impact intensity case; (d) middle columns in the moderate-impact intensity case; (e) corner columns in the low-impact intensity case; (f) middle

columns in the low-impact intensity case

results. The hierarchy of the damage state can be established more
solidly as the progressive failure process and failure mechanisms
of building components have been fully explored. The
vulnerability value here is expressed as the damage degree of
building and determined based on Leone et al. (1996) and Kang
and Kim (2016). It is worth noting that, under the framework of
quantitative risk assessment, the risk may be expressed as the
annual monetary loss per area unit (Corominas et al. 2014). Hence,
the physical damage degree can also be correlated to the repair
cost by calculating the repair cost of the damaged components
directly as the damage scenario has been specified for each dam-
age state. The proposed classification system, thus, can be applied
to the evaluation of the damage state of specified RC buildings.
To predict the building vulnerability to landslide, the landslide
intensity is also required. The landslide intensity can be expressed
by flow depth, impact pressure, or impact velocity. Among them,
impact pressure is an essential indicator of landslide intensity. In
the above-mentioned three impact cases, the maximum-impact
pressures occur at the bottom of the columns and are almost the
same for the corner and middle columns, approximately 477, 323,
and 222 kPa in the high-, moderate-, and low-impact intensity
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cases, respectively. The hydrodynamic model, which is most com-
monly used to estimate the maximum pressure, is expressed as:

p max = ap VZ (8)
where pra 1S maximum impact pressure; o is a dynamic empirical
factor; p  is the density of debris; and v  is the frontal flow velocity.

In this paper, the o values for the three impact cases are
deduced in Table 3. The deduced Froude number (Fr) values are
1.45, 118, and 0.89 for the high-, moderate-, and low-impact intensity
case, respectively. The o« value for each case is not identical but
increases with the decrease of Fr. In the literature, the hydrodynamic
model has been investigated by many researchers (e.g., Lichtenhahn
1973; Hungr et al. 1984; Armanini 1997; Hiibl and Holzinger 2003;
Hiibl et al. 2009; Canelli et al. 2012; Cui et al. 2015). Variations in
o were observed due to the following several factors: boulder effect
(Wu et al. 1993) or large particle effect, inhomogeneity of the fluid,
and gravitation effect. This model is developed based on the global
momentum balance to a control volume of incompressible flow;
hence, the impact pressure in this model is the average pressure
induced (Lo 2000). However, the obtained pressure here is a local
value, and the compressible characteristic of the earth flow cannot be
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Fig. 9 Torques on the 1st row columns: (a) high-impact intensity case; (b)
moderate-impact intensity case; (c) low-impact intensity case (notes: L, left; R,
right; C, corner; M, middle)

considered by this model. Moreover, it is commonly accepted that
the impact pressure consists of both hydrostatic and hydrodynamic
parts. The gravitational component is not involved in the
hydrodynamic model. That is why Hiibl and Holzinger (2003) pro-
posed a power model considering both components:

Prmax = (aFr") pv* (9)

F,=v/\/gh

in which the relationship between Fr and the dynamic empirical
factor o is established by data fitting with two coefficients a =
45 and b=-12. The calculated Fr values and dynamic em-
pirical factors for the three impact cases follow well the established
relationship given in Hiibl and Holzinger (2003). In Fig. 11, the
predicted impact pressure values based on Eq. (9) are also very
close to the simulated results. These may be attributed to the scale-
free relationship of this model. Both the dynamic/inertia compo-
nent (v) and the static/gravitational component (h) are in-
volved in the power model. Therefore, the power model can be
applied to predict the maximum impact pressure.

After reaching the maximum pressure, if the impacted col-
umn is destroyed, the earth pressure will decrease quickly and
finally reach the static earth pressure. Figure 8a,b shows that
the static earth pressures for the corner columns are smaller
than those for the middle columns in the high-impact intensity
case. This is due to the different failure mechanisms of the
columns. The higher the resistance of the columns is, the more
kinetic energy of the landslide will be absorbed, leading to a
lower flow velocity. In this way, after the failure of the middle
columns, the material flows slower and the earth pressure
cannot be easily released. The above-mentioned phenomenon
can be more easily observed in the moderate-impact intensity
case (Fig. 8c,d). The static earth pressures behind the middle
columns are much higher than those behind the corner col-
umns due to the fact that the middle columns are not
destroyed. Figure 8e,f shows the static earth pressure in the
low-impact intensity case. As only the frontal walls fail, the
slight difference on the static earth pressures behind the corner
and middle columns is caused by the better flow condition near
the corner columns.

For a building under a given impact intensity of landslide, the
responses of the building components can be obtained by combin-
ing the failure mechanisms with an impact pressure model. The
resistance of each structure component can also be obtained ana-
Iytically based on the identified failure mechanisms and material
properties; namely, the out-of-plane flexural failure in frontal walls
(slightly damage state), the bending failure of columns (moderately
damage state), and the resistance of the beam and infill wall system
above the damaged columns to the partial collapse (heavily damage
state). The completely damage state can be evaluated by a threshold
of landslide intensity, e.g., 9 m/s in this paper. Kang and Kim (2016)
also obtained a threshold velocity of 9.4 m/s to reach vulnerability
factor V=10 for RC-framed buildings. The vulnerability of the
buildings to a landslide or debris flow, thus, can be assessed. Note
that the physical vulnerability of a building depends on both the
building characteristics and the impact load. A single parameter
(e.g., impact pressure given in Hu et al. 2012) is insufficient to
indicate the building damage state.

Summary and conclusions

A significant research gap exists in assessing the vulnerability of
buildings to landslides. The understanding of the failure mecha-
nism of buildings impacted by landslides can provide a solid basis
for robust building design and building vulnerability assessment.
In this paper, an explicit integration program has been utilized to
analyze the response of typical RC-framed buildings impacted by
landslides. Three impact cases with different frontal impact veloc-
ities, namely, low-, moderate-, and high-impact intensity cases,
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destroyed in the sequence of frontal walls, 1st row corner
columns, 1st row middle columns, walls behind the damaged
columns, and, finally, the columns in the next row. The col-

were evaluated, and progressive failure of the building was ob-
served. The key findings are summarized as follows:

1. The frontal walls in the ground floor are the first damaged

component due to their low out-of-plane flexural capacity. The
landslide material, then, flows into the building and destroys
the remaining components.

If the impact energy of a landslide is large enough, the struc-
tural components of the building on the ground floor can be

umns are critical structural components, and the building
collapse is caused by the progressive failure of the columns.
The whole building will collapse when the remaining columns
cannot resist the superstructure loads.

The beam and infill wall system provides resistance to the
vertical loads above the failed columns and arrests partial

Table 2 Classification of damage states for RC buildings impacted by landslides and debris flows

Damage state Damage description

Case histories

Damage degree (0
means no damage and

1.0 means totally
damaged)

Completely Serious damage of the majority of the structural High-impact intensity case; Fig. 6d for total 0.7-1.0
components (i.e., columns), leading to collapse and Fig. 6e,f for translational
collapse of the whole building or translation movement (observed in Shenzhen
of remaining building landslide)

Heavily Serious damage or collapse of several structural Fig. 6¢ (observed in Zhouqu debris flow) 0.5-0.7
components, leading to partial collapse of the
building

Moderately Serious damage or collapse of several structural Moderate-impact intensity case; Fig. 6b 0.3-0.5
components (i.e., columns) without collapse (observed in Zhouqu debris flow)
of the building

Slightly Cracks occur on the nonbearing walls or collapse Low impact intensity case; Fig. 6a 0.1-0.3
of the external walls directly impacted by the (observed in Shenzhen landslide)
debris; no significant damage of the primary
bearing components (columns and beams)

Very slightly Only the non-structural components are Mavrouli et al. (2014) 0-0.1
damaged (windows and doors); no significant
damage of the primary (columns and beams)
and secondary structural components (slabs
and infill walls)
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Table 3 Comparison of frontal Fr and « values

Impact intensity

Velocity (m/s)

Flow depth (m)

Froude number, Fr Dynamic pressure coefficient, o

High 8.8 3.7 1.45 3.08
Moderate 6.8 33 1.18 3.50
Low 438 29 0.89 479

collapse of the building. The ability of this cantilever system to
prevent subsequent collapse depends on the bending capacity
of the beam.

4. Bending failure is the most common column failure mode,
which usually occurs near the time of the peak impact pres-
sure. The side walls behind the columns provide a lateral
constrain and enhance the flexural capacity of the column
due to the higher in-plane rigidity of walls. Torsional-
flexural failure can occur on the corner columns when the
flow conditions on both sides of the columns are not
symmetrical.

5. The five-class classification system proposed in this paper
well represents the progressive development of building
damage as the progressive failure process of a typical RC
building is fully explored. The clear hierarchy of damage
degree and the physical description of damage state provide
more accurate evaluation of the damage state of buildings,
moving the scientific knowledge on building vulnerability
assessment forward. The vulnerability of the buildings to a
landslide or debris flow can be assessed quantitatively based
on the identified failure process, failure mechanisms, and an
impact pressure estimation model, promoting the develop-
ment of quantitative risk assessment of landslides.

6. It is worth noting that the impact cases in this paper are
deterministic analyses. The fragility analysis, which involves
the inherent uncertainties on the characteristics of both the
landslide (e.g., Orr 2017 and Xiao et al. 2017) and the build-
ing, has not been developed due to computational efficiency
issues. Nevertheless, the applied method provides a power-
ful tool to investigate the key factors on building
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Fig. 11 Comparison between numerical results and the power models for the
maximum-impact pressure

vulnerability, which would be helpful for developing fragility
functions. Reliability-based vulnerability models, consider-
ing variations on the material property and the impact
loading, will be developed using computationally less-
demanding analyses.
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Appendix-model verification: beam analysis

In order to validate the applied numerical model, a typical RC
beam, which is commonly used in China, is selected to conduct the
three-point bending test simulation (Zeng et al. 2015). Two rigid
cylindrical supports are set to support the beam. A concentrated
load is imposed on the middle span of the beam in a ramp
function and monotonically increased until failure. The failure
process is analyzed, and the simulated cracking moment of con-
crete, ultimate bending moment of the beam, and time history of
axial stress in the rebar are compared with the analytical results
calculated based on the limit state theory for reinforced concrete
structure design. The material parameters for the beam model are
identical to those for the building model in Table 1. The cracking
moment can be calculated based on the specification for the design
of concrete structure (MOHURD 2010): Mc, = fixWo =
7 MPa, where fy is the concrete tensile characteristic strength
and W, is the resistance moment of the equivalent cross-section.
For the cross-section at the middle span, the stress in the rebar
before cracking is calculated as o, = E¢fu/Ec =14 MPa, where
E; and E. are the Young’s modulus of rebar and concrete,
respectively. After cracking, the stress in the rebar is expressed as
Ocra = EsfalEc + farAdJAs =154 MPa, where A, and A, are
the areas of tensile concrete and tensile rebar, respectively. Besides,
as shown in Fig. 12, the ultimate bending moment of the beam
can be calculated based on force equilibrium (Eq. (1)) and
moment equilibrium (Eq. (12)):

fyAs = anfbx + A,
My = onf 4 bx x <ho—§) +f;,A; (ho_“;)

where f, and )‘;, are the tensile and compressive stresses of
the longitudinal reinforcement, respectively; A; and A, are
the areas of tensile and compressive longitudinal reinforcement,
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respectively; «, is a coefficient of concrete grade; fy 1is the
concrete compressive characteristic strength; b is the width of
column section; x is the compression height; and h, is the
effective height of the cross-section. If x <a,, the compressive
stress of the rebar does not reach fy’; s0, the ultimate bending
moment can be calculated by assuming x=a, and taking a
moment  to the centroid of compressive rebar; M, = f,As(h, —
as) =40 kNm.

Snapshots of typical beam failure process from the numerical
analysis are shown in Fig. 13. The development and distribution of
cracks are described by the contours of the plastic strain. At 0.10 s,
the cracking moment is reached, and, then, cracks occur in the

|
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Fig. 13 Snapshots of beam failure process: contours of plastic strain
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tensile zone. Besides, the stress of the tensile rebar experiences a
rapid increase at the crack point, from 16 to 157 MPa (Fig. 14). After
cracking, the stresses of the tensile reinforcement and compressive
concrete increase with the applied pressure, and, finally, the beam
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Fig. 14 Time histories of bending moment and axial stress of the reinforcement at
the middle span
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Fig. 15 Time histories of bending moment at the middle span for different
concrete element sizes



reaches the ultimate bending moment state. The numerical model
reflects well the typical beam failure process, and the simulated
results are very close to those from the static analysis.

To consider the mesh size effect, the same three-point bend-
ing tests are simulated using different element sizes of the
concrete beam. The time histories of bending moment at the
middle section are compared in Fig. 15. The different element
sizes almost produce the same results. Considering that the
stability of the explicit integration scheme is determined by
the time step, a smaller element size allows smaller time step
to ensure a stable analysis and, thus, requires significantly
longer computing time. So, a mesh size of 0.075 m is applied
in the impact analysis.
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