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Abstract—A three-dimensional reinforced concrete frame
structure under diluted debris flow impact was established
using explict dynamic analysis finite element software LS-
DYNA. The dynamic damage distribution and stress
redistribution process of the structure under the impact were
calculated and analyzed. The results show that, under the
impact of the diluted debris flow, the bottom columns of the
frame fail to work, and the original path of the force
transmission is changed. Under the continuous impact, the
plastic damage in the structure accumulates with the stress
concentration being deepened and the displacement of the
structure increasing, making the ability of the structure to
resist the impact decrease. The failure form of reinforced
concrete frame under diluents debris flow impact is shear type.
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. INTRODUCTION

Debris flow is a natural disaster with high frequency in
the western China, which is a serious threat to the life and
property of the local people. As the ability of structures in
the villages and towns to resist geological disasters is
generally low, especially the resistance ability of the local
office buildings and the houses to the debris flow disaster is
poor [1]; the research for the mechanism of the structure
damage under the impact of debris flow is of great
significance.

Large rock in the debris flow is the most critical factor
for building damage, which must be considered in the
construction [2]. In addition, mud, as an important part of
debris flow, must be taken full consideration in the research.

Frame structure is one of the typical structure types in the
western China. Bottom frame columns are key links in the
force path from top to bottom [3]. Under the impact of debris
flow, if they are destroyed first, the force path will be
changed, which will result in the destruction of the adjacent

structural members and the collapse of the whole structure
[4]. Therefore, the research emphasizes both on the whole
response of frame structure under the impact of debris flow
and the failure mode of the bottom frame columns. By using
the explicit dynamic finite element analysis software LS-
DYNA, the paper established a three-dimensional finite
element model for reinforced concrete frame under the
impact of diluted debris flow, and then analyzed the process
of the dynamic damage distribution evolution and internal
force redistribution.

Il.  STRUCTURE MODELING METHOD

A. Programs and Algorithms of LS-DYNA

LS-DYNA is finite element software famous for its
explicit dynamic analysis, which can deal with all kinds of
complex nonlinear problems accurately and reliably, such as
collision analysis and explosion analysis [5]. It is fully
functional software with abilities solving geometric
nonlinear, material nonlinear and contact nonlinear problems.
As its algorithms based on Lagrange with ALE and Euler,
solutions based on explicit solution with implicit solution, it
is widely used in structural dynamic analysis for its powerful
nonlinear dynamic analysis function.

The impact of debris flow on building structural
members is essentially a contact-impact problem. In that
process, the structure and the load are coupled [6], which can
be solved by powerful nonlinear analysis function of LS-
DYNA. In the software, the finite element models can be
established separately for two colliding objects, and then the
impact load is solved by the displacement compatibility
equations and momentum equations [7, 8].

B. Material Model and Constitutive Relation

Concrete material was simulated by continuous cap
model (*MAT_CSCM_CONCRETE) in LS-DYNA. The
failure of concrete was considered by setting the erosion
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coefficient ‘erode’, with the corresponding failure criterion,
the maximum principal strain criterion. When the maximum
principal strain exceeded 0.05, the concrete elements would
fail and be removed.

Material model of longitudinal reinforcement and stirrup
used bilinear kinematic hardening elastoplastic model
(*MAT_PLASTIC _KINEMATIC). Failure of the reinforced
element in the elastoplastic model was considered by setting
the failure strain, with the corresponding failure criterion, the
maximum strain criterion of element. When the maximum
strain of the elements was more than 0.12, the reinforcement
elements would be removed and exit.

Rock was simulated by material model 20
(MAT_RIGID). The elastic modulus of the rock is 5.3x10*
MPa, and the Poisson’s ratio is 0.2. In the software, in order
to ensure the accuracy, it requires that the units’ size of
primary and secondary contact surface should be close. A
method was put forward to simulate the large mass of rock
by changing the density of it, in order to avoid a large
amount of elements and nodes in the rock model and the
increase of computation time, if the rock was simulated by
actual density and volume. Therefore, the quality of the rock
was 896kg, as its density was 7000kg/m° and the volume
was 0.4>0.4>0.8m’,

C. Calculation Method of Debris Flow Slurry Impact
Force

In order to simplify the calculation of slurry
hydrodynamic pressure, the following hypotheses were
proposed:

(1) The slurry of liquid debris flow was simplified to a
uniform one-dimensional Newtonian fluid, and the
hydrodynamic pressure of the slurry was reduced to uniform
force on the impacted member.

(2) Debris flow was perpendicular to the axis of the
column. In addition, the depth of the debris flow was the
same as the height of the bottom column, and it were the
same along the streamline sections.

On the basis of the assumptions above, the formula (1)
was used to calculate the maximum hydrodynamic pressure
of the slurry. The formula was derived from the pressure
calculation formula in fluid mechanics by multiplying the
non-uniformity coefficient k. In the formula, P represents the
maximum impact force of debris flow; k is the empirical
coefficient; v represents the debris flow velocity.

P=kpv? )

The slurry impact force, which was loaded on the pillar
facing surface of the column, was simplified as the uniform
load. The magnitude of the mud impact force was calculated
according to formula (1). In the calculation process, only the
bottom column in the stationary section of the debris flow
was considered, as the leading section was short and
unavailable. Therefore, k=0.5 [9] and the calculated results
of the mud impact force are shown in the following table.
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TABLE I. CALCULATION RESULT OF SLURRY IMPACT FORCE
. . Experiential Slurry Impact
Verlr?z Y Slu rtr /?/n%eglsny Coefficient Force
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Figure 1. Impact position of debris flow slurry

D. Simulation Method of Impact Force of Rocks in Debris
Flow

The impact of large rocks in the debris flow is the main
reason for structural damage. Most existing formulas for
calculating the impact force of debris flow use pseudo-static
method to obtain the impact force without taking the time
effect of debris flow impact into account [10]. In addition,
the various existing calculation models have their own
calculation assumptions, making them only be applied to a
certain range, while LS-DYNA has a powerful contact
analysis capabilities and rich non-linear material library,
which makes it possible to simulate the contact-collision
problem. Accordingly, LS-DYNA was used to simulate the
large rocks in the debris flow directly. The initial velocity of
the rock and the contact between the rock and the structure
were used to simulate the impact of the rock.

In a dilute debris flow, the rocks are usually run at the
bottom of the fluid [11]. Through experimental study, Yang
Hongjuan [12] found that rocks in the debris flow mainly
concentrated in the 2/5 ~ 3/5 of the maximum flow depth. In
WeiHong’s [13] and Huang’s [14] opinion, rocks were more
concentrated in the 2/5 ~ 3/5 of the depth in the diluted
debris flow. Proske [15] believed that the maximum impact
of debris flow would occur in the 1/5~ 1/3 of the mud depth.
Chao Zeng [16] found that the concentration of rocks in the
1/5 of maximum depth of flow was more unfavorable in the
diluted debris flow.

Based on the research results above, the following
assumptions were proposed:

(1) The velocity of movement of large rocks in the
debris flow was the same as that of the fluid.

(2) Rocks are concentrated in the 1/5 of maximum depth
in the debris flow.
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Figure 2. Impact position of the rock

. ANALYSESON AN EXAMPLE

A. Finite Element Model

A threestory reinforced concrete frame structure was
established. The layout plan and height information of the
standard layer are shown in Figure 3. The strength of the
structural steel bar was HRB335, the concrete strength was
C30, the failure strain was 0.08, the standard layer dead load
was 5kN/m?, and the live load was 2 kN/m?. Then, the three-
dimensional finite element model of concrete frame was
established by LS-DYNA. In the finite element model, the
three-dimensional beam element BEAM161 was used to
simulate the reinforced concrete beams and columns. Three-
dimensional shell element SHELL163 was used to simulate
the reinforced concrete slabs, and the three-dimensional
eight-node solid element SOLID164 was used to simulate
the rock. The finite element model is shown in Figure 4.
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Figure 3. Structure layout of standard layer and height information

Figure 4. Finite element model of frame structure
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Figure 5. Sectional division of fiber beam element
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In the finite element model, material model 124
(MAT_PLASTICITY_COMPRESSION_TENSION)  was
used to simulate the concrete. The columns and beams were
divided into fiber elements. The numbering of the meshing
and the partial fibers are shown in Figure 5.

The reinforcement was regarded as an ideal elastoplastic
material, whose elastic modulus was 200x10°Pa and failure
strain was 0.11. The stress-strain curves of the concrete are
shown in Figure 6.

The impact force was modeled as described in sections
1.3 and 1.4 above. Rocks impacted twice. The size of the
rocks was 0.4>0.4>0.8 m®, with the mass of 896 kg and the
impact speed of 5 m/s. The impact point was located at the
midpoint in 1/5 of the column height. The solution time of
the first impact loading was defined as 0.5 s and the second
was 1.0s.
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Figure 6. Stress - strain curves of concret
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Figure 7. Variation of plastic damage distribution of beams and columns
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Figure 8. Plagicstrain-time curves of some fibers of the beam elements

B. Calculation Results and Analysis

1) The calculation results and analyses of the first
collision:

a) Dynamic Damage Distribution Process:

Figure 7 shows the distribution of plastic damage of the
frame beams and columns. The plastic strain time-history
curves of some fibers in beam elements 1 and 33, located at
the support on the bottom and the top of column C1 (the
underlying column at A/1 in Figure 3) are presented in
Figure 8. The position of the studied fibers in the section is
shown in Figure 5above.

As shown in Figure 7, when t=40ms, the structural
plastic damage is mainly concentrated at the collision zone
and base bearing of column C1, as well as the top bearing of
column C2. Figure 8 shows that the plastic strain of concrete
in beam element 1 reaches 0.003 and the plastic strain of
some of the reinforcement reaches 0.12. When t=50ms, the
elements fail and are deleted. When 50ms<t<500ms, the
range of plastic damage is widened and the degree of
damage is further deepened. In addition, the plastic damage
in the structure is mainly concentrated in the column C1 and
its connected components, while the damage of the other
parts is relatively light.

Figure 9 shows that the plastic strain at the bearings of
the beams and the columns develops fully after the collision,
and most of the reinforcement fibers and concrete fibers have
reached the ultimate plastic strain.

b) Internal Force Redistribution Process:

Figure 9 shows the development of stress in beams and
columns at different times. Figure 10 shows the internal

force-time-history curves for columns C1, C2 and beams B1,
B2.

Figure 9 shows that, at t=40ms, the maximum stress area
is concentrated in columns C1, C2 and C3, and the stress at
the bottom of the column C1 and in the direct contact area is
the greatest. When 100ms<t<500ms, the stress concentration
region gradually expands, with the increasing of the degree
of stress concentration.

From Figure 10, the internal force of the cross section at
the top bearing of the column C1 has a large fluctuation
during the collision, which is the most obvious at first, but
the latter regularity of the change is not obvious. From
Figure 11 to 12, the bending moment of the bearing of the
beam near the column C1 first increases and then decreases.
Although the bending moment direction changes, the
absolute value decreases. While the bending moment of the
bearing of the beam away from the column C1 first
decreases and then increases, and the bending moment
direction is stable after the stabilization with its absolute
value decreasing. Accordingly, shear force changes roughly
in opposite. This may be due to the fact that, in the initial
stage of the collision, a displacement is produced in the
bearing of the beam near the column C1 in accordance with
the initial deformation direction, making the bending
moment increase. On the other hand, the displacement is
opposite to the initial deformation direction in the later stage
of the collision, so the bending moment decreases. However,
in the initial stage of the collision, the displacement in the
bearing of the beam away from the column C1 is opposite to
the initial deformation direction, making the bending
moment decrease. Then, the displacement is in accordance
with the initial deformation direction in the later stage of the
collision, so the bending moment increases.
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2) The calculation results and analyses of the second
collision:
a) Dynamic Damage Distribution Process:

Figure 13 shows the distribution of the plastic damage of
the frame beams and columns in the second collision.

When t=530ms, it can be seen that there are new areas of
plastic damage in the direct impact zone and base bearing of
column C4 (the underlying column at A/2). When 600ms <t
< 1100ms, column C4 is out of work and the range of the
cantilevered plate is further enlarged, because of the base
bearing failure of the column. It can be obtained that the
deflection of beams and slabs is increasing, and the damage
area of the structure is also enlarged. Plastic damage occurs
in the beam-column nodes far away from the collision zone.
When 1100ms <t < 1500ms, part of the concrete plate is
pulled off and the beam-column nodes are disconnected,
resulting in the structure entering the local collapse stage.

From the analyses, under the impact of the debris flow,
because of the bottom column failing to work, the original

path of the force transmission is changed, making the
structure occur a great deformation under the loads.
Accordingly, plastic damage in the structure also
accumulates, leading to partial collapse.

b) Internal Force Redistribution Process:

Figure 14 shows the distribution and variation of stress
in beams, columns and concrete slabs at different times.

When t=530ms, on the basis of the first collision, the area
with the greatest stress extends further to the column C4 and
the bottom bearing area, and the stresses at the columns C5
and C6 also increase. When t=600ms, the stress at the distal
sections of the beams directly connected to the columns
C1~C6 also begins to increase. This indicates that the
diffusion path of the impact stress in the structure is first
propagated through the direct contact zone, then upwards,
and then gradually towards both sides. When 900ms < t
<1500ms, the stress concentration area expands further,
stress concentration gradually increases, and the structure
occurs a large vertical displacement under the loads.
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Figure 13. Development of stress of columnsand beams

IV.  CONCLUSIONS

LS-DYNA is used to calculate and analyze the failure
mechanism of a three-story RC frame structure under the
impact of diluted debris flow in the paper. It is discussed that
the distribution of internal dynamic damage and the process
of internal force redistribution during the impact of the rock,
we can get the following conclusions.

(1) The results show that, under the impact of the diluted
debris flow, the bottom columns of the frame fail to work,
and the original path of the force transmission is changed.
Under the continuous impact of rocks, the plastic damage in
the structure accumulates with the stress concentration being
deepened and the displacement of the structure increasing
under loads, making the ability of the structure to resist the
impact decrease. Local collapse may occur in more severe
cases.

(2) Under the impact of diluted debris flow, the failure
mode of reinforced concrete frame is shear type, because of
the impact position of rocks near the bottom of the column.

(3) Flexible materials can be used on the surface of the
bottom columns to reduce the impact of the large rocks,
such as waste tires, polyurethane steel plywood materials.
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