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Abstract

This study evaluates the structural performance of newly designed and fabricated grid frame-type railroad DCPs
(derailment containment provisions) classified as DCP type |, compatible with rapid assembly construction and main-
tenance on gravel tracks in railway service lines. Previous research only reviewed the durability of the structure

under static loading conditions. However, this study proposed an evaluation method considering the importance

of assessing the impact performance of the DCPs assembly structure subjected to dynamic impact loads from contin-
uously colliding train wheels; this involved a drop weight test to analyze the behavior of the DCP assembly structure
under accumulated impact energy applied to different collision positions. To this end, drop-impact weight tests were
conducted to verify the structural performance of the derailment protection system connected to concrete sleep-
ers using post-installed anchors. A test specimen and jig were fabricated to evaluate the structural performance

and impact resistance of the anchoring connections. 15 drop weight impact tests were performed, and the resulting
behavior under impact energy was analyzed.

The results indicated that when a derailed train wheel collides with the DCP frame section, dominant loads act

on the base plate anchor, resisting through shear and bearing strength of the anchor bolts. The DCP assembly struc-
ture demonstrated sufficient derailment containment performance, even under significant accumulated energy (21.0
kJ; six repeated impacts), with collision loads and displacement levels within acceptable limits. For repeated impact
loads (3.5~7.0 kJ; 1~2 occurrences), the impact load absorbed by the DCP connection anchor averaged 241.22 kN,
and the vertical displacement at the collision point averaged 14.23 mm. This value is 2.62 times (162%) greater com-
pared to the case of a collision on the DCP frame and approximately 13% lower than the impact load that the DCP
frame can absorb. Additionally, when a derailed wheel collided directly with the side of the base plate, the embed-
ded anchors in the sleeper were identified as a relatively weak point. Therefore, reducing the base plate width (from
500 mm to 480 mm) to guide collisions toward the DCP frame section, which could absorb greater impact loads,
was a more effective design. The test results demonstrated that the newly developed steel grid frame-type DCP
combination structure sufficiently resists the impact loads from derailed wheels of high-speed trains traveling at 300
km/h. It effectively restricts excessive lateral movement of derailed trains and provides guiding capability. Further-
more, the drop weight test for the newly proposed DCP combination structure, which also considers impact energy,
is deemed more suitable for analysis than conventional testing methods.
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1 Introduction

While train derailments and collisions are rare in rail-
way operations, they can cause significant damage,
highlighting the need for systematic management by
railway organizations. Recently, there have been global
accident instances caused by train derailments (FRA,
2011; Iwnicki et al.,, 2006). In South Korea, between
2013 and 2022, derailments accounted for 51 of the 68
railway accidents, comprising 75% of the total, caus-
ing considerable damage (Aviation & Railway Accident
Investigation Board, 2023).

Over the past several decades, significant techno-
logical advancements have been made in the field of
protective systems to address these issues. While pre-
venting accidents altogether is ideal, damage caused by
human error, earthquakes, strong winds, track buck-
ling, and wheel defects is unavoidable. To minimize the
damage after a derailment, three types of derailment
containment provisions (DCP) have been developed
and implemented in railway operations to date (Bae,
2015; Bae & Lim, 2024; Bae et al., 2018a, 2018b; Liu
etal., 2012, 2017; Wu et al., 2014).
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This technology aims to reduce excessive lateral move-
ments and collision accelerations of derailed trains fol-
lowing the primary damage to the vehicle and track; this
minimizes secondary damage, such as derailments caus-
ing trains to fall from bridges or collide with overhead
bridges and adjacent structures. As illustrated in Fig. 1,
DCPs are classified into three types (Bae & Lim, 2024;
Hamilton & Inc., 2004):

— DCP Type 1: installed within the track gauge to col-
lide with derailed wheels.

— DCP Type 2: installed outside the track gauge to col-
lide with derailed wheels.

— DCP Type 3: installed outside the track gauge to col-
lide with the axle and bogie of the derailed train.

Among DCP Type 1 designs, guardrails on bridges,
as illustrated in the top-right side of Fig. 1a, are tradi-
tional derailment containment structures. These guard-
rails are installed parallel to the main running rails
within the gauge on sleepers to control the trajectory of
derailed trains. They ensure that derailed wheels remain
within the bridge deck, protecting girders and other

(c) DCP Type 3
Fig. 1 Types of derailment containment provisions (DCP) (Massachusetts Board of Railroad Commissioners, 1888)
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components, thereby reducing impact forces and guiding
derailed trains safely across the bridge (Massachusetts
Board of Railroad Commissioners, 1888).

In DCP Type 3 designs, protective walls on bridges, as
shown in Fig. 2, are installed on the sides of bridge super-
structures. The inner wheels are first guided by the outer
rails before the train body impacts the wall (robust kerb),
ensuring that the derailed train remains within a desig-
nated track area and preventing it from falling off the
bridge (Railtrack PLC (Safety and Standards Directorate),
2000).

The height of the protective wall is designed to exceed
350 mm from the rail top, with a clearance distance of
1500 mm from the running edge of the rail. The design
load considers a lateral force of 100 kN due to train hunt-
ing motions. Unlike DCP Type 1 guardrails, which only
control the trajectory of the derailed wheels, DCP Type 3
protective walls also provide impact resistance for greater
collision loads, guiding both wheels and train bodies
(Network American Association of State Highway &
Transportation Officials, 2007; Rail, 2011).

Among DCP Type 1 designs, concrete plinths, as illus-
trated in Fig. 3, are installed on Rheda concrete track
(Hamilton & Inc, 2004). During the initial track con-
struction of the Netherlands’ HSL-Zuid high-speed rail
(2004), concrete plinths were cast in place and cured for
28 days. These DCPs, located at the center of the track,
minimized the lateral movement of derailed trains and
reduced impact energy. Unlike side-mounted protective
structures, these single-structure DCPs improved both
safety and cost-effectiveness, making them suitable for
high-speed rail operations at speeds of up to 300 km/h.

Subsequently, precast panel-type DCPs for DCP Type 1
were developed for rapid installation on concrete tracks,
as illustrated in Fig. 4. This panel is a prefabricated pre-
cast panel with a width of 400 mm, a height of 200 mm,
and a length of 1.95 to 2.28 m, capable of ensuring pro-
tective performance during a derailment at 300 km/h on
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Fig. 3 Cast-in-place concrete plinth on Rheda concrete track
(Hamilton & Inc, 2004)

a high-speed railway curve with a radius of R = 3500 m
(Korea Agency for Infrastructure Technology Advance-
ment (KAIA), 2020). These panels resisted derailment
impact loads of up to 114 kN on straight tracks and
165.6 kN on curved tracks, withstanding impact energy
of 3.3 kJ. Consequently, unlike conventional DCP Type
1, which required cast-in-place construction at the track
site, the newly developed system allows prefabricated
panels to be produced in factories, anchored to existing
operational concrete tracks, and attached to the track
surface for rapid on-site assembly. Traditional concrete
track plinths could only be installed on newly constructed
tracks due to the prolonged train operation suspension
required during the concrete curing period. Conversely,
the newly developed DCP enables high-quality rapid
installation and post-derailment track restoration within
a limited downtime (e.g., within a 3-h overnight mainte-
nance window) on existing railway lines that previously
lacked derailment containment provisions (DCP) (Korea
Agency for Infrastructure Technology Advancement
(KAIA), 2020). Furthermore, as illustrated in Fig. 4, the
DCP installed at the center of the track guides derailed
wheels using the precast panels, preventing the derailed
train from deviating significantly from the track.

2 2,218 (1.557;)

Fig. 2 DCP concept of robust kerbs on railway bridge (DCP Type 3) (Railtrack and (Safety Standards Directorate) 2000)



Kang et al. Int J Concr Struct Mater

(2025) 19:37

(a) Wheel Set before Derailment
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(b) Wheel Set after Derailment

Fig. 4 DCP (derailment containment provision) conceptual diagram (Korea Agency for Infrastructure Technology Advancement (KAIA), 2020)
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Fig. 5 Concrete panel-type DCP of ballasted track (DCP Type 1)

Subsequently, among the types of DCP Type 1, a
concrete panel-type DCP and a steel frame-type DCP
capable of rapid installation on ballasted tracks were
developed, as illustrated in Figs. 5 and 6. Given the
absence of established standards and systematic guide-
lines in Korea for the design loads, installation locations,
and specifications of protective structures, a compre-
hensive study was conducted to evaluate the derailment
behavior of trains, the efficacy of protective facilities, and
their economic feasibility (Korea Railroad Research Insti-
tute, 2024).

The developed DCP structure was designed for appli-
cation to ballasted tracks of high-speed railways oper-
ating at 300 km/h. The design loads were determined
using verified FEM simulation models (Song et al., 2019a,
2019b, 2023) and validated techniques derived from full-
scale derailment-collision experiments (Bae et al., 2022;
Kim et al., 2018). A prototype was fabricated, and its per-
formance was assessed through static load testing (Kim
et al,, 2024).

Consequently, the derailment containment facili-
ties (DCP) installed at the center of the ballasted track
of existing operational lines reduced the impact energy
compared to protective walls. Furthermore, the DCP was
designed as a single structure, eliminating the need for
installation on both sides of the track, thereby ensuring
both protective performance and economic efficiency.
Additionally, the DCP was designed for quick removal
and reinstallation by coupling the steel frame with the
concrete sleepers of the ballasted track, facilitating rapid
construction and easy maintenance for operational tracks
(Kim et al, 2024; Korea Railroad Research Institute,
2024).

Steel frame DCPs for DCP Type 1 are subject to
repeated impact loads from successive derailments of
wheels at high speeds. Evaluating their impact resistance
under cumulative collision loads, dynamic behavior, and
durability under repeated loads is crucial because these
characteristics cannot be assessed through static load
tests alone (Kim et al,, 2019; Korea Railroad Research
Institute, 2024).
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In this study, a new steel grid frame-type DCP was
designed and fabricated, distinguishing it from existing
DCP Type 1 bridge guardrails, DCP Type 3 protective
walls, cast-in-place concrete plinths, and precast con-
crete panel structures. Drop weight impact tests were
introduced to evaluate the dynamic behavior and impact
resistance of components such as the steel frame struc-
ture, anchors, and concrete sleepers. To analyze damage
behavior, 15 drop impact test cases were conducted to
estimate impact energy and load for each case, enabling
an impact resistance evaluation (Korea Railroad Research
Institute, 2024).

2 Experiment Overview and Methods

2.1 DCP in Railroad Track Gauge Using Grid Frames

As depicted in Fig. 7, the developed grid frame-type
DCP is manufactured with a grid frame for use on cur-
rently operational ballast tracks. It is installed continu-
ously across the top of PSC concrete sleepers laid on a
ballast track. The frame is anchored securely into the
sleepers using base plates, mounting blocks, and plastic
blocks connected by continuous frame caps. This grid
frame configuration not only prevents excessive devia-
tion of a derailed train, but also offers enhanced stabil-
ity and easier disassembly, which proves advantageous
for maintenance on ballast tracks. The dimensions of
one grid frame panel are 1775 mm in length, 500 mm in
width, and 125 mm in height. The design offers secure

Ballast Gravel

Fig. 7 Grid frame-type DCP installed on ballast track
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continuous placement using three H25 anchors spaced
at regular intervals (625 X 3=1875 mm) on the railway
ballasted track sleepers (Kim et al., 2024; Korea Railroad
Research Institute, 2024).

2.2 Experiment Method

The drop weight tower used in this experiment is capable
of handling a falling mass ranging from 0.4 to 0.7 tons,
with a maximum drop height of 5 to 6 m, thereby impart-
ing a potential energy between 25 to 35 kJ, as shown
in Fig. 8. Table 1 details the specifications of the falling
mass, which has a total mass of 712 kg. This setup utilizes
the principle of gravity to convert potential energy into
kinetic energy to strike the sample. In this test, the colli-
sion energy is calculated based on the mass and height of
the falling body. Quantitative parameters such as acceler-
ation, velocity, displacement, and impact load are meas-
ured using accelerometers and high-speed cameras (Kim
et al.,, 2019; Korea Railroad Research Institute, 2024).

The collision behavior was monitored using two high-
speed cameras positioned at the front and side of the
specimen, recording at a rate of 1000 frames per second
(Fig. 9). An acceleration sensor with a 2000g capacity
was employed to measure the impact load. This sen-
sor recorded data at a high sampling rate of 20,000 Hz
(1/20,000 s) to accurately capture the sensor’s rapid
periodic response. The method for post-processing the
impact load data may vary based on the stiffness of the

block

Frame Cap

Plastic block Base Plastic
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"  Specimen e
#{ (Steel DCP)

Research Institute, 2024)

Table 1 Falling mass specifications

Classification Mass (kg)
Weight 430
Junction 8

Head 274

Total 712

G

(a) Impact Head Shape (b) ’IL‘Ilgh-ﬂspéed C

amera
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specimen and the impact velocity; typically, analysis
involves the CFC60 filter, a standard used in full-scale
vehicle crash testing for road safety evaluations accord-
ing to European ISO 6487 (International organization
for Standardization, 2000) and American SAE J211
standards (Society of automotive engineers, 2003). In
this study, the stresses in the DCP frame, anchor, and
sleeper, typically measured during static load testing
(Kim et al., 2024), were not recorded. Additionally, the
stress in the steel rebar was also not measured.

Wheel derailment occurs when a wheel rotating in
contact with the rail deviates laterally from the track.
This transverse derailment involves either a point or
line contact on the side of the DCP cross-section, where
part of the wheel’s inner area either touches the surface
or forms a specific angle. The points of contact occur in
the shape of an arc (Fig. 10a). To simulate this during
the test, the head of the falling mass was designed to
mimic an impact with a rectangular target, represent-
ing the DCP (Fig. 10b). The collision target, the DCP,
experiences lateral forces on its side (height 125 mm) as
a result of the derailed wheel.

For the purpose of this test, the load application
point (contact surface) of the DCP specimen was ori-
ented vertically in line with gravity and securely fas-
tened (Fig. 11). However, the initial condition, where
the gravitational force acts downward due to the self-
weight of the DCP specimen anchor connected to the
sleeper, differs from the real-world scenario.

In actual ballast tracks, the track panel experiences
lateral finite stiffness—resistance to lateral motion due
to the ballasts—which leads to viscoelastic deforma-
tion. Under the conditions of the drop weight impact
test, the sides of the sleepers are supported by the
ground, which possesses significantly greater stiffness

() Accelerometer

Fig. 9 Drop weight tower setup with specimens (Korea Railroad Research Institute, 2024)
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Fig. 10 Contact area between the DCP and wheel

L1

135

125

Fig. 11 Schematic of impact conditions between side of DCP
specimen and drop weight

compared to ballast tracks, resulting in relatively mini-
mal lateral deformation of the track panel.

For the test, a fixing jig was fabricated and securely
attached (Fig. 12) to prevent the DCP specimen (con-
nected to the sleeper) from toppling when impacted by
the mass striking the DCP’s side components. The PSC
sleepers, utilized in high-speed rail systems where DCPs
are installed, are 2600 mm in length. Due to specific test
requirements, it was necessary to remove some sections
of the sleeper, including those around the anchor and
the areas influenced by the DCP. As a result, the sleep-
ers were trimmed, retaining only a central segment of
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Fig. 13 Cutting position of PSC sleeper for drop impact tests

1000 mm where the DCP is anchored, as illustrated in
Fig. 13 to prevent the DCP specimen (connected to the
sleeper) from toppling when impacted by the mass strik-
ing the DCP’s side components.

The experiment features two primary impact scenar-
ios involving the falling mass and the DCP: ‘DCP center
collision loading case’ and ‘DCP anchor collision load-
ing case! The design of the anchor collision scenario
accounted for potential interference between the column
of the drop weight tower and the fixing jig. Subsequently,
the DCP was positioned and secured using the pre-
installed anchors in the sleeper.

Figure 14 illustrates the setup of sleepers and DCP
under various impact testing conditions. In the drop
weight impact test, after applying the initial target impact
energy (approximately 3.5 k] from a drop height of
0.5 m), the drop height might be increased or additional
energy applied depending on the test outcomes.

In this experiment, two identical specimens for each
drop impact condition were tested, totaling four speci-
mens. Three buried anchors were pre-installed on each
sleeper to secure both the DCP and the PSC sleeper.
The sleeper was then anchored to the ground of the
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(b) Anchor Impact Loading

Fig. 14 Schematic and image of impact loading conditions

drop tower, and the base plate was connected to two of
the sleeper’s anchors, excluding the central anchor. The
anchors (four units; inner anchors of both base plates)
were aligned with the holes in the DCP frame. The fixings
were connected to the sleeper’s central anchor (one unit),
and the DCP frame was connected to the four inner
anchors of the base plate. In a standard setup, two DCP
frames would be installed on one base plate; however, for
this drop weight impact test, only one DCP frame was
installed per base plate. Consequently, the other side of
the base plate, not connected to a DCP frame (four units;
external anchors), was left as is.

2.3 Load Impact Energy

A simulation model, as illustrated in Fig. 15, validated
through full-scale railway vehicle derailment-collision
experiments (Song et al., 2019b, 2023), was used. This
model simulated a scenario involving a KTX train, com-
posed of three cars (power car-motorized car-trailer),

derailing while traveling at a speed of 300 km/h on a
track with a curve radius of 3500 m (Kim et al., 2020).
The model calculated the maximum internal energy per
1-panel (2280 mm long) of DCP colliding with a wheel
during a derailment (Table 2). Depending on the situ-
ation, a single panel might impact only one wheel of
the derailed train, or several wheels might collide with
it. A maximum single impact energy of 3.28 k] (aver-
age 0.62 kJ) was derived, with a maximum cumulative
impact energy of 5.57 kJ from four impacts. These fig-
ures informed the determination of a single drop weight
impact test crash energy of 3.5 kJ.

3 Experiment Results and Analysis

3.1 Experiment Cases

Table 3 presents the drop weight impact test scenarios
for the steel frame DCP specimen employed on bal-
last tracks. Each of the four DCPs was subjected to an
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DCP4 —DCP5
DCP6 —DCP7
—DCP 8 DCP9

—DCP 10 —DCP 11
—DCP 12 —DCP 13
—DCP 14 —DCP 15

-

}fW_

I

e
0.9 1.0 1.1 1.2 1.3 1.4
Time (sec)
Fig. 15 High-speed train derailment simulation (Song et al,, 2019b, 2023)
Table 2 Energy metrics of DCP panels Table 3 Overview of test case configurations
DCP no. Max. internal energy per a Cumulative Specimen no. Case no. Impact loading Impact energy (kJ)
wheel (kJ) internal location
energy(kJ) Impact Accumulated
energy energy

DCP 4 031 (1st/2) 032 /each
DCP 5 0.90 (2nd/2) 112 event
DCP 6 0.53 (3rd/5) 0.91 #1 1 DCP frame center 3.5 35
DCP7 0.37 (1st/3) 042 2 35 7.0
DCP 8 0.05 (4th/5) 0.16 3 35 10.5
DCP9 0.04 (2nd/3) 0.08 #2 4 DCP frame center 3.5 35
DCP 10 0.03 (5th/5) 0.08 5 35 7.0
DCP 11 3.28 (1st/2) 430 6 35 105
DCP 12 2.28 (3rd/4) 557 7 35 14.0
DCP 13 2.18 (1st/2) 3.09 8 35 175
DCP 14 2.84 (1st/2) 4.31 9 35 21.0
DCP 15 1.85 (1st/1) 1.85 #3 10 Connection 35 35

11 anchor part 35 70

12 35 10.5
identical drop height (applied impact energy) of 0.5 m,  #4 13 Connection 35 35
equivalent to 3.5 kJ. The same specimens underwent 14 anchor part 35 70

15 35 10.5

cumulative collision energies of at least 10.5 k] on three
or more occasions.

3.2 Analysis of Main Results

3.2.1 Failure Mode according to Impact Condition (Loading
Position)

In the impact scenarios for the central region of the

DCP frame (Cases 1-9), as depicted in Fig. 16, the load

is distributed between the two sleepers on either side.

However, the load primarily affects the inner anchors
of the base plate (the four inner anchors out of the total
eight on both base plates) that are connected to the
loaded DCP frame (1 panel). The transfer of load to the
outer anchors, which connect to the other DCP frame,
is minimal. After six cumulative impacts totaling 21.0 k]
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(each 3.5 kJ as in Case 9), a notable step has formed
between the inner and outer anchors of the base plate
(Fig. 16). This discrepancy has led to shear and bearing
actions, causing bearing damage to the inner anchor of
the base plate as illustrated in Fig. 17.

Fig. 17 Damage to the base plate’s inner anchor (Case 9)

i

hor] £
> T LY o
CASE 15 (10.5 kJ)
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In the DCP connection anchor impact scenarios
(Cases 10-15), as illustrated in Fig. 18, the load is dis-
tributed across all four anchors (both internal and
external) of a single base plate; however, it is focused
on just one sleeper. The initial collision of the falling

b Y
Hun'illlk‘ Hin

Side surface
of Base plate

Fig. 18 State of the specimen after drop impact and the geometric conditions of the connection base plate (Case 15)
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mass with the lateral side of the base plate results in the
majority of the load being exerted on the sleeper and
the buried anchors that connect the base plate to the
sleeper rather than on the anchors of the base plate
itself. After three cumulative impacts totaling 10.5 kJ
(each 3.5 k] as in Case 15), the geometry indicates that
the falling mass first impacts the side of the base plate,
as shown in Fig. 17. This has led to a splitting failure
along the longitudinal axis of the sleeper, following the
trajectory of the buried anchors, as shown in Fig. 19.
Figure 19 displays a typical crack pattern observed
under extreme loading conditions. When the maximum
load capacity was reached, cracks formed along the
edge of the concrete at the tension end, corresponding
to the bending moment induced by the DCP anchor (SD
400) fixture on the concrete sleeper. The damage pat-
tern reveals that when the wheel impacts the DCP and
the force is transmitted through the baseplate to the
DCP anchor, substantial shear stress is generated in the
concrete sleeper in the perpendicular direction, neces-
sitating a design that can accommodate such stress.
There are three primary failure modes experienced by
anchors under shear forces: steel failure, concrete fail-
ure, and concrete pry-out failure (ACI Committee318,
2014). In situations where the shear force acts perpen-
dicular to the edge of the concrete, as observed in this
experiment, the structure is more prone to concrete
failure than to anchor failure. The SD400 anchors did
not fail under extreme loading, and brittle failure of the
concrete occurred after reaching the ultimate load.
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3.2.2 Impact Load Patterns According to Impact Position
Figure 20 illustrates the impact load (filtered using
CFC60) exerted on the DCP, calculated by multiplying
the acceleration recorded by the accelerometer attached
to the falling mass by the mass of the falling object. Dur-
ing a single collision, the load waveform at the point of
impact is consistent across both the central and anchor
regions; however, in the anchor impact condition, the
impact duration was shorter, indicative of stiffer behavior.
Over 2 to 3 collisions, the impact load waveform under
the central impact condition remains similar, reflect-
ing the shear and bearing resistance of the anchor bolts.
Conversely, under the anchor impact condition, the
impact duration was longer, and the load magnitude was
smaller, corresponding to the cracking and fracturing of
the concrete sleeper.

3.2.3 Impact Load and Displacement

Figure 21 displays the estimated impact load and the ver-
tical displacement of the falling mass’s impact head under
the center impact condition of the DCP frame (Cases
4-9). During the initial collision (Case 4), the load wave-
form showed some slippage due to the clearance between
the inner anchor of the base plate and the hole in the
DCP frame. In subsequent tests assessing the anchoring
bolt’s stress condition (Cases 6—9), the waveform demon-
strated resistance to repetitive impact loads, maintaining
a consistent pattern while enduring significant deforma-
tion or damage (impact loads approximately 219-285 kN,
closely aligning with static load test results (Song et al.,

—_—

CASE 15 (10.5kJ)
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(b) 2nd impact (7.0 kJ; cumulative energy).
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Fig. 20 Impact force estimates by location (from accelerometer data)
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Fig. 21 Impact force and displacement of the falling mass head at the DCP center
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2019b) in the range of 210-290 kN). The displacement
of the impact head was determined through high-speed
camera tracking analysis. The observed rebound resulted
from the elastic rebound of the base plate anchor bolts,
which bear the primary load following the collision
between the impact part and the DCP. The extent of the
rebound is generally proportional to the magnitude of the
impact load. The final cumulative residual displacement
at the center of the DCP frame, after six impacts totaling
21.0 k], was approximately 39 mm.

Figure 22 depicts the estimated impact load and ver-
tical displacement of the falling mass impactor (head)
under the DCP connection anchor impact condition
(Cases 10-15). At the initial impact (Cases 10 and 13),
the collision load waveform displayed a pattern akin to
that observed in the central impact condition. The crash
anchors underwent some plastic displacement but with-
stood the impact without significant damage [crash loads
approximately 233-250 kN, aligning with static load
test results of 210-250 kN (Song et al., 2019b)]. Dur-
ing two cumulative collisions (Cases 11 and 14), cracks
formed along the longitudinal axis of the sleeper, follow-
ing the buried anchors. This led to an increased impact
load duration due to the associated increase in deforma-
tion. In the three cumulative collisions (Cases 12 and 15),
longitudinal splitting failures of the sleeper occurred,
extending the duration of crash load action and signifi-
cantly reducing the crash load magnitude [137 to 149
kN, below the designed crash load of 166 kN (Song et al.,
2019b)]. Specimens #3 and #4 exhibited remarkably simi-
lar results under these identical impact conditions.

Data from the falling mass impact head (Fig. 18b) indi-
cate that the extent of rebound due to the resistance of
the concrete buried anchors under dominant loading is
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(a) Impact force of the connection anchor part

Fig. 22 Impact force and displacement at the connection anchor
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less compared to the impact condition at the center of
the DCP frame, while the residual (plastic) displacement
is significantly greater. The final cumulative residual dis-
placement of the connection anchor, after three impacts
totaling 10.5 k], was approximately 49 mm. The outcomes
of these experiments are detailed and summarized in
Table 4.

4 Conclusion

In this study, the dynamic load-bearing characteristics
of the steel grid frame-type DCP combination structure,
designed and manufactured as DCP Type 1 to enable
rapid assembly and maintenance on ballasted tracks in
operation, were evaluated. Previous studies examined
the load-bearing capacity against design loads through
static load tests; however, it is crucial to assess the col-
lision performance of the assembled DCP structure
under dynamic impact loads from continuously collid-
ing wheels. To address this, this study newly proposed a
drop weight test for the DCP combination structure and
analyzed its behavior when impact energy was cumula-
tively applied to major impact locations. The testing and
analytical methodologies proposed in this study enable
the identification of dynamic behavioral characteristics
of structures subjected to similar collisions and repeated
loads caused by derailments.

A drop weight test was conducted on the steel grid
frame-type DCP combination structure. The test simu-
lated situations where wheels derailed from the rail con-
tinuously collided with the steel grid frame-type DCP,
and the dynamic behavior of the DCP components under
cumulative impact energy was analyzed. The analysis
results are as follows:
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Case Test specimen Impactenergy  Impact load’ Residual displacement of test specimen? (mm) Note
(kJ) (kN)
Center of DCP (dynamic Outer anchor  Outer
cone penetrometer) part (vertical) anchor part
(vertical) (horizontal)
1 #1 Central collision 3.5 23847 1.90 1.70 1.54 ‘Resisted without sig-
nificant deformation
or damage.
2 35 277.72 8.74 1.57 4.53 -Resisted without sig-
(7.0) (10.63) (3.27) (6.07) nificant deformation
or damage.

3 35 284.96 4.90 0.94 2.74 ‘Resisted without sig-

(10.5) (15.53) (4.21) (8.81) nificant deformation
or damage.

4 #2 Central collision 3.5 219.05 9.74 0.01 0.03 ‘Resisted without sig-

nificant deformation
or damage.

5 35 24896 7.74 0.12 1.46 ‘Resisted without sig-

(7.0) (17.49) (0.13) (1.49) nificant deformation
or damage.

6 35 268.98 6.63 0.16 0.01 ‘Resisted without sig-

(10.5) (24.11) (0.29) (1.49) nificant deformation
or damage.

7 35 27746 399 148 0.08 ‘Resisted without sig-

(14.0) (28.10) (1.78) (1.58) nificant deformation
or damage.

8 35 279.84 6.24 1.69 143 ‘Resisted without sig-

(17.5) (34.34) (347) (3.01) nificant deformation
or damage.

9 35 278.88 4.85 1.82 0.06 ‘Resisted without sig-

(21.0) (39.19) (5.29) (3.07) nificant deformation
or damage.
-Damage to the inner
anchor of the base plate
due to pressure.

Case Test specimen Impactenergy  ImpactLoad' Residual displacement of test specimen? (mm) Note

(k) (kN)
Top surface of anchor ~ Outer anchor  Outer
(vertical) part (vertical) anchor part
(horizontal)

10 #3  Anchor collision 3.5 248.05 - - - ‘The collision caused plastic
deformation in the anchor
part, but it resisted with-
out significant damage.

11 35 250.50 - - - -Cracks developed

(7.0) along the buried anchor
in the direction of the pile
length.

12 35 148.61 17.49 14.09 575 -Fracture occurred

(10.5) along the buried anchor
in the direction of the pile
length.

13 #4  Anchor collision 3.5 233.03 14.84 13.86 8.79 ‘The collision caused plastic
deformation in the anchor
part, but it resisted with-
out significant damage.

14 35 23330 13.61 878 5.60 -Cracks developed

(7.0) (28.46) (22.63) (14.39) along the buried anchor
in the direction of the pile
length.

15 35 136.77 20.84 16.54 14.76 -Fracture occurred

(10.5) (49.29) (39.17) (29.15) along the buried anchor

in the direction of the pile
length.
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Table 4 (continued)
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T Acceleration sensor data considering the total mass of the falling weight (with CFC60 filter applied).

2 Deriving displacement at specific points on the test specimen using high-speed camera image tracking.

(1) When the wheels of a derailed train collide with
the DCP frame, the primary load acts on the base
plate anchors and is resisted by the shear and bear-
ing strength of the anchor bolts. Despite signifi-
cant cumulative energy (21.0 kJ; six consecutive
impacts), the impact load and displacement levels
sufficiently ensured the derailment containment
performance. For repetitive impact loads (10.5—
21.0 kJ; 3—6 impacts) in a bearing state, the collision
load absorbed by the DCP main frame was calcu-
lated to average 276.29 kN. The vertical displace-
ment at the collision location was analyzed to be
minimal, with an average of 5.43 mm, even under
repeated impacts.

(2) When the wheels of a derailed train collide with the
DCP connection anchor, the primary load acts on
the sleeper’s embedded anchors and is resisted by
the concrete strength of the sleeper. As the DCP
frame covers a significantly larger area (approxi-
mately 75%) than the connection anchor, the prob-
ability of a derailed wheel colliding directly with the
anchor is relatively low. However, if repetitive colli-
sions occur on the anchor, there is a high likelihood
of damage severe enough to require sleeper replace-
ment. For repetitive impact loads (3.57-7.0 kJ; 1-2
impacts), the collision load absorbed by the DCP
connection anchor was calculated to average 241.22
kN. The vertical displacement at the collision loca-
tion was found to be 14.23 mm on average, which is
2.62 times (162%) larger compared to collisions on
the DCP frame. Additionally, it was approximately
13% lower than the collision load that the DCP
frame can accommodate. However, it should be
noted that the results were evaluated under highly
conservative conditions due to the constraints
of this drop weight test, such as the restriction of
lateral displacement in the track structure, which
imposes severe conditions on the anchor side.
Therefore, the results may differ significantly from
actual field conditions.

(3) When a derailed wheel directly collides with the
side of the base plate, the embedded anchors in the
sleeper become relatively more vulnerable com-
pared to other areas. Adjusting the dimensions of
the base plate (reducing the width from 500 mm
to 480 mm) to direct the collision toward the DCP
frame is imperative for minimizing the impact dam-
age on the concrete sleeper. This adjustment allows

the base plate anchor bolts, which can accommo-
date greater collision loads, to exhibit dominant
behavior.

(4) In this study, the newly proposed drop weight test
for the DCP combination structure enables the
identification of the dynamic behavior charac-
teristics of structures subjected to repeated loads
from derailed wheels colliding with the DCP. This
approach allows for evaluating the durability and
protective performance of similar structures,
including the DCP, in the event of a vehicle derail-
ment and subsequent collisions in the future.

(5) Dynamic analysis of DCP collisions following vehi-
cle impacts has been conducted in previous studies
to estimate the impact energy applied during the
tests. In the future, finite element analysis must be
performed to investigate the detailed behavior of
each component of the steel grid frame-type DCP
after derailment and wheel collisions. It is also
necessary to compare and analyze the results with
experimental findings.
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