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Abstract

Reinforced concrete (RC) columns are critical structural elements that may experience lateral impact loading during their
service life, resulting in structural responses that differ significantly from static loading conditions. This review synthesizes
experimental and numerical studies on steel reinforced concrete columns subjected to lateral impact, focusing on the effects
of key parameters, including impact velocity, transverse reinforcement, axial compression ratio, concrete compressive
strength, longitudinal reinforcement ratio, cross-sectional dimensions, and boundary conditions. By systematically analyzing
findings from previous studies, this review identifies the dominant factors governing impact resistance and clarifies their
influence on dynamic response, impact force, displacement, and failure mechanisms. The results indicate that increasing
impact velocity leads to higher peak impact forces, faster damage evolution, and a transition from flexural behavior to brittle
shear failure. The axial compression ratio significantly affects lateral deflection, contact duration, and plateau impact force,
while insufficient transverse reinforcement promotes premature shear failure. Conversely, increased stirrup reinforcement
enhances confinement efficiency, delays crack propagation, and improves energy dissipation capacity. The review
contributes to the current understanding of RC column behavior under lateral impact by consolidating existing knowledge
and emphasizing the need for further experimental and finite element studies to support more reliable impact resistant design
approaches.
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1. Introduction

Due to the rapid growth in reinforced concrete (RC) construction worldwide, there is an increasing need to understand the

behavior of such structures when subjected to dynamic and extreme loading conditions, including impact and blast loads, as

this has become a matter of significant importance [1]. Therefore, numerous studies have been performed in recent decades
to interpret how concrete structures behave when experienced to extreme loads for instance explosions and impacts.

Although these dynamic loads are scare in most structures, their consequence can be disastrous and may cause structural

failure [2].

Impacts, according to physicists, have short period, severe force magnitude, rapid energy dissipation, and rapid variations in
object velocities [3]. It can be fall in three primary different categories according to their duration (tq) and severity: 1) Quasi-
static loading, where the peak of the structural response occurs prior to the end of the impact period, 2) Dynamic loading,
where the maximum structural response occurs at the end of impact event, and 3) Impulsive loading, where the impact time
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ends before the structure reaches its maximal response [1]. A further classification of impact loadings can be presented
according to their energy dissipating mechanism, that includes: 1) soft impact, where the initial kinetic energy was released
by shocking objects, and 2) hard impact, where the impacted structure absorbed the most of the initial kinetic energy, showing
minor deformation for the impactor [4].

Figure (1) illustrated the response of a structural element subjected to impact loading can be divided into two distinct stages.
The initial stage is the local response, which is associated with stress wave propagation generated at the impact region and
occurs within a very short time immediately after the collision. The second stage is the global response, which represents
the overall behavior of the structural member, including elastic—plastic deformation and free vibration developing over a
relatively longer duration throughout the entire element after impact. The overall response of the structure is mainly
governed by the loading rate influence and the dynamic characteristics of the member [5].
Figure (2) illustrates the failure mechanisms that occur to a solid concrete body subjected to a collision. It includes seven
missile impact effects, a) penetration, b) cone cracking, c) spalling, d) cracks with proximal and distal face, e) scabbing, f)
perforation, and g) overall response [6].
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Fig. 1. Column failure under impact [7]
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Fig. 2. Effect of impact on concrete structures [6]
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In origin, columns were designed exclusively to resist gravity loads. Over time, and with the development of analytical
techniques, seismic activity was incorporated into the design. Lately, the columns' susceptibility to transverse loads due to
shocks has gained increasing attention [8]. Additionally, columns in buildings, bridges, electric poles and traffic signal
structures, are most susceptible to vehicle impact [9], fast trains, car crashes, explosions, natural disasters, and sabotage [10].
During impact a significant shear force is transferred over a short-term interval of time, causing damage to the columns. This
mechanism of resisting depends on shear, inertia, and local deformation instead of total displacement because of the short
interval. Therefore, rather than static shear values, the dynamic shear capability and demand on the reinforced concrete
column become significant magnitudes [9]. Although current design codes provide several simplified approaches to estimate
the response of reinforced concrete (RC) structures under impact loads, they are limited in accurately representing the brittle
failure mechanisms of concrete structures exposed to high-rate and impulsive loading conditions [1]. When bridge columns
impacted in different location can be subjected to diverse failure patterns, i.e. flexural cracks, shear failure, punching shear
failure, and brutal damage were observed in real impact events and documented as shown in Figure (3) [11].

/ . \

(b) Shear failure at the column top

(d) Punching shear failure (¢) Shear failure (1) Brutal damage

Fig.3. Failure mode of bridge columns [12]

This review paper aims to use available experimental data and numerical modeling techniques to synthesize and critically
evaluate the state of knowledge about reinforced concrete columns subjected to lateral impact loading. By combining
knowledge from research on dynamic structural analysis, and impact behavior of reinforced concrete columns, this paper
examines the key variables that influence impact force and displacement across a range of impact velocities. It seeks to clarify
how these variables interact, identifying the factors that exert the strongest influence, and highlighting the parameters that
require more consideration in future analysis and design.

2. Dynamic vs. static loading conditions
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Structural members response differently under dynamic loads compared to static loads. Dynamic loads, such as impacts,
required consideration of inertia effects and necessitate components with higher energy absorption capacities designed for
plastic deformations to improve ductility and avoid brittle failures. Under dynamic loading, reinforced concrete (RC)
elements can fail in two ways: flexural failure, which is ductile and energy-absorbing, characterized by plastic hinges and
cracking, and shear failure, which is catastrophic and brittle, leading to premature failure and reduced energy absorption.
Flexural failure allows the ultimate moment capacity to be reached, while shear failure results in diagonal tension cracks and
failure before this capacity can be achieved [4]. Therefore, the failure mode of static loading differs than impact loading, this
can be explained in a number of mechanisms. According to the inertial influence concept, the inertia response of the nearby
impact zone, is the primary cause of the difference in failure mode. A further different idea, the uncoordinated effect of high
strain rate on cross-section bending capacity beside resistance for shear under impact loading is what causes the failure mode
to change [13]. Figure (4) shows how the internal forces distribute differently in dynamic loading from that static as a result
of inertia effect ,as mentioned above This happens because dynamic analysis consider the impacts of the structure's inertia,
but static analysis does not [14]. Further, for concrete, It has been demonstrated that the rate of strain has a significant impact
on the experimentally measured concrete parameters, such as stiffness, fracture energy, maximum strain, strengths in
compressive and tensile, such as the sample's load-carrying capacity increases as the rate of loading increases [10].

For comparison, a total of three columns were tested under horizontal static loads utilizing a contemporary horizontal impact
testing system by Ye et al. [15]. The load—displacement curves derived from the impact and static tests have been compared
together as shown in Figure (5) to clearly show how two curves differ from one another, the two dynamic load-displacement
curves and their related static load-displacement curves are separated into three sections. It is evident from part I's curves that
the impact force rose significantly due to the resistance mechanism-based inertial force generation. The maximum impact
force may be several times (fluctuating from 4.51 to 15.27 times in the present study) greater than the corresponding static
load value at the equivalent displacement, and the peak impact force value was developed in a very short duration.

The experimental findings presented by Huynh et al. [16], clearly show that beam-columns' structural reaction to impact
loading is essentially differing from that to static loading. Impact tests showed brittle shear and flexural-shear failures,
especially in axial-force-dominated high strength concrete HSC specimens, while static three-point bending tests showed
flexural ductile failure in all specimens. Additionally, the dynamic energy dissipation capability exceeded static energy
absorption by a large margin, sometimes by more than double. Under impact loading, it was discovered that the existence
and eccentricity of axial force had a more noticeable effect, changing the impact resistance as well as the failure mode. These
results demonstrate that impact performance cannot be predicted directly from static capacity.

The complexity with analysis and design of constructions subjected to dynamic sudden impact loads led to fewer studies on
impact loading compared to those that examine the effects of static loads. The primary cause of this insufficient study is
analysis and design complicated, which is further compounded when dealing with inelastic materials such as reinforced
concrete [17].
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Fig. 3. Distribution of interior forces in static and dynamic analysis\ theoretical diagrams [14]
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Fig. 4. Assessment of performance under loading of static and impact: (a) Force—displacement curve (b) Free body diagram
for static loading; (c) Free body diagram for impact loading in the initial contact moment [15]

3. Design standards

The estimate of impact loads and the basic reactions of infrastructures exposed to various kinds of lateral impact loading are
often defined by a number of design codes, particularly those resulting from collisions involving vehicles and ships using

comparable static and quasi-static studies. These guidelines, however, have not taken into consideration the dynamic impacts
of amplification, such as strain rate effects and inertia as follows:

AASHTO -[18][19]: According to the FHWA Guide Specification, vessel collision loads are defined in terms of
comparable static forces for structural design, which are based on experimentally verified force—deformation
relationships and the kinetic energy involved in head-on vessel hits. The rules are often based on equal static impact
forces obtained from extensive crash tests involving truck-barrier and tractor-trailer systems in the event of vehicle
collisions. It is customary to apply a sample static force of roughly 1800 kN at a height of 1.35 m from the bottom
column.

The Japan Society of Civil Engineers (JSCE): Uses equivalent mean impact forces and energy absorption as the
main design parameters in their performance-based design method for structures exposed to falling debris, such rock
falls [1].

The Australian standard AS 1170.1: Which normally takes into account masses between 1500 and 2000 kg, similarly
defines vehicle impact loads in terms of equivalent static forces depending on the kinetic energy of vehicles [4].
EN 1991-1-7-2006 [20]: Provide the Guidelines for evaluating impact and unintentional loads on buildings, with an
emphasis on forces from traffic, ship impacts, and helicopter landings. For low to medium implications, it
recommends employing equal static force; for severe outcomes, more sophisticated analysis is required. Because of
their susceptibility to impact, parking buildings and those next to roadways or railroads are given extra consideration.
To assess structural consequences, the code suggests using dynamic analysis or the equivalent static force approach,
taking impact velocity and deformation behavior into account. It includes further precautions for overhead elements
where clearance is less than 6m, and it specifies maximum horizontal forces of 1000 kN for truck impacts and 500
kN for automobile impacts in parking garages.

Furthermore, the Chinese CMR (TB10002.1-2005) regulations: Use an equivalent static load formulation that is
derived from the kinetic energy of the vessel to estimate ship collision actions. Through the use of a sine function,
the expression specifically accounts for the impact angle, ship weight, impact velocity, and the deformation
coefficients of the bridge and the vessel [21].

According to UK Highways Agency standards: Nominal equivalent horizontal loads, usually between 250 kN and
1000 kN, should be applied to bridge piers according to experimental data [1].

4. Impact loading test facilities
Impact loading tests can be represented experimentally by various specially constructed testing setups as follows:

* Drop-weight impact: As seen in Figure (6), the impactor with a given mass is vertically dropped from a predetermined
height in relation to the intended impact energy. It is the most popular experimental technique for examining the impact
reactions of concrete components positioned horizontally, for example slabs and beams.
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*Pendulum impact: As seen in Figure (7), the impactor can be launched from various angles to produce varying initial impact

energy.
* The horizontal impact : As seen in Figure (8), the impactor strikes the structure horizontally at a predetermined beginning

velocity [1].

In nature, in drop-weight loads, the dynamic performance of structural components changes slightly compared to that
experiencing horizontal impact loading due to the gravitational acceleration of striking items. Consequently, the structural
behavior and damage conditions may be overstated if the drop weight impact tests are used to examine the dynamic behavior
of RC columns exposed to horizontal impact loads [15].
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Figure (9) illustrates the frequency of testing methods for steel reinforced concrete column specimens in experimental studies
that are tabulated in Table Al. It is clear to observe that test of drop weight impact is the more commonly used method,
followed by horizontal impact test, while the pendulum impact test is the least utilized. This is attributed to flexibility,
realistically, and simplicity of drop weight impact tests.

Furthermore, the failure mode observed in the drop-weight impact test was predominantly ductile, resulting in the formation
of a plateau stage in the time history of impact force. In contrast, the horizontal impact test exhibited a brittle shear failure
mode, where the maximum impact force dropped rapidly to zero without the exhibiting a plateau stage [26].
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Fig. 8. Frequency of specimens tested using different impact methods

5. Experimental tests
Table Al summarizes the experimental programs of previous studies conducted on reinforced concrete (RC) columns
specimen experiencing to loading of lateral impact, depict cross section of specimen, longitudinal reinforcement, shear
reinforcement, impact force, displacement, compressive strength and ultimate stress of steel. The main investigated
parameters include stirrup spacing, impact velocity, axial load level, longitudinal reinforcement ratio, and boundary
conditions as presented below:

5.1. Effect of shear reinforcement

The effect of shear reinforcement on the impact behavior of reinforced concrete columns has been widely investigated by
numerous researchers as following : Anil et al.[17] tested in total, eight concrete column specimens with square cross-sections
(three parameter was tested including insufficient stirrup, low compressive strength, and straight debar to represent old
structures that not design as codes), Yilmaz et al [27] A total of 16 reinforced concrete (RC) square columns were fabricated
during his experimental test. The studied variables were TRS, axial load, and energy input, A total ten of concrete column
were designed by Demartino et al. [28]. In the testing process, closed hoops (©6) with different spacing were employed to
assess two types of specimens: Type 1 featured hoops measuring 100 mm, while Type 2 included hoops measuring 330 mm
under cantilever and fixed-simply-supporting (volumetric transverse reinforcement ratios of 0.3% for Type 1 and 0.09% for
Type 2), five specimens with circular cross-sections were performed by Zhou et al.[23],Xiang et al. [29] tested seven samples
of square concrete columns, and Wang et al. [30] tested four column of all-light weight concrete.

With regard to acceleration and displacement values, the results by Anil et al. [17] and Yilmaz et al. [27] indicate that the
effect of increasing the transverse reinforcement spacing (TRS) from 150 mm to 300 mm led to higher values of acceleration
and displacement in the columns under impact loading. as illustrated in Figures (10) and (11) that show how the values of
displacement change with TRS while keeping other parameters constant. The details of collected specimens from Anil and
Yilmaz tests are illustrated in Table A1, same result found by Demartino et al. [28] when increase spacing from 100 to 330
under same impact velocity and same boundary conditions, Xiang et al. [29] with increasing spacing from 100 to 200 mm
displacement increase, and with Wang.et.al.[30] when increasing sturrips ratio from 0.27 % to 0.4 %. On the other hand,
there is no obvious change in the midspan displacement peak value when the stirrup reinforcement ratio increases was noticed
by Zhou et al.[23] as shown in Figure (12) that explain how the values of TRS can effect on impact response and displacement
value, the details of specimens from Zhou test were illustrated in Table Al.
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In terms of impact force, A comparison by Demartino et al. [28] of the high-velocity tests reveals that the impact force in
specimen with spacing 330 mm declines more steeply than in those with spacing 100 mm. This reduction indicates that the
column with insufficient shear reinforcement endured more significant damage and greater reduction in stiffness. an increase
in the stirrups spacing leads to an increase in both maximum force and impact time at similar impact speed and axial ratio,
but the plateau force is almost the same in all cases of spacing change was noticed by Xiang et al. [29]. Moreover, Wang.et.al.
[30] found that as stirrup ratio increase, the impact force increases as well as, overall stiffness of the column. The opposite
for the findings by Zhou et al.[23] which indicated that the initial contact stiffness and maximum impact force do not
considerably change as stirrup spacing increases, as well as the platform stage's duration.

With regard to mode of failure, all the above studies found that the backing provided by increasing the spacing enhances
column integrity and reduces crack development and propagation. Moreover, Stirrup ratio can efficiently manage the failure
mode from flexure to shear and there was an expansion in both the number and width of shear cracks in the columns when
the TRS increased.
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vertical axis represents the impact force, while the right vertical axis represents the lateral displacement

5.2. Effect of impact velocity

One of the most important factors influencing the dynamic response and failure mechanism of reinforced concrete columns
exposed to lateral impact loads is impact velocity. In order to measuring the effect of different impact velocities, numerous
experimental investigations have been conducted as following: Two cases of input impact energy (E=0.5 mv?) were
investigated by Yilmaz et al.[27]; one case with input impact energy of 0.824 kN.mm (velocity = 4.43 m\s) and other with
value of 1.236 kN.mm (velocity= 5.42 m/s), Using pendulum test setup, six reinforced concrete columns were conducted
under varying axial compression ratios and impact speeds (low velocity=2.85 m/s, medium velocity = 3.58 m/s, and high
velocity = 4.85 m/s) by Sun et al. [31], Demartino et al. [28], Liu et.al. fabricated ten circular reinforced concrete column
specimens in total [22], Chen et al. [32] to mimic the scenario of a heavy vehicle colliding with a reinforced concrete column,
Xiang et al. [29], and Li et.al. [26] tested six piers specimens by using horizontal impact system with two key factors impact
velocity and longitudinal reinforcement.

Regarding to displacement, the results by Yilmaz et al. [27] Sun et al. [31], Chen et al. [32], Xiang et al [29], and Li et.al.
[26], are indicated that an increase in impact speed produces more intense force pulse, resulting in greater localized damage
at the point of impact and increased deflection in the mid-span as seen in Figure (13) that shows a comparison of values of
displacement for specimens by Sun et al. [31], the details of specimens are illustrated in Table A1. While Demartino et al.
[28] noticed that at low impact velocity, minor damage was observed, while at medium and high impact velocities, a large
reduction in stiffness and higher lateral displacements occurred. In regard to impact force, Yilmaz et al.[27] observed that
the increase in the input impact energy led to increase in impact load, as observed in Figure (14) which illustrates the effect
of impact velocity (input energy) on the peak impact force under different axial load levels (0, 20, 40, and 60 kN). The
notation (0/0.824) represents zero axial load with an input energy of 0.824 kN-mm, whereas (20/1.236), for instance, indicates
an axial load of 20 kN with an input energy of 1.236 kN-mm parallel to the higher velocity situation, the details of specimens
are illustrated in Table Al. Sun et al. [31] noted that as the impact velocity and the axial compression rate increase both the
maximum impact force and the duration of the impact on the force platform rise. Demartino et al. [28] indicated that the
higher initial kinetic energy caused the column's inertial resistance to increase during the contact phase, the peak impact force
increased nearly proportionately to the impact velocity. Xiang et al [29] noted that increasing the impact height considerably
intensified the damage sustained by the tested samples, a higher drop height resulted in greater peak impact force, higher
plateau force, and a longer impact period. In terms of failure mode, the findings from studies above found that increasing the
impact of velocity leads to higher impact energy and more severe damage in columns. at higher velocities, the damage
concentrated around the impact area, resulting in diagonal shear cracks and concrete crushing. Consequently, as the velocity
elevates, the column becomes more susceptible to shear failure. It is important to note that samples exposed to low speeds
exhibit a failure pattern similar to static load failure or bending failure [15].
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5.3. Effect of axial load

Based on previous tests, under impact loading, it is observed that the axial loads have an significant effect on the columns’
dynamic responses [22]. Various studies investigate steel reinforced column under impact loading with different axial load
ratios as following: Yilmaz et al. [27], Sun et al.[31], Ye et al. [15], Liu et al. [22] ,Luo et al. [13], Xiang et al. [29] .

In terms of displacement and acceleration, Yilmaz et al.[27] demonstrates that under the assumption that the input impact
energy and transverse reinforcement spacing stay constant, the peak acceleration values measured increase and RC columns'
peak and residual mid-point displacement magnitude decrease with the applied axial load. The residual displacements are
permanent deformation recorded after the end of vibrations caused by impact load. However, it has been shown that columns
which are axially loaded near the value of balanced axial load have suffered significant damage, and their residual
displacements have grown dramatically. This is because increasing the imposed axial load toward the balanced limit
magnitude decreases the ductile behavior and increases the second-order bending moment (termed as the P—A effect).
Besides, energy dissipation ability reduced with the increase of axial loads for specimens with same input impact energy and

Fig. 13. Effect of input impact energy on impact force
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shear reinforcement, as shown in Figure (15) which illustrates the effect of axial load (0, 20, 40, and 60 kN) on the energy
dissipation capacity under different input energy levels. The notation (0/0.824) represents zero axial load with an input energy
of 0.824 kN-mm, whereas (20/1.236), for instance, indicates an axial load of 20 kN with an input energy of 1.236 kN-mm,
the details of specimens are illustrated in Table Al.
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Fig. 14. Relation between axial load and energy dissipation

Same finding was found by Sun et al [31] was noted that the amount of displacement reduces initially with rising the axial
ratio, and at a certain level an opposite response occurs. Comparable findings were found by Ye et al. [15] The residual
deformation of the column following impact was influenced by the presence of axial compressive load. The columns with
axial pre-load nearly always returned to its primary situation throughout the rebounding process, indicating that reinforced
concrete columns exposed to impact loads benefit from the presence of axial pre-load in terms of deformation restoration.

With respect to impact force, the observed findings showed that as the axial compressive ratio increases, a little effect will

occur to specimens with keeping other parameters constant as shown in Figure (16), details of specimens illustrated in Table
Al.
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Fig. 15. Effect of axial compressive ratio on impact force [15]

Liu et al. [22] demonstrate that the existence of axial force may cause (P—A) effect, especially for high impact energy. In
terms of impact force, the column with axial load has maximum impact force higher than column with no axial force, this
due to axial load enhance contact stiffness. The application of axial load caused a reduction in vertical displacements at small
deformation levels. Luo &Wang [13]. Found that under an axial compression ratio of 0.2, the stiffness of the column was
temporarily enhanced, affecting the development of cracks and deformation mode. And The outcomes from Zhou et al [23]
showed that there was a significant effect on flexural rigidity when an increase in axial ratio happened. Moreover, peak
impact force rises by 10% at the equal impact velocity as the axial compression ratio increases. In the same way, the mid-
span displacement effected by the beneficial influence of the large axial compression ratio, the substantial axial compression
effectively prevents the mid-span displacement from developing during the column collision process. Similar resultsr by
Xiang et al [29] that indicated that the axial compression ratio enhance column stiffness and reduce lateral deflection within
a certain range; however, according to the P—A effect, excessive axial load combined with large lateral displacement may
amplify instability.

5.4. Effect of reinforcement ratio

In terms of displacement, the results by Ye et al. [15], Li et.al. [26], and Wang.et.al. [30], revealed that maximum
displacement and residual displacement were both decreased for specimens with higher longitudinal ratio.

In terms of impact force, the outcomes of Ye et al. [15] clarified that the average impact force (Faw) was significantly
enhanced by the ratio of longitudinal reinforcement (p). As p increased from 1.4% to 2.7%, Fave rose from 5.92 kN to 11.13
kN, marking an 88% increase. comparable results were found by Wang.et.al. [30], increasing the longitudinal reinforcement
ratio enhances the column's initial stiffness, which in turn raised the peak impact force. In contrast with findings by Li et.al.
[26] that indicated under different ratios, the maximum impact force remained largely unaffected. because the influence of
longitudinal ratio on local stiffness of column is not substantial. Liu et al. [22] critically, find that axial loads can lead to
severe consequences for columns with a lower reinforcement ratio when they experience a high-energy impact. Increasing
the reinforcement ratio significantly reduces both overall and local failures of column samples. Li et.al. [26] found that the
severity of damage and cracks width decrease with rising longitudinal reinforcement ratio. Figure (17) shows that increasing
the longitudinal reinforcement ratio led to enhance the residual stiffness and reduce the dissipation of energy.
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Fig. 17. Effect of longitudinal ratio on energy dissipation [26]
5.5.Effect of Concrete compressive strength

Anil et al. [17] studied the effect of compressive strength on the impact response of concrete columns. In terms of acceleration,
it is found that columns with low concrete strength (10 MPa) exhibited lower acceleration measurements due to their reduced
stiffness and associated energy loss ability. In contrast, columns made of higher strength concrete have a greater accelerations
magnitude because of their higher stiffness and toughness with equal energy. The same with displacement. With respect to
impact loads, the results indicate that structural elements with higher strength concrete have a greater impact loads and energy
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ability than those made from reduced compressive strength. When combining the impact load- time curves for two specimens
(Presented in Table A1) with the same (TRS) but different compressive strength as shown in Figure (18), it can be noting
how impact load effected by the increase in compressive strength. Furthermore, there were minor fluctuations in TRS effect

observed in specimens with higher-strength concrete (20 MPa), suggesting that stronger concrete mitigates the effect of TRS
on the dynamic behavior to impacts.
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Fig. 18. Effect of compressive strength on impact load

In addition, Wei et al. [33] studied the improvement of concrete strength when changing from traditional reinforced concrete
(RC) to ultra-high-performance concrete (UHPC) using square and circular cross sections test specimens, each of which
included both RC and UHPC columns. According to experimental results, when exposed to the impact scenario, square and
circular UHPC columns displayed relatively little flexural damage, while both square and circular columns showed brittle
shear failures along with significant concrete splitting.

5.6. Effect of Boundary Conditions
The cantilever case (C case) and the fixed case (F case) were the two boundary condition scenarios that were investigated
by Demartino et al. [28]. Boundary circumstances were shown to have a negligible impact on the maximum impact force.
Figure (19), which illustrates how boundary circumstances affect the impact force for samples with a similar transverse
reinforcement spacing (TRS) and impact velocity, generally demonstrates that the impact force reported in the C case was
marginally lower than that in the F case. Consequently, the specimen with the F test was exposed to more damage than the
other tests, which resulted in a greater impact force and linked impulse value. Regarding displacement, the F test showed a
higher maximum displacement value than the C test, even though the impact velocity was the same.
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Fig. 19. Effect of boundary conditions on impact force
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5.7. Effect of section width

Ye et al. [15] observed that flexural stiffness significantly influences the duration of the impact but has minimal effect on the
peak impact force. This is due to the fact that at the moment of initial impact, the horizontal impact force is primarily
countered by inertial force rather than by global structural bending deformation. Consequently, the ratio of peak impact force
to static force (Fy/Fs ) prone to increase as the width (w) decreases. For displacement, as presented in Figure (20) that
comparing specimens with different width cross section while keeping other parameters constant, specimens with a greater
w value exhibited lower maximum displacement (umax) and residual displacement (ures) upon completion of impact testing,
the details of specimens illustrated in Table Al.
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Fig. 16. Effect of section width on displacement[15]
5.8. Effect of load application point

Another variable investigated by Anil et al. [17] was the impact location. The damage distribution was more uniform and
concentrated near the top and bottom supports, when the impact load was imposed along the axis of symmetry of the column.
In this case, fewer shear cracks were observed, and those that developed were relatively narrow. In contrast, when the impact
load was applied eccentrically (i.e., away from the axis of symmetry), both the number and width of shear cracks increased
significantly, particularly close to one end of the column. It is noteworthy that specimens with less transverse reinforcement
spacing (TRS) and those subjected to impact near the column end experienced more severe damage, as illustrated in Figure
(21), the details of the specimens are illustrated in Table Al.

Specimen 7
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Fig. 17. Crack distribution of the samples [17]

6. Finite element studies
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Experimental studies investigating the impact behavior of RC beams have provided important observations and useful
experimental data. However, conducting such tests is costly and requires considerable time and resources. Moreover, several
response parameters are difficult to capture experimentally, including the concrete stress distribution near the impact region,
internal shear forces, and bending moments. Consequently, finite element modeling has been widely adopted to obtain more
detailed insights and to perform comprehensive parametric investigations. Nevertheless, developing reliable numerical
impact models requires careful consideration of several aspects, such as contact interaction techniques, constitutive material
formulations, failure and damage criteria, dynamic increase factors (DIF), and erosion approaches. These numerical
techniques and modeling considerations are discussed in this section [34]. Most studies are conducted using either LS-DYNA
software or ABAQUS for dynamic analysis. A summary of selected relevant studies provided in the following section.

Three-dimensional finite element analysis is considered an effective approach for accurately simulating the nonlinear
behavior of reinforced concrete structures under impact loading. Unlike simplified beam or two-dimensional models, 3D FE
models can better capture complex phenomena such as concrete cracking, crushing, confinement effects, and stress
redistribution under multiaxial stress conditions. Therefore, advanced numerical modeling serves an important function in
predicting the impact response and failure mechanisms of reinforced concrete columns. The implementation of concrete
constitutive laws in finite element analysis remains challenging due to the heterogeneous and discontinuous nature of
concrete. In particular, crack propagation is commonly simulated using either discrete crack or smeared crack approaches.
Although the discrete crack approach can represent physical cracking more realistically, it often requires predefined crack
paths or remeshing techniques. On the other hand, the smeared crack approach is more compatible with FE formulations but
may overestimate the shear resistance of structural members. In addition, steel reinforcement can be modeled using discrete,
embedded, or smeared reinforcement techniques, with previous studies indicating that the selected reinforcement modeling
approach has limited influence on the overall numerical results [35]
Columns made of different materials were analyzed under lateral impact using the LS-DYNA software by Yu et al. [36]. The
results showed that the vehicle's mass and stiffness have a clear effect on the value of the impact force, and that the impact
force increases with increasing speed, but in a non-linear relationship. Regarding the boundary conditions, their effect was
minimal as mentioned in experimental analysis by Demartino et al. [28] which discussed in previous section, while the type
of material of column had a substantial influence on the impact force, especially at high impact speeds.
In order to mimic experimental testing on concrete and reinforcing steel, a nonlinear finite element model was generated in
LS-DYNA by Sha et al. [37]. The results, which included impact force, time, displacement, and damage, were in agreement
with the experimental data. After validation, parametric investigations on a number of parameters were made easier by a full-
scale barge-pier collision model. Important results showed that while barge tonnage influences duration and impulse, impact
velocity significantly influences peak force. While pier height and superstructure mass have little effect on peak force but
change structural reaction, pier diameter has a limited effect on peak force but greatly affects displacement response.
Furthermore, the soil-foundation interaction has a negligible impact on peak force but influences post-impact vibrations and
displacement, and the impact location does not significantly alter peak force but increases displacement at higher heights.
Detailed numerical models were developed by Zhou et al. [38] to simulate a vehicle collision with a pier, and the resulted
damage was analyzed. The results showed that the failure process is separated into four-time phases: an initial peak, then
force development, followed by a maximum peak, and finally force decline. At the maximum peak, shear failure occurs with
spalling of the concrete and fracture of the stirrups where both impact force and displacement reach their maximum value
simultaneously.
Table A2 summarizes additional numerical studies, with particular focus on research involving parametric investigations.
Moreover, most of the numerical studies presented in the table showed good agreement with experimental results,
demonstrating the effectiveness and reliability of finite element models in simulating the impact behavior of reinforced
concrete members.

7. Conclusion

This paper provides a state-of-the-art review of structural responses and failure behaviors of reinforced concrete columns
subjected to lateral impact loads. Firstly, the difference between static and dynamic loading conditions, as well as the
most commonly used design codes and impact facilities were introduced. Then, the most parameters that affect impact
force, displacement, and failure mode were discussed. The available finite element studies were presented and

summarized in tabulate form. The review study shows that:
1. Impact loading on reinforced concrete columns poses a significant hazard to structural safety and human life. Unlike
static loading, dynamic impact loading produces different responses in terms of failure mode, impact force, and
lateral displacement. Therefore, the behavior of reinforced concrete columns under impact loading requires further
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investigation to improve impact resistant design.

Most previous studies indicated that impact velocity is the governing determinant controlling the failure mode of
reinforced concrete columns. Flexural failure was commonly observed under low impact velocities, flexural—shear
failure under moderate velocities, and brittle shear failure under high impact velocities. In addition, the impact force
was found to increase approximately linearly with increasing impact velocity, particularly at high velocity levels.
Preceding literature reported varying conclusions regarding the influence of axial force on impact behavior.
However, most findings suggested that a moderate axial compression ratio can improve the impact resistance and
overall structural performance of reinforced concrete columns under lateral impact loading by increasing stiffness,
moment capacity, and overall strength while reducing maximum and residual displacements. However, when the
axial load ratio overcomes a critical threshold (approaching the balanced condition), this beneficial effect
diminishes, and residual displacement increases due to second-order (P—A) effects, potentially reducing overall
impact resistance.

Limited studies have investigated the influence of shear reinforcement ratio, concrete compressive strength,
longitudinal reinforcement ratio, boundary conditions, and column cross-section on the impact behavior of
reinforced concrete columns.

Generally, to prevent brittle failure, the design should include higher compressive strength, a sufficient stirrups ratio,
and the application of load close to middle of the column. As well as, the increase in concrete strength led to increase
in acceleration, displacement, and impact loads this led to enhancing the overall impact performance of the columns.
Furthermore, higher compressive strength reduces the sensitivity of column behavior to transverse reinforcement
spacing. And the increase in the longitudinal reinforcement ratio resulted in increase of impact force and improved
energy dissipations.

Numerical simulation performed using LS-DYNA or ABAQUS software has been shown accurately representing
the dynamic response of the impacted columns, represented cost effective tools compared to laboratory tests.

Finally, there is a need for more studies, whether experimental, numerical or theoretical, to better predict the Columns

response under lateral impact, such as : columns in building subjected to higher axial loads, full-scale columns,
develop a reliable design procedure for impact-resistant RC columns, and formulate efficient FE models that are less
sensitive to parameter variation, thereby ensuring safety under sudden conditions.
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Appendix

Table Al. Data collected from steel RC columns subjected to lateral impact

. e e peak
. Axial B or H l(-mgltudmal stirrups impact | Deflections Fy Es
Reference | year column velocity(m\s) | force(kN) D L(mm) reinforcement . .
) (mm) . spacing\ratio force (mm) (MPA) | (GPA)
/ratio % (mm) \ratio
(KN)
Chenetal. | 2016 | CC1 13.9 N.F 333 2000 | 1608 6.5@333 238.4 7.3 2394.8 180
[32] 7
9
cC2 13.3 N.F 333 2000 | 1608 6.5@333 308.9 38.8 3394.8 180
5
2
CC3 10.4 N.F 333 2000 | 1608 6.5@333 320 44 3394.8 180
2
4
Demartino | 2017 | CH1 4.5 N.F 330 1700 | 0.9 0.3 952 66.9 2427 204
et al.[28] 8
CH2 4.5 N.F 330 1700 | 0.9 0.09 993 79.5 2427 204
8
CM1 3 N.F 330 1700 | 0.9 0.3 643 17.3 2427 204
8
CM2 3 N.F 330 1700 | 0.9 0.09 645 17.9 2427 204
8
FH1 4.5 N.F 330 1700 | 0.9 0.3 1060 75.4 2427 204
8
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Axial

B or

longitudinal

peak

H ti i t Deflecti F E
Reference | year | column | velocity(m\s) f/(;l;‘ct«ie(()kj;l) (mDm) L(mm) (mm) reint::;:nent Sp:cli;l‘glif:tio “fl(l)g:: e( I:lcml)ons o PyA) ;. PSA)
0
(KN)
FH2 4.5 N.F 330 1700 | 0.9 0.09 1030 80.1 427 204
8
FM1 3 N.F 330 1700 | 0.9 03 719 27.1 2427 204
8
FM2 3 N.F 330 1700 | 0.9 0.09 676 31.2 2427 204
8
FL1 2.25 N.F 330 1700 | 0.9 0.3 502 10.5 427 204
8
FL2 2.25 N.F 330 1700 | 0.9 0.09 505 9.5 427 204
8
Liu et 2017 | E1F1 4.85 0 200 2200 1.92% 1.30% 480.3 333 3418.1 200
al.[22] 0
E1F2 4.85 200 200 2200 | 1.92% 1.30% 5153 24.5 3418.1 200
0
E1F3 4.85 400 200 2200 | 1.92% 1.30% 511.7 20.3 3418.1 200
0
E1F3L6 4.85 400 200 2200 | 0.96% 0.72% 519 27.1 3418.1 200
0
E2F1 6.86 0 200 2200 1.92% 1.30% 563.2 79.2 3418.1 200
0
E2F2 6.86 200 200 2200 | 1.92% 1.30% 671.7 62.5 3418.1 200
0
E2F3 6.86 400 200 2200 | 1.92% 1.30% 617.4 58.8 3418.1 200
0
E2F3L6 6.86 400 200 2200 | 0.96% 0.72% 695.5 3418.1 200
0
Anil et 2018 | 10-150c 4.29 N.F 100 100 1500 | 408 D4@150 9 4.94 1470 200
al[17] 0
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Axial

B or

longitudinal

peak

) H . stirrups impact | Deflections Fy Es
Reference | year column | velocity(m\s) forc«.e(kN) D L(mm) (mm) relnforcfament TR force (mm) (MPA) | (GPA)
/ratio % (mm) \ratio
(KN)
10-150c 4.29 N.F 100 100 1500 | 408 P4@150 10 7.1 1470 200
0
20-150c¢ 4.29 N.F 100 100 1500 | 408 P4@150 24 11.92 2470 200
0
10-300 4.29 N.F 100 100 1500 | 408 P4@150 26 15.12 1470 200
0
10-300c 4.29 N.F 100 100 1500 | 408 V4@300 23 13.2 1470 200
0
20-300c 4.29 N.F 100 100 1500 | 408 V4@300 21 12.2 2470 200
0
20-300 4.29 N.F 100 100 1500 | 408 B4@300 24 17.7 2470 200
0
20-150 4.29 N.F 100 100 1500 | 408 P4@150 25 12.39 2470 200
0
Wei et 2019 | RC-S-hl.5 | 5.42 200 168 168 2000 | 4012 ?10@200 280 62 4500 200
al.[33] 0
RC-S- 4.95 200 168 168 2000 | 49012 J10@200 4500 200
h1.25 0
UHPC-S- | 5.42 200 168 168 2000 | 6012 ?10@200 520 30 1500 200
hl.5 3
6
UHPC-S- | 5.86 200 168 168 2000 | 4012 ?10@200 525 36 1500 200
h1.75 3
6
RC-C-h1 4.43 200 168 168 2000 | 6012 ?10@200 4500 200
0
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Axial

B or

longitudinal

peak

) H . stirrups impact | Deflections Fy Es
Reference | year column | velocity(m\s) forc«.e(kN) D L(mm) (mm) relnforcfament TR force (mm) (MPA) | (GPA)
/ratio % (mm) \ratio
(KN)

UHPC-C- | 4.43 200 168 168 2000 | 6012 ?10@200 320 24 1500 200
hl 3
6

Yilmazet | 2019 | 1 4.43 0 100 100 1500 | 4910 8@ 150 15.88 9.41 4490 208
al.[27] 5

2 5.42 0 100 100 1500 | 4010 V8@150 25.32 14.42 4490 208
5

3 4.43 20 100 100 1500 | 4910 8@ 150 15.94 7.96 4490 208
5

4 5.42 20 100 100 1500 | 4910 d8@150 25.87 12.26 4490 208
5

5 4.43 40 100 100 1500 | 4010 ?8@150 15.97 6.92 4490 208
5

6 5.42 40 100 100 1500 | 4010 ?8@150 26.05 10.96 4490 208
5

7 4.43 60 100 100 1500 | 4910 d8@150 16.88 5.89 4490 208
5

8 5.42 60 100 100 1500 | 4010 ?8@150 26.19 9.27 4490 208
5

9 4.43 0 100 100 1500 | 4010 ?8@300 15.47 14.97 4490 208
5

10 542 0 100 100 1500 | 4010 D8@300 26.03 38.94 4490 208
5

11 4.43 20 100 100 1500 | 4010 D8@300 15.98 12.63 4490 208
5

12 5.42 20 100 100 1500 | 4010 ?8@300 26.37 25.65 4490 208
5
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Axial

B or

longitudinal

peak

) H . stirrups impact | Deflections Fy Es
Reference | year column | velocity(m\s) forc«.e(kN) D L(mm) (mm) relnforcfament TR force (mm) (MPA) | (GPA)
/ratio % (mm) \ratio
(KN)

13 4.43 40 100 100 1500 | 4910 V8@300 16 10.7 4490 208
5

14 5.42 40 100 100 1500 | 4910 ?8@300 26.13 21.54 4490 208
5

15 4.43 60 100 100 1500 | 4910 ?8@300 16.01 9.3 4490 208
5

16 5.42 60 100 100 1500 | 4010 V8@300 26.01 18.63 4490 208
5

Ye et 2020 | LDL120- | 0.8 0.1 120 120 1150 | 1.40% ?8@70 50.42 77.25 6408.8 200
al.[15] 0.1-1.4 0
3
9

LDL150- | 0.8 0.1 150 150 1150 | 1.40% ?8@70 56.88 58.08 6424.6 200
0.1-1.4 0
3
9

LDL180- | 0.8 0.1 180 180 1150 | 1.40% D8@70 71.9 27.64 6470.4 200
0.1-1.4 0
3
9

MDL120- | 0.8 0.1 120 120 1150 | 1.40% ?8@70 34.98 67.3 6408.8 200
0.1-1.4 0
3
9
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) H . stirrups impact | Deflections Fy Es
Reference | year column | velocity(m\s) forc«.e(kN) D L(mm) (mm) relnforcfament TR force (mm) (MPA) | (GPA)
/ratio % (mm) \ratio
(KN)

MDL150- | 0.8 0.1 150 150 1150 | 1.40% V8@70 44.46 40.12 6424.6 200
0.1-1.4 0
3
9

MDL180- | 0.8 0.1 180 180 1150 | 1.40% I8@70 36.03 20.1 6470.4 200
0.1-1.4 0
3
9

MDL150- | 0.8 0.1 150 150 1150 | 2.00% I8@70 40.26 37.37 6470.4 200
0.1-2 0
3
9

MDL150- | 0.8 0.1 150 150 1150 | 2.70% ?8@70 35.38 34.1 6465.3 200
0.1-2.7 0
3
9

MDL150- | 0.8 0 150 150 1150 | 1.40% 8@70 28.55 48.03 6424.6 200
0-1.4 0
3
9

MDL150- | 0.8 0.2 150 150 1150 | 1.40% ?8@70 36.3 28.61 6424.6 200
0.2-1.4 0
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Axial

B or

longitudinal

peak

Reference | year column | velocity(m\s) forc«.e(kN) D L(mm) (mHm) reinforcfament sp:zli;l;glif:tio llfl:ﬁ::t De?;lcmtl)o ns (Ml;y A | GEl:’SA)
/ratio % (mm) \ratio
(KN)
3
9
SDL120- 0.8 0.1 120 120 1150 | 1.40% I8@70 37.14 54.37 6408.8 200
0.1-1.4 0
3
9
SDL150- 0.8 0.1 150 150 1150 | 1.40% ?8@70 63.64 43.16 6424.6 200
0.1-1.4 0
3
9
SDL180- 0.8 0.1 180 180 1150 | 1.40% I8@70 30.13 15.84 6470.4 200
0.1-1.4 0
3
9
SDL120- 0.8 0 120 120 1150 | 1.40% ?8@70 30.73 69.93 6408.8 200
0-1.4 0
3
9
Zhouetal. | 2021 | Z1-150- 4.5 0.2 340 2100 | 2.70% 150 2014 18.95 4400 205
[23] 0.2 2
Z72-100- 4.5 0.2 340 2100 | 2.70% 100 1908 20.35 4400 205
0.2 2
73-50-0.2 | 4.5 0.3 340 2100 | 2.70% 50 1821 22.87 4400 205
2
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Axial

B or

longitudinal

peak

H ti i t | Deflecti F E
Reference | year column | velocity(m\s) forc«.e(kN) D L(mm) (mm) reinforcfament sp:cli;l;glif:tio “;:)2:: € (I:lcml)o ns (MPy A | GPSA)
/ratio % (mm) \ratio
(KN)
74-50-0.3 | 4.5 0.4 340 2100 | 2.70% 50 2057 18.04 4400 205
2
75-50-0.4 | 4.5 340 2100 | 2.70% 50 2248 16.56 4400 205
2
Luoetal. | 2023 | C_1 2.4-6.3 0 140 140 600 408 ?6@50 NF NF 3 200
[13] 0
Cc2 2.4-6.3 0 140 140 800 408 V6@50 NF NF 3 200
0
C3 2.4-6.3 0-0.8 200 200 800 408 V6@50 NF NF 3 200
0
Sun et 2023 | C-0-H 4.58 0 200 200 2200 | 2.54% 0.71% 344.7 113.2 3482 200
al.[31] 5
8
C-6-H 4.58 296 200 200 2200 | 2.54% 0.71% 495.7 109.7 3482 200
5
C-12-H 4.58 597 200 200 2200 | 2.54% 0.71% 709.1 152.5 3482 200
7
9
C-3-M 3.58 141 200 200 2200 | 2.54% 0.71% 426.4 65.2 3482 200
7
3
C-6-M 3.58 294 200 200 2200 | 2.54% 0.71% 459.4 68.6 3482 200
6
4
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peak

Axial B or H longitudinal stirrups impact | Deflections F E
Reference | year column | velocity(m\s) | force(kN) D L(mm) reinforcement ) P . P Y S
] (mm) . spacing\ratio force (mm) (MPA) | (GPA)
/ratio % (mm) \ratio
(KN)

C-6-L 2.58 291 200 200 2200 | 2.54% 0.71% 282.6 37.7 3482 200

6

1

Where, B: refers to the section width, L: refers to the section depth, D: refers to the section diameter, H: refers to the column height, f.: refers to the
compressive strength of concrete, fy: refers to the yield strength of steel, Es: modulus of elasticity for steel
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Table A2. Finite Element studies presented for columns subjected to lateral impact load

The effects of the dynamic impact loading on the

axial force, the bending moment, the shear force,

and the failure modes of the bridge column have
been examined.

Reference Year Investigated parameters Findings
Thilakarathna et al. 2010 Columns fail mostly in shear or shear-flexural modes close to the supports, and the impact behavior
[39] A nonlinear finite element model was developed | iq similar to quasi-static stress.
in LS-DYNA and validated using experimental
results, incorporating the effects of strain rate and
concrete confinement
Gholipour et al. [14] | 2018 The greatest value of the impact force and the flexural moment each dramatically rise at the mid-span
column as the axial load ratio rises with strong relationships. The plastic hinge's position relative to
] the column mid-span decreases as the axial load ratio rises.
Effect of Axial load
As the impact height decreased, the column's failure mode shifted from global-flexure to shear-
Effect of impact elevation flexural or global shear. which consistent with experimental study above
Do etal.[11] 2018 (1) Although it hasn't been discussed in the literature, the engine's mass has a significant impact on

the PIF, the moment, the shear force, and ultimately the column damage.

The vehicle's engine mass and impact velocity can be used to anticipate the peak impact force on a
bridge column, and momentum-impulse conservation can be used to estimate the collision's
impulse.
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Effect of Axial Load Ratio

Reference Year Investigated parameters Findings
Tantrapongsaton & 2019 The peak impact force rises as column axial force increases, but the impact time decreases. As well
Hansapinyo [40] as, when the column's axial force increased, there is a drop occur in the peak mid-span deflection.
Effect of Axial Load Furthermore axial load has a good influence on preventing cracks.
Increase shear spacing has a good effect on increasing column impact force. It found that the
member's shear capacity will regulate the deflection if it has a comparable bending capacity.
Effect of Shear Stirrup Spacing.
It can be inferred that a reduced impact force is the result of a lowered column's bending ability. It
o ) ) may be inferred that the bending capacity above the shear capacity was mostly responsible for the
Effect of Longitudinal Steel Bar Size/Stirrup ) . .
i RC column's deflection under impact force.
ize.

Fan et al. [41] 2019 From 0.1 to 0.3, the residual strength rose as the axial load ratio increased. The test findings

showed that the applied axial load tended to
enhance impact resistance by strengthening the concrete's confinement effect when impact-induced
damage was minimal.

Effect of Longitudinal Reinforcement Ratio

The longitudinal reinforcement ratio had no considerable effect on the residual strength of the
damaged column when the transverse reinforcement ratio was quite high.

This was explained by the fact that the axial capacity of a column with a relatively high transverse
reinforcement ratio primarily relies on the area of confined concrete, as opposed to the amount of
longitudinal reinforcement available.

Effect of transverse reinforcement ratio

Compared to columns with low reinforcement ratios, those with high transverse reinforcement
ratios showed greater residual strengths.
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Reference

Year

Investigated parameters

Findings

Wei et al.[33]

2020

Column width

It is evident that columns having a greater cross-section are more resistant to impact because
An excessive section modulus and mass.

Column depth

Both the mass and velocity asymptotes of M-V diagrams rise as column depth increases. Column
depth has more effect than width.
significant impact on the resistance to impact.

Column height

It may be observed by comparing the mass and velocity asymptotes that both asymptotes somewhat
drop as column height increases. The findings show that narrow columns are more prone to
flexural failure brought on by impacts.

Concrete strength

It is evident that the mass and velocity asymptotes are positively impacted by the strength of the
concrete.

Longitudinal reinforcement

The mass and velocity values of the mass-velocity curve are able to raise by increasing the
longitudinal reinforcement ratio in compression. The column's bending strength will be significantly
increased by the longitudinal reinforcement ratio, which explains this. The advantages of using
UHPC in protective structural design are further highlighted by the fact that the columns maintain a
respectable impact resistance despite less longitudinal reinforcement.

Axial loads

The results suggest that the rising axial loads could raise mass and velocity asymptotes.

Liu et al. [42]

2020

Effect of Axial Load

The column's damage decreased as axial load ratios increased (from 7 to 28%) under the same
energy inputs.
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effect of impact energy

Reference Year Investigated parameters Findings
Increasing reinforcement ratios can greatly improve the RC column's impact-resistant performance
with the same axial stresses, because it increased the RC column's resistance to bending.
effect of reinforcement ratio

Sohel et al.[43] 2020 1. A automobile hit at a low velocity (<60 km/h) can cause an RC column with a smaller dimension

<300 x 300 to fail in shear.
the effect of a car impact on an axially loaded (< . mm) O. a1. n .S car . . .
buildin 2. The impact event is significantly influenced by the column's axial load level. At a lower axial
u . . .
. £ force ratio, the column undergoes greater lateral displacement. Compared to other columns bearing
column is evaluated . . . . .

axial force, the column has the most lateral displacement with zero axial force. When the axial load
level is less than 40% of the column's design capacity, the impact resistance drops.

Zhao and Qian [44] 2020 The probability of shear failure increases significantly with impact velocity when it exceeds 5 m/s.

impact velocity
The impact velocity has a greater impact on the structural reliability than the impact mass under the
projectile mass same impulse, it can be concluded.
It has been noted that the column made of low-strength concrete is susceptible to lateral impact
loads. In contrast to other factors, the likelihood of shear failure of the column is highly susceptible
to the strength of the concrete.
compressive strength
Increasing the section area, particularly the section height, can significantly increase the
section width dependability of RC columns under impact loads.
Luo et al.[13] 2023 The damage area greatly increased as the impact speed increased. Impact impulse and peak contact

interface force increased in line with impact mass and velocity.
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compressive strength

Reference Year Investigated parameters Findings
As the longitudinal reinforcement radius increased, localized contact stiffness and peak contact
interface force also altered. The peak horizontal displacement and the residual column top
. . displacement either decreased as the longitudinal reinforcement ratio.
effect of reinforcement ratio
The maximum displacement and residual deformation of the RC columns decreased as the stirrup
rose. Increasing the stirrup reinforcement ratio could improve the lateral impact resistance.
effect of stirrup
The enhancement in concrete strength grade under the test conditions limited an enhancement in the
model column's lateral impact resistance from the perspectives of total impact and local damage.
effect of strength grade
The ultimate contact interface force rose in tandem with column height.
effect of slenderness ratio
As the rate of axial compression raised, the peak contact interface force rose under the same impact
energy. Additionally, when the impact velocity rose, so did the contact holding duration and peak
) ) ) contact interface force at the equivalent axial pressure ratio.
Effect of Axial Compression Ratio
Liet al.[45] 2023 The peak impact force rises as concrete's compressive strength does.

diameter-thickness ratio

There is a negative correlation between the peak impact force and the diameter—thickness ratio of
the inner and outer steel tubes.

impact velocity

Impact velocity varies in the ascending region but has most impact in the decreasing region.
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Reference

Year

Investigated parameters

Findings

impact mass

The Impact mass and yield strength of the inner and outer steel tubes have a significant impact on
peak deflection but minimal effect on impact peak force.
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