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Abstract

Ground-story columns are the most critical and exposed structural members in a frame system. Damage to these members
under impact scenarios poses a significant risk to the structure, potentially leading to progressive collapse and severe socio-
economic consequences. The predominant approach for assessing structural susceptibility to progressive collapse, both
in research and practice, relies on the alternate load path method, which, in its original code-based methodology, follows
a threat-independent framework. However, physical collapses are inherently threat-dependent. This study examines the
parameters influencing the dynamic response and load-transferring mechanisms of impact-loaded steel moment-resisting
frames. Various factors, including the mass and velocity of the impactor, impact height, and impact area, are analyzed and
discussed. The findings highlight the differences between dynamic column removal and impact analyses, revealing that,
in critical cases, the progressive collapse response can be up to seven times greater than the prediction based on dynamic
column removal. This underscores the limitations of the code-based method in high-intensity impact scenarios. Moreover,
the overall structural behavior differs, as the effects of initial failure location and energy dissipation patterns vary signifi-
cantly between the two methodologies. In impact scenarios, at lower intensities, the response is governed by member-level
mechanisms, particularly the local response of the column. As intensity increases, system-level performance becomes the
dominant factor, reflecting the availability of alternate load paths.

Keywords Impact - Steel moment-resisting frame - Progressive collapse - Load path - Local damage - Extreme event

Introduction

Structural performance under extreme loading conditions
has recently gained significant attention, both in research
and in practice, due to the increase in natural and anthro-
pogenic hazards [1]. Over the past two decades, a growing
number of researchers have focused on the structural robust-
ness and progressive collapse assessment of civil structures
and infrastructures. Following the 9/11 events, research has
concentrated on one main paradigm: the threat-independ-
ent (TI) methodology [2]. In this paradigm, the triggering
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event is almost entirely ignored, and member removal poli-
cies, mainly static or dynamic column removal, are utilized
instead. The alternate load path method has been used in the
majority of these threat-independent studies, as well as for
design purposes [1, 2].

A code-based, well-established, and well-accepted frame-
work for threat-independent progressive collapse assessment
exists today, and the majority of our current understanding
of the subject has been achieved through this framework.
These studies illuminate the effects of the number of floors
[3, 4], seismic design level [3—6], initial failure location [3,
7, 8], different types of irregularities [9—11], and steel con-
nection type [12—14] on the progressive collapse response of
frame systems. The obtained results are integrated into mod-
ern building codes and ad-hoc guidelines [15-17]. Although
most of the literature published on the topic emphasizes the
alternate load path method, other techniques such as com-
plexity and compartmentalization have been proposed to
enhance and ensure the robustness of civil structures and
infrastructure [18].
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As the field matures, an increasing number of threat-
dependent (TD) studies are beginning to emerge. These stud-
ies, last but not least, challenge some well-known results
achieved through threat-independent methodology and
shed light on new aspects of the phenomena. Research on
blast- [19-22], fire- [23, 24], and impact-induced [25-31]
progressive collapse scenarios has led to a paradigm shift in
structural robustness and progressive collapse study. These
studies have revealed that the structural response in a threat-
dependent methodology can differ significantly from those
obtained through the threat-independent alternate load path
method, both in terms of quantity and quality. This contrast
is due to differences in the number of affected members (ini-
tial local failure size), the nature of the damage, the time at
which damage is applied, and the loading on other members
outside the direct damage region [1].

One of the most omnipresent abnormal loading scenarios
that can potentially lead to local failure and subsequently
total collapse is impact loading on structural columns, which
typically occurs at ground level. The source of such impact
is usually accidental or intentional car collisions. Rockfall
impacts are also frequent phenomena in mountainous areas
and highlands. Debris flow [32] and other rare extreme
dynamic phenomena can also prompt impact-type loading
on structural columns. There is a burgeoning literature on
the impact response of steel structures. These studies can
be classified into two main groups: those focused on com-
ponent, member-level, or substructure performance under
impact loads, and those devoted to the global response of
impact-loaded multi-story, multi-span frames. For the for-
mer, a very rich and well-developed literature is already
available, in which the impact response of a single member,
namely a steel column, is investigated either numerically
[33-35] or experimentally [31, 36-38]. In numerical studies,
advanced general-purpose finite element packages, namely
Abaqus [26, 33, 35], ANSYS [39] or LS-DYNA [25, 34, 40],
are usually used. An explicit solver is typically preferred. In
experimental setups, a drop hammer [36-38], a pendulum
[41], or a pneumatic device [42] is adopted. Referring to the
latter, i.e., the impact response of multi-story frames, the
literature is limited to a handful of studies. In the numerical
studies of impact-loaded steel frames, the impactor is either
modeled as a detailed finite element (FE) model, such as a
truck [27, 43, 44], a simplified equivalent FE model [26,
27, 45], or as a simple basic geometry [25, 28, 46]. Experi-
mental studies on the impact response of multi-story steel
frames are quite rare and usually employ a scaled model
[47] to control cost- and space-related issues. There are also
a few studies focused on protection measures for structural
columns subjected to impact, specifically through the use of
energy-absorbing devices [44, 48, 49].

Studies focused on structural performance under extreme
loading conditions usually compare the obtained results with
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those from threat-independent, code-based static or dynamic
column removal methods to highlight the differences. While
the studies on the impact response of frame systems are lim-
ited in number, the differences between threat-independent
and threat-dependent, impact-induced progressive collapse
responses are already well-documented [26, 27, 29, 43, 46,
50]. According to the published literature, model structures
that meet the code-based criteria for progressive collapse,
were severely damaged when subjected to significantly high-
speed impacts [43]. At lower impactor velocities, the threat-
independent method remains a reliable approach. However,
at higher velocities, the progressive collapse potential is sig-
nificantly greater in the threat-dependent analysis compared
to the code-based dynamic column removal method [28].
When impact scenarios are considered, using alternative
load path methods to evaluate structural robustness is usu-
ally insufficient, as it leads to a structural response signifi-
cantly different from that obtained through impact analyses
[46]. Velocity has a greater influence than mass in increasing
the kinetic energy transferred to the building, amplifying
vertical vibrations at the node atop the impacted column,
and distinguishing between threat-independent and threat-
dependent approaches [28]. While impact forces are usually
concentrated on a single column (as opposed to blast or fire
scenarios where the threat acts on a larger region including
several beams, columns, and floor system), dynamic failure
of adjacent columns is also observed and reported in numeri-
cal modeling [26].

As reviewed, research works that focus on the robustness
of impact-loaded steel frame systems are limited in general.
Some previous studies have revealed that steel structures act
very well under extreme loading conditions; extreme dam-
age, full tearing and complete separation are rare for scenar-
ios such as impact [36—38] or even explosion [51-53]. Such
a configuration allows load transferring from the impacted
member, namely steel column at ground level, to the main
system, and that is, partially explained why the response of
the system can exceed those predicted by complete and sud-
den column removal [21, 29].

This study provides a comprehensive analysis of the
dynamic response of impact-loaded steel moment-resisting
frames, considering a wide range of influencing parameters.
To achieve this, the dynamic responses under various impact
scenarios are extracted and compared with one another as
well as with the results of dynamic column removal. A
parametric study is then conducted to highlight the effects
of different parameters, with special emphasis on vertical
displacement, energy dissipation, and resistance mecha-
nisms. Several parameters affecting the outcome, related
to the impactor (mass, velocity, impact area, and direction)
and the frame system (location and height of the impact
point), are considered and discussed. This approach is not
only beneficial for assessing the structural response of
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Table 1 Cross-sections of
structural members for steel
frame

Column (B X B X t mm)

Story

Beam (4 X b_/ X1y X 1,, mm)

NLB

Perimeter-LB

Internal-LB

1 250 x 250 x 16
2 250 x 250 x 16
3 250 x 250 x 8
4 250 x 250 x 8

330x 160x 11.5x 7.5
330x 160x 11.5x 7.5
330x 160x 11.5x 7.5
330x 160 x 11.5%x 7.5

360 x 170 x 12.7 x 8
360 x 170 x 12.7 x 8
360 x 170 x 12.7 x 8
360 x 170 x 12.7 x 8

400 x 180 x 13.5x 8.6
400 x 180 % 13.5x 8.6
400 x 180 % 13.5x 8.6
400x 180 % 13.5x 8.6

impact-loaded frames but also sheds light on the mecha-
nisms of active alternate load paths under extreme loading
conditions, providing a solid foundation for understanding
the limitations and applicability of the code-based alternate
load path method.

Design, modeling and research
methodology

Structural response of steel moment-resisting frames sub-
jected to low-velocity impacts was considered and studied
herein. Several scenarios that cover a wide range of impact
phenomena were contemplated. Since numerical analysis
of structures under extreme loading conditions is highly
dependent on modeling details and adopted finite element
techniques, this section is devoted to such aspects. Details
of primary design (Sect. 2.1), finite element modeling tech-
niques (Sect. 2.2), impact loading scenarios (Sect. 2.3), and
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code-based column removal method (Sect. 2.4) are provided
hereon.

Design of the reference frame structure

The model structure is a 4-story steel moment-resisting
frame. The floor height is 3.5 m, thus resulting in a total
height of 14 m. The beams span is 5 m in both directions.
Side and plan views of the model structure are shown in
Fig. 1. The considered dead load and live load are 4.5 and
2 kN/m?, respectively. The weight of the exterior wall is con-
sidered to be 5 kN/m. All beams and columns are made of
St355 steel material. The structural design was performed by
means of a commercial package PRO_SAP. The gravity and
seismic design were performed based on the Italian building
code [54]. Considering the structure located in Rome (41.89
N; 12.48 E), the PGA of 0.11 g with the return period of 475
years is adopted for the seismic design [54]. The building is
located on Soil type C. While square hollow sections, i.e.,
box profiles, are used for the columns, I-sections are adopted
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Fig. 1 Model structure and initial failure cases; a side view and b plan view
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for the beams. Considering the utilized one-way slab for the
floor system, three beam types are used for load bearing
(LB) and non-load bearing (NLB) elements in perimeter and
internal frames. Therefore, only the beams in X direction
accept the load. Wall loads are applied to perimeter beams
in both directions. Two different column cross-sections are
employed for the first two stories and second two stories due
to member classification policy, that is common in com-
mercial design procedure. The adopted structural sections
are listed in Table 1.

Details of finite element modeling

General-purpose finite element software, Abaqus, was
employed for the numerical study. The explicit solver was
used for impact analyses, while the implicit solver han-
dled dynamic column removal. All beams and columns,
except those directly impacted, were modeled using beam
elements (B31) from the Abaqus library. Shell elements
(S4R) were applied to the impact-loaded columns. S4R,
a four-noded reduced-integration shell with hourglass
control, has proven effective in previous studies of steel
structures subjected to extreme loads [55, 56]. Beam and
shell interactions were managed via kinematic coupling to

Beam element

Kinematic
coupling

Shell element

Fig. 2 Details of developed multi-scale finite element model
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develop a multi-scale model that simultaneously ensures
accuracy and time efficiency. Figure 2 illustrates the multi-
scale finite element model.

The significant influence of slabs [57-59] and infills
[59-61] on progressive collapse response of frame struc-
tures has been emphasized in several recent publications.
However, in the current study, these effects are intention-
ally ignored and shelved for the future. In the first step,
for a better understanding of basic load transfer mecha-
nisms and activated alternate load paths in a frame assem-
bly, only the bare frame is under focus. Obviously, more
advanced models addressing such details should be devel-
oped in future studies, especially if the actual structural
response of existing buildings is the main focus.

Three different locations for initial failure in both
threat-independent and threat-dependent studies are con-
sidered (Cases A—C). These locations are shown in Figs. 1
and 2. It should be noted that using a one-way slab pro-
vides a unique opportunity to study similar cases from a
structural topology perspective while other parameters dif-
fer, which is not possible with two-way slabs. For instance,
while the locations of Case A and Case C are similar in
terms of global model geometry, the loading scheme and
section sizes are different. Therefore, considering both
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locations offers better insights into load-bearing mecha-
nisms under impact scenarios.

In modeling the mechanical behavior of steel, the nonlin-
ear part is defined based on the true stress versus logarith-
mic strain relationship. While post-yield behavior is highly
significant under cyclic loading conditions, it can be safely
simplified for progressive collapse assessment, particularly
when the maximum response is the primary focus [29, 62].
Therefore, in this study, a bilinear elastic—plastic material
model was adopted. The Young’s modulus is set to 210 GPa,
and the Poisson’s ratio is 0.3. The yield stress and ultimate
stress are taken as 355 MPa and 470 MPa, respectively.
Isotropic hardening with constant extrapolation is consid-
ered. Including more advanced material models and dam-
age parameters is excluded; however, such parameters are
important and should be considered when the member-level
response is the main research focus.

While strain-rate effects are traditionally ignored in
threat-independent progressive collapse assessments, recent
studies [62] have shown that they can significantly influence
the progressive collapse response. Consequently, strain-rate
effects are included in the numerical studies using the Cow-
per-Symonds equation for both dynamic column removal
and impact analyses. The Cowper—Symonds equation is a
widely accepted model for characterizing metallic material
behavior at high strain rates [21]:

21y (£ m

O'y c

where o, is the dynamic yield stress, o, is quasi-static yield
stress, ¢ and g are Cowper—Symonds material constants and
£ is the strain rate. In the current study c =40 s 'and g = 5
were adopted, as suggested for progressive collapse assess-
ment of steel frames in [21, 62]. Damping ratio of 5% of the
critical damping is applied, as usually adopted for analysis
of structures undergoing extreme loads [3, 62].

Impact scenarios

The structural response to impact loads is influenced by the
characteristics of the physical impact. Accordingly, multiple
impact scenarios were defined to encompass a reasonable
range of mass and velocity. As discussed in Sect. 1, previous
studies have often concentrated on threat-specific scenarios,
such as truck impacts, with varying levels of simplification.
In contrast, this study adopts a generalized approach, focus-
ing on the overall structural response of the impact-loaded
frame to simplified impact scenarios, i.e., varying mass and
velocity within simple geometries, similar to the methodol-
ogy reported in [25, 28]. For specific case studies or design
purposes, more detailed models should be developed, which
are beyond the scope of this study.

For the impact scenarios, gravity loads are initially
applied on the frame assembly. To this end, a load combi-
nation of 1.2DL + 0.5LL (DL and LL stand for dead load and
live load, respectively) is adopted. Thenceforward, impact
loading is applied to the selected column. Two different
weights, 1500 kg and 3000 kg, and three velocities, 10 m/s,
20 m/s, and 30 m/s, are considered for the impact analyses.
These conditions result in six impact scenarios with energy
levels ranging from 75 to 1350 kJ, where the lower limit
corresponds to a 1500 kg impactor at 10 m/s, and the upper
limit corresponds to a 3000 kg impactor at 30 m/s. These
scenarios are applied to all considered cases, i.e., Cases
A-C. While there is no special emphasis on a specific threat,
the selected scenarios are in the range of the normal vehicle
[26, 28] and/or rockfall [63] impacts and can be considered
as representative of these phenomena.

The impactor is modeled as a rigid body with a height
of 0.25 m and a length of 0.5 m. The overall configura-
tion is shown in Fig. 3. While deformation and energy dis-
sipation of the impactor can possibly affect the structural
response, this effect is ignored in the current study, since
the main focus is on the global structural response, not the
most accurate modeling of the impact scenario, itself. For
contact modeling, the penalty method and hard contact were
selected from the Abaqus library for tangential and normal
behaviors, respectively. Separation is allowed after contact.
The coefficient of friction was set to 0.3, as recommended
in [28, 64, 65].

The impact point is considered in mid-height of the
selected columns. In addition to the weight and velocity of
the impactor, other parameters including dimensions of the
impactor, impact height and direction are also considered for
one damage location, i.e., Case B.

Dynamic column removal scenarios

Dynamic column removal analyses were performed to pro-
vide a basis for comparison of impact-loaded frames with
the code-based threat-independent approach. For dynamic
column removal, a three-step methodology, as described in
Fig. 4, is adopted. Initially, in Step 1, gravity loads were stat-
ically applied on the intact structural assembly. The applied
load combination is similar to what described in Sect. 2.3
for impact analyses. In Step 2, that is dynamic, "*model
change, remove" command from the Abaqus library is uti-
lized for sudden column removal. Column removal cases,
that are similar to those accepting the impact loads in the
previous analyses, are shown in Fig. 1. In Step 3, the free
vibration is monitored. An implicit solver was used in this
methodology, since "*remove” command is only available in
this solver. Such a methodology is widely adopted in threat-
independent progressive collapse studies of frame systems
[62]. Otherwise, more time-consuming approaches, i.e.,
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>

Load (not to scale)

Gravity loading

Impact loading

0.5s t Time (s)

(b)

Fig.3 Impact loading on the column and details of the impact scenarios: a multi-scale model integrating beam and shell elements, and b gravi-

tational and impact loading sequence

Step 1
Quasi-static loading
Static, General

Fig.4 Procedure for dynamic column removal analysis

so-called force-based column removal approach [3] should
be utilized. Column removal time, i.e., ¢, in Fig. 4, is set to 1
millisecond, with a monitoring period of 1 s after removal.
The rationale for this selection is discussed in [62, 66].

Summary of performed analyses

In progressive collapse studies, two classes of analytical
approaches exist. The first is the threat-dependent approach,
in which the acting threat is directly modeled. The second,
referred to as the threat-independent approach, involves sud-
den column removal analysis, where the selected column is
dynamically removed from the structural assembly. Within
this framework, two sets of numerical analyses were con-
ducted to achieve the objectives of this study. The first set
consists of threat-dependent impact-induced progressive col-
lapse analyses, followed by parametric analyses considering

@ Springer

Step 2
Dynamic column removal
Dynamic, Implicit, t= t,

e - s L

Step 3
Damped vibration
Dynamic, Implicit, t= 1 s

various factors such as impactor speed, mass, impact area,
and impact height. The second set includes threat-inde-
pendent dynamic column removal analyses, primarily used
for comparison. Analysis details and numerical techniques
for the former, i.e., threat-dependent impact-induced pro-
gressive collapse, and the latter, i.e., threat-independent
dynamic column removal, were provided in Sect. 2.3 and
Sect. 2.4, respectively. These two analysis sets are applied
to similar initial failure locations, as described in Figs. 1
and 2. Table 2 summarizes the impact analyses and adopted
parameters.

Verification of the finite element model
Dynamic full-scale progressive collapse tests are quite

scarce, and threat-dependent tests for the progressive col-
lapse of steel frames under impact are even more limited.
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Zig:;szes Summary of performed Location  Velocity (m/s) ~ Weight (kgx10%)  Direction  Impact height (m) Impact area (m?)
A 10,20and 30 1.5and 3 Z 1.75 0.25x0.25
B 10,20and 30 1.5and 3 XandZ  0.875,1.75and 2.625 0.25x0.25,
0.25 x 0.5 and
0.25x0.75
C 10,20and 30 1.5and 3 X 1.75 0.25x%x0.25

Therefore, full validation of the type of simulation reported
in the current study is challenging. However, the overall
finite element techniques and adopted methods have been
examined using experimental data from member-level
impact tests reported in [67] for partial validation of the
numerical model. The verified model structures are hol-
low tubes under low-velocity lateral impact (4.427 m/s).
Among the reported test specimens, two models, i.e., T3
and T6, were adopted for verification. While the diameter,
thickness and effective length for the model T3 are 31.8,
1.75 and 480 mm, these values for the model T6 are 38.1,
1.90 and 640 mm, respectively. The weight of the impac-
tor for model T3 is 99.4 kg, while for the Model T6 the
weight is 72.0 kg. The yield stress of the tubes used in the
experiment is approximately 1300 MPa, and the Young’s
modulus is set at 206 GPa. The impact tests were conducted
using a hammer impact machine. The rigid impactor had a
round arc surface with a diameter of 30 mm, a central angle
of 160°, and a width of 80 mm. More details can be found
in [67]. The fundamental numerical modeling techniques

N
=)

are similar to those described in Sect. 2 for the core of the
paper. In extreme loading scenarios such as blast and impact,
the focus is primarily on predicting the maximum response,
which typically occurs during or immediately after loading.
Therefore, the simulation time was limited to capturing the
peak response values. Figure 5 shows a comparison between
the results of above-stated tests and the performed numerical
studies. The results are within the acceptable range espe-
cially referring to the maximum displacement.

Results and discussions

The results of threat-independent, code-based dynamic col-
umn removal and threat-dependent impact-induced progres-
sive collapse analyses are presented and discussed herein.
The term response refers to the vertical displacement at the
column removal point (CRP) unless otherwise specified. The
CRP corresponds to the top node of the removed column in
dynamic column removal analyses or the top node of the

30

15 e X primental T3 e X primental T6
Numerical 25 Numerical _

= 30 A _ -
g E 20
E/ 25 4 E \
=1
2 20 215 |
] S
£ 15 A =
& 10 -
A 10 A

5 >

0 4L . . . . 0 -’/ . . .

0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02
Time (s) Time (s)

(2)

(b)

Fig. 5 Comparison of numerical and experimental results; a time-histories of displacements and b deformed shapes
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damaged column in impact analyses. All horizontal displace-
ments are monitored and reported at impact height levels,
whether they occur at mid-height, one-third, or two-thirds
of the column height.

Dynamic response under impact scenarios

As anticipated from the fundamental equations, the impact
response of the model structure is highly influenced by the
velocity and mass of the impactor, with the former exerting a
significantly greater effect. Figure 6 illustrates the displace-
ment time-history for various cases, all characterized by
the impact at column mid-height (1.75 m) and equal impact
area of 0.25x0.25 m2, while Table 3 presents the maximum
displacement for the mentioned scenarios. In this table, TI
represents the maximum response from threat-independ-
ent column removal analyses for comparison. It should be
noted that all the observed maximum values for beams in

threat-independent column removal analyses comply with
the rotation limitations recommended by the GSA guidelines
[3, 16]. Interestingly, the same observation applies to threat-
dependent impact scenarios, as the beam chord rotation
remains within the allowable limit in all examined cases.

It was observed that at lower velocities (e.g., 10 m/s),
Case A results in greater displacement, making it the critical
case. However, as impact intensity increases with velocity,
the critical location shifts to Case B. This shift can be attrib-
uted to the structural configuration and loading scheme. At
lower intensities, the response is governed by member-level
mechanisms, making Case A more critical due to higher
gravitational loads. As intensity increases, system-level per-
formance becomes the dominant factor, making Case B more
critical due to the limited availability of alternate load paths
compared to Case A.

Comparing the influence of impact direction in Case B,
the differences were minimal, and no significant variations

Table 3 Maximum vertical

) L Weight (kg) 1500 3000 TI
displacements in millimeters for
threat-independent (dynamic Velocity (m/s) 10 20 30 10 20 30
column removal) and threat-
dependent (impact analysis) Case A 2.5 13.8 48 5.8 42.5 153.3 334
scenarios Case BX 2 12.9 49.7 5 43.5 177.3 37.5
Case BZ 2 12.8 50.2 4.9 44.5 172.9 37.5
Case C 1.9 12.5 45.5 5.1 41 147.3 21
1500 kg, 10 m/s 1500 kg, 20 m/s 1500 kg, 30 m/s 3000 kg, 10 m/s 3000 kg, 20 m/s 3000 kg, 30 m/s |
0 0 .
20.02 4 0.2 0.4 0.6 0.8 1 12 1.4 20.02 4 0.2 0.4 0.6 0.8 1.2 1.4 |
o TTTTT TS S S S S EEE ST :"Wm'“ FOOE R R Vet
E -0.06 1 B -0.06 1
s -0.08 4 s -0.08 A
E 14 E 014
§ -0.1 § -0.
T%-o.lz E z -0.12 A
& -0.14 1 A -0.14
-0.16 1 -0.16 4 ’
018 1 (Case A) 018 1 (Case BX)
-0.2 -0.2
Time (s) Time (s)
0 . 0
2002 4 0.2 0.4 0.6 0.8 1 12 4 o0& 02 __04__06 __08__ _1___ L2 _ 4
4 P e a= Vm 20.04 4 (Eoht it eadiitttattt i
E -0.06 1 E -0.06
£ -0.08 1 £ -0.08 1
§ 0.1 - § 0.1
g -0.12 4 g-mz 1
A -0.14 4 MWW 2 014
-0.16 1 -0.16
-0.18 1 (Case BZ) 0181 (Case )
0.2 - 02
Time (s) Time (s)

Fig.6 Vertical displacement under different impact scenarios. The dashed line illustrates the associated maximum displacement in dynamic col-

umn removal

@ Springer



Innovative Infrastructure Solutions (2025) 10:325

Page9of 15 325

were observed, except for the highest intensity (3000 kg at
30 m/s), where Case BX was slightly more critical compared
to Case BZ. This behavior can be attributed to the fact that
the primary frames are arranged along the X direction. This
means that the inertia of the masses along the X direction is
greater than along the Z direction because the floor masses
are supported by the primary frames. At the same time, the
primary frame (along the X direction) is stiffer towards hori-
zontal forces than the secondary frame (along the Z direc-
tion). Considering that the higher the inertia and stiffness,
the greater the collision force, an impact along the X direc-
tion causes a greater force and thus causes greater damage
to the component than an impact along the Z direction. This
emerges when the effects turn from local (member level) to
global (system level), hence at high kinetic energies.

It is interesting to note that the effect is not solely propor-
tional to the kinetic energy but also depends on the weight of
the impacting mass, even at low kinetic energies. For exam-
ple, although a 1500 kg mass at 10 m/s has half the kinetic
energy of a 3000 kg mass at 10 m/s, the displacement in
the latter case is more than twice that of the former. This is
because the collision force is influenced by the ratio between
the masses of the impactor and the impacted member, as
illustrated by [68].

The results of the threat-independent study, i.e., the
time-histories of vertical displacements in dynamic column
removal scenarios, are presented in Fig. 7, following the
methodology explained in Sect. 2.4. The maximum verti-
cal displacements extracted from the time-history curves for
the three dynamic column removal cases are highlighted in
Table 3. It should be noted that within the threat-independent
framework, Cases BX and BZ are identical. These maximum
vertical displacements are indicated by a horizontal dashed
line in Fig. 6 to serve as a basis for comparison with impact
scenarios. As clearly observed in the results, the maximum
response of the impact-loaded structure can significantly
exceed that observed in the dynamic column removal. For
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Fig.7 Vertical displacement under threat-independent dynamic col-
umn removal scenarios

a 1500 kg impactor at a velocity of 30 m/s (having a kinetic
energy of 675 kJ), and a 3000 kg impactor at a velocity of
20 m/s (having a kinetic energy of 600 kJ), the maximum
response moderately exceeds the dynamic column removal
response for all considered cases. However, for the 3000 kg
impactor at 30 m/s (having a kinetic energy of 1350 kJ),
the response far exceeds the threat-independent response.
In the most critical case, Case C, the impact response is
seven times higher than the column removal response. This
difference arises from several factors. It should be noted that
code-based dynamic column removal results in the clean and
complete removal of the member from the structural assem-
bly, without causing additional damage or loading to other
members. In contrast, in an impact-loaded structure, extra
load is applied to the system, which can lead to increased
displacement or even damage.

Figure 8 presents the deformed shape of the damaged
column under various impact scenarios, with the maximum
horizontal displacement indicated in the legend. All cases
involve a 25%25 cm? impactor striking the column at its mid-
height. To better visualize the deformation, the column is
sectioned at the impact center. Such deformation applies
an extreme load to the CRP. As analytically investigated
and reported in [29], a damaged but still connected member
can transfer extreme loads to the structure through a verti-
cal catenary mechanism. This explains why the response in
a damaged assembly can exceed the response in a system
with complete sudden column removal. Interestingly, simi-
lar results have also been reported for reinforced concrete
frames subjected to impact scenarios, where the downward
force exerted by the impacted columns is a significant con-
tributing factor to progressive collapse performance [69].

It should be noted that this observation is not directly and
entirely governed by the damage level in the column. As
observed, no progressive collapse occurs even in the case
of sudden and complete column removal (i.e., 100% dam-
age level). Therefore, in a threat-independent framework,
lower damage levels would also not be expected to cause
collapse. On the other hand, as explained, in certain threat-
dependent impact-induced scenarios, specifically, the three
scenarios with kinetic energy equal to or exceeding 600 kJ,
the response surpasses that of dynamic column removal.
This is not directly related to the residual capacity of the
column itself but rather to its role as a mediating element
that transfers extreme loads to the main frame, resulting in
additional vertical deformation, even compared to complete
sudden column removal. Overall, structural response and
progressive collapse performance are not directly dictated
by the damage level in the impacted column. Instead, per-
formance is primarily governed by the capacity of the main
structural frame to provide alternative load paths following
initial damage, as well as by the ability of the impacted col-
umn to transfer extreme loads to the main structure. While
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Fig.8 Cross-section of the deformed shapes of the (half) column under different impact scenarios (25x25 cm?). The columns are cut at the
impact level (mid-height) for better presentation. The legend illustrates the horizontal displacement

the latter is indirectly influenced by the damage state of the
column, this effect is significant mainly before reaching
maximum damage levels.

Referring to the impact location, a well-known and pre-
dictable pattern is observed in threat-independent column
removal scenarios. Specifically, the most critical scenario is
Case B, the corner column removal scenario. Comparing the
two other cases, Case A and Case C, less vertical displace-
ment is observed in Case C, simply because in this case the
beams above the removed column carry less load. All of
these observations can be interpreted based on system-level
performance. Case B represents a corner column removal
scenario, where, considering the structural topology, fewer
members participate in load-bearing after column removal
compared to the other two cases. In other words, fewer alter-
native load paths are available, which clearly explains the
observed results. On the other hand, in the impact scenarios,
both system-level performance (referring to the alternate
load paths in the frame system) and member-level perfor-
mance (referring to the impacted column itself) are equally
important. As shown in Table 3, in several impact scenarios,
Case A is the most critical. This is because, in these cases,
member-level performance dominates the overall dynamic
response.

The results also highlight the differences in member
participation between threat-independent column removal
and threat-dependent impact analyses. In dynamic column
removal, the beams directly connected to the removed col-
umn serve as the primary resisting members, while the col-
umns above the removed column do not directly contribute
to the resisting mechanism. In contrast, in impact analyses,
the impacted column plays a crucial role in structural robust-
ness assessment. This is not only due to its significant con-
tribution to energy dissipation but also because it serves as
a mediating element, transferring the extreme load to the
main structural system.

@ Springer

Figure 9 illustrates the participation of structural mem-
bers in energy dissipation under two impact scenarios. These
members are indicated in Fig. 2 with an orange circle for
better visualization. It should be noted that similar trends are
observed for other scenarios. In all cases, most of the plastic
energy dissipation occurs in the impacted column, and as the
impact intensity increases, the share of the impacted column
decreases, indicating that other members begin to dissipate
energy through plastic deformation. In Fig. 9a, the plastic
dissipation in the connected beam in the impact direction
and the top column are nearly equal, while in Fig. 9b, which
represents a more intense impact scenario, the dissipation in
the beam surpasses all other members except the impacted
body. These observations should be interpreted in the con-
text of the presence of extreme horizontal forces, which
explain why the top column also participates in energy dis-
sipation, in contrast to dynamic column removal, where
mainly beams are involved.

Parametric analyses

Analysis cases considering impact height and impacted area
are presented in Table 2. For the impacted area, three sce-
narios are examined, with the corresponding results shown
in Figs. 10 and 11. To better understand the physical phe-
nomenon, both the vertical displacement at the top node
of the damaged column and the horizontal displacement at
the column’s mid-height, i.e., impact level, are monitored
and reported. As expected, an increase in the impacted
area results in decreased horizontal and vertical displace-
ments. This occurs because a more concentrated force leads
to localized plastic deformation, which influences both the
member-level response (horizontal displacement) and the
system-level response (vertical displacement). In general,
horizontal displacements are observed to be three to five
times larger than vertical displacements.
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Fig.9 Plastic dissipation dis-
tribution in structural members
in Case BZ: (a) impact scenario
with a 1500 kg impactor at

30 m/s, and (b) impact scenario
with a 3000 kg impactor at
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Fig. 10 Case BZ subjected to an impact of 1500 kg at 30 m/s; a vertical displacement in top node of damaged column and b horizontal displace-
ment under impact center in column mid-height
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Figure 12 shows the vertical displacements at the dam-
aged column’s top node for two selected impact scenarios
(BZ) at three different heights: 0.875, 1.75, and 2.625 m.
As mentioned in Sect. 2, this study does not aim to provide
a detailed realistic impact scenario or a specific case study.
However, the chosen heights can be justified in the context
of car impacts, where there is a difference in the level of the
street and the building’s story levels in car collision sce-
narios, or in rockfall impacts, where the impact can occur at
any point on the column. As anticipated and clearly shown in
Fig. 12, impact at the column’s mid-height leads to the most
critical scenario. Comparing the two other cases, an impact
position closer to the top of the column results in a less criti-
cal scenario compared to the location near the column base.

Conclusions and future research directions

To verify the application of the alternate load path method
and understand its limitations, it is crucial to focus more on a
threat-dependent methodology. The current study is devoted
to this purpose, focusing on the parameters affecting the
dynamic response and load transferring mechanisms of an
impact-loaded steel moment-resisting frame. The differences
in structural responses between threat-independent method,
i.e., dynamic column removal, and threat-dependent method,
i.e., impact analysis, are highlighted.

By increasing the impact energy 18 times (comparing
the lightest impactor at the lowest velocity to the heaviest
impactor at the highest velocity), the maximum responses
increase by 61 to 88 times, depending on the damage loca-
tion. Therefore, development and application of the non-
structural measures, that can stop the impactor or decrease
its velocity efficiently, are of great importance to control the
initial damage size and intensity. For the vehicle impact, bol-
lards and different energy dissipation systems, i.e., sandwich
structures, are currently being used by engineers. For other

possible impact scenarios more emphasis is vital to develop
efficient devices and techniques.

The obtained results clearly highlight the differences
between dynamic column removal and impact analyses. In
many cases, the progressive collapse potential significantly
exceeds the prediction of dynamic column removal, empha-
sizing the limitations of the code-based method in intense
impact scenarios. In the most critical case, the impact
response from the threat-dependent study is seven times
higher than that of the threat-independent column removal
analysis. It should also be noted that the difference between
threat-independent and threat-dependent methods is not lim-
ited to the extent of the displacement; the overall behavior
can also differ. For example, the effect of the initial local
failure is not always the same in the two methodologies.
The paper also studied the parameters affecting the impact
response and further confirms that increasing the impacted
area leads to a decrease in vertical displacement. By increas-
ing the impact area three times, the vertical displacements
at the column top node decrease by approximately 22-24%
for different impact energies. Additionally, the most critical
impact point is at the mid-height of the column, where the
responses decrease by 15-56% in cases where the impact
point is considered one third and two thirds of the column
height, across different scenarios.

Threat-dependent progressive collapse study is a young
field in the structural engineering realm. Among the differ-
ent branches of this field, impact-induced progressive col-
lapse has received less research focus, and therefore, a lot of
research potential can be found. The global impact response
of different frame systems, namely various types of braced
frames, needs much more research focus. Performance of
different steel connections subjected to impact loads at the
member level is already highlighted. However, the effects
of different steel connections in energy dissipation and
load transferring mechanisms at system level require spe-
cial attention. Moreover, in the current limited literature,
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Fig. 12 Case BZ subjected to impact scenarios at 30 m/s from different heights: a vertical displacement time histories for a 1500 kg impactor,

and b vertical displacement time histories for a 3000 kg impactor
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the impactor, explicitly or implicitly (different equivalent
and simplified models), represents a vehicle. More research
focus is still needed on the other possible scenarios, i.e.,
rockfall, debris and flow impact on the frame assemblies.
Into the bargain, more research emphasis should be placed
on repeated impacts, on the same or different column,
and multiple impacts on a single column, since the body
of the current literature is mainly limited to single impact
scenarios.
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