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ABSTRACT

Detailed finite element (FE) models with 3-D solid elements are typically used to simulate impact behaviors of
reinforced concrete (RC) beams and columns. However, the method usually requires a substantial amount of
time and effort to model concrete and reinforcement and conduct nonlinear contact-impact analyses. Also, the
accuracy of the method cannot be guaranteed due to the limitations in concrete material models implemented in
general-purpose FE codes. In this paper, an efficient modeling method is proposed to capture both flexural and
shear behaviors of RC beams and columns under low-velocity impact loading. A macroelement-based contact
model was developed in the proposed method to capture interaction behaviors between impacting objects and
RC members. In the contact model, a compression-only spring with an initial gap behavior was used to account
for the stiffness and the kinematic response of an impacting object, and a combination of an elastic spring and a
viscous damper in parallel was employed to simulate the contact stiffness and damping. By properly approx-
imating the strain-rate effects, traditional fiber-section elements were demonstrated to be capable of predicting
impact-induced flexural failures for RC members. On this basis, a general approach for both flexural- and shear-
critical RC columns under impact loading was presented with the inclusion of additional shear springs in the
fiber-section elements. Nearly fifty impact tests on RC beams and columns reported in the literature were em-
ployed to validate the proposed modeling method. Comparisons between the experimental and numerical results
indicate that failure modes of the impacted members can be identified explicitly by the use of the proposed
modeling method. Also, reasonable agreements were achieved for the impact forces and the impact-induced
responses obtained from the impact tests and the analyses. The proposed method can be readily implemented
without coding in any FE software as long as traditional fiber-section elements, and discrete macroelements are
available. This feature would offer an advantage for the applications of the proposed method such as when
assessing the structural response and vulnerability of a bridge structure subjected to vessel and vehicle collisions.

1. Introduction

well established based on these test data to efficiently and accurately
assess the responses of RC members under impact loading.

Numerous catastrophic accidents such as vessel or vehicle collisions
with reinforced concrete (RC) columns happened in recent years around
the world [1-4]. In this context, many impact tests have been carried
out to clarify the behaviors of RC beams and columns subjected to
impact loading (e.g. [5-11]). However, it might be unrealistic always to
perform physical experiments because of the massive investments in the
economy and time. On the other hand, relatively small-scale RC spe-
cimens are usually used in these impact tests due to the limits in la-
boratory space and the capacity of impact testing facilities. Strictly
speaking, these experimental results only partially addressed the impact
behaviors of full-scale RC members. Hence, analysis methods should be
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Currently, many studies have been carried out to develop detailed
FE models with the use of general-purpose contact-impact nonlinear FE
codes (e.g., LS-DYNA and ABAQUS) for RC members under impact
loads [12-17]. Among these studies, 3-D solid elements were mostly
used for concrete while beam/truss elements were employed to model
reinforcing rebars. However, the use of such methods requires extensive
efforts for creating models of impacting objects (e.g., vessel or vehicle)
and impacted RC structures (e.g., bridge pier and pile) [18-20]. In
addition, running nonlinear contact-impact analysis using general-
purpose FE programs is computationally expensive such that high-
performance computing techniques, i.e., supercomputers, have been
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used in some of the recent studies [18-20]. Also, since there are still
some limitations for concrete material models implemented in general-
purpose FE programs, the reliability of analysis results cannot always be
guaranteed [7,21]. It could be a tricky task when using this method to
capture shear behaviors in RC beams and columns under impact
loading. A widely-accepted FE method for shear-critical RC members
subjected to impact loading is still lacking [22].

In addition to the detailed FE modeling methods, some simplified
methods have been developed to evaluate the impact responses of RC
members [6,16,23,24]. These methods are characterized by the sim-
plification of the impacted RC structures as mass-spring systems with a
single or two degree-of-freedom (DOF), which significantly increases
the computational efficiency. However, most of them only demon-
strated the satisfactory performance on predicting the impact-induced
responses for flexural-critical RC members and few attempts have been
made to accurately capture the behaviors of shear-critical RC members
[6,16]. Zhao et al. [23] recently extended the two-DOF models to three-
DOF models to predict both overall flexural responses and shear plug
failure around drop hammers of RC beams due to drop-hammer im-
pacts. Although the simplified methods improve the computational ef-
ficiency, they are restained by the difficulties in simplifying the im-
pacted structures (e.g., bridges) into single or two DOF systems in real-
world impact problems such as vessel or vehicle collisions with bridge
structures.

Due to the above limitations in efficiency and applicability, it is
necessary to develop an alternative modeling approach for efficient and
accurate assessment of RC structures under impact loads. For example,
Guner and Vecchio [22] developed a simplified model based on non-
linear beam-column elements to simulate behaviors of RC beams under
drop-hammer impacts and implemented its formulation into the com-
puter code VecTor5. However, the method is only applicable for planar
frames and thus cannot be applied to three-dimensional impact pro-
blems, such as oblique collision events or cases where both super-
structure and bridge piers need to be explicitly modeled [25,26].
Therefore, further efforts need to be made to develop a simple and ef-
ficient modeling method that would be widely applicable for impact
simulations of RC structures.

In the above context, a new modeling method was proposed in this
paper to efficiently analyze both flexural and shear failures of RC beams
and columns subjected to low-velocity impact loading. Nearly fifty
drop-hammer impact tests on RC members were collected in this study
to validate the proposed method. Specifically, a macroelement-based
model was developed to model the local interaction behavior between
drop hammers and the RC members. For RC beams and columns with
flexure-dominated failures, common fiber-based beam-column ele-
ments were demonstrated to be capable of yielding reliable results after
approximately accounting for strain-rate effects. Subsequently, a gen-
eral modeling method of RC beams and columns was presented to
analyze both flexural and shear responses to impact loads. Obvious
advantages such as high efficiency and low requirements in elements
would significantly facilitate the application of the proposed modeling
method into real-world problems (e.g., vessel/vehicle-bridge collision
analysis).

2. Modeling of flexure-dominated failure in RC beams

The proposed modeling method is first presented to capture the
impact behaviors of RC beams with flexure-dominated failure modes.
Fig. 1 illustrates the proposed model for impact simulations of flexure-
critical RC beams. This model consists of an impacting object (e.g., drop
hammer), an impacted RC member and a macroelement-based system
to simulate the local interaction between the impacting objects and the
RC members. Detailed modelings of these three components are pre-
sented in the following sections.
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2.1. Modeling of impacting object and initial impact velocity

The impacting object can be an errant vessel, a vehicle or any other
object in practical impact problems. For vessel-bridge collisions,
Consolazio and Cowan [18] and Fan et al. [19] have developed some
simplified mass-spring-dashpot systems to represent the mechanical
behavior of a barge or ship. They were demonstrated to be useful and
efficient in vessel-bridge collision analysis [18,19]. How to model dif-
ferent types of impacting objects is beyond the scope of this paper. For
validation, drop-hammer impact tests on beams were mainly discussed
and simulated in this study. Hence, the rigid drop hammer was re-
garded as the impacting object and modeled as a simplified mass-spring
system. As shown in Fig. 1, a lumped mass element A and an elastic
spring element were used to model the mass (M},) and stiffness (K;) of a
drop hammer, respectively.

The elastic spring element is only compressible to simulate the se-
paration between the impacting object and the impacted structure after
collisions. It is easy to apply an initial impact velocity to a lumped mass
when the solution methodology of FE code (e.g., LS-DYNA) is based on
explicit time integration. Usually, initial impact speeds cannot be given
directly in the FE code with an implicit solver (e.g., OpenSees and
Sap2000). In this case, the initial impact speed (V;) can be obtained by
exerting an instant load (or impulse I = Pt) on the lumped mass as
follows:

Vo = Pt/Mj, (@)

where P is the impulsive force for obtaining the initial impact speed
(Vp); t is the time duration of the impulsive force. In addition, an initial
gap should be added in the compression-only spring of the drop
hammer to ensure that the contact between the drop hammer and the
impacted member is triggered after the lumped mass reaches the ex-
pected initial impact speed. Accordingly, the initial gap (GA) should
meet the following requirement:

GA = Vjt/2 2

In this study, the above modeling strategies are achieved through
the use of the open-source analysis platform OpenSees [27]. Specifi-
cally, the compression-only spring with an initial gap is defined using
the uniaxial material ElasticPPGap, and the corresponding force-dis-
placement relationship is shown in Fig. 2(a). Since the drop hammer is
typically more rigid than the impacted member, K;, was set to be a
relatively high value of 1 x 10° N/m in this paper.

2.2. Modeling interaction using macroelements

Similar to the analytical model developed by Fujikake et al. [6], a
macroelement-based model including an elastic spring and a viscous
damper in parallel was employed to simulate the contact stiffness (K,)
and damping (D,) between the drop hammer and the impacted struc-
ture, as shown in Fig. 1(c). In OpenSees, the uniaxial materials contact-
spring (Fig. 2(b)) and linear-viscous-damper (Fig. 2(c)) can be used to
consider the contact stiffness and damping, respectively. The approx-
imate methods provided in [6,28] were adopted to determine the va-
lues of the contact stiffness and damping. The contact stiffness usually
has a significant influence on the peak impact force but does not
markedly affect the displacement of the impacted RC member [6,28].

2.3. Modeling of RC members

Nonlinear beam-column elements with fiber-based discretizations in
the members’ cross sections were used to model RC members under
lateral impact loading, as shown in Fig. 1(d). In the OpenSees, two
different types of nonlinear beam-column elements are available, i.e.,
force-based elements and displacement-based elements. Distinct from
the displacement-based elements, the force-based elements allow a
physically meaningful plastic hinge length to be specified for large
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Fig. 1. Proposed model to predict flexural responses of RC beams under impact loading.

deformations at the small portion (e.g., contact-impact zone). Past
impact tests on reinforced concrete members [6,7] indicate that a
visible plastic hinge usually occurs around the contact-impact region.
Thus, nonlinear force-based elements with multiple integration points
were employed in this study to simulate reinforced concrete members.
A plastic hinge with the length equal to the height of the member’s
cross-section [29] was specified at the contact-impact zone (see Fig. 1).
It is worth mentioning that the deformation capacity of the impacted
members would be significantly underestimated for the absence of the
plastic hinge in the contact-impact point because deformations are too
concentrated at the impact point (e.g., point C in Fig. 1) that connects to
discrete contact macroelements. Hence, the above treatment is also of

great importance in the modeling of reinforced concrete members
subjected to impact loading.

The typical fiber section in the OpenSees [27] was used to the cross
section of nonlinear beam-column elements. As shown in Fig. 1(d),
fiber-based cross sections were composed of cover concrete fibers, core
concrete fibers and reinforcing steel fibers. Concrete was modeled by a
uniaxial Propovics concrete material model with degraded linear un-
loading/reloading stiffness in accordance with the work of Karsan-Jirsa
[30] and tensile strength with an exponential decay (i.e., Concrete04
material in OpenSees [27]). Cover concrete in compression was defined
using the model proposed by Popovics [31]. For core concrete, FE si-
mulations using the above fiber-based beam-column elements were

A
Force Force Force
Finax
o Foiy /i D,
) - o
Lol Co ', e
Deformation Deformation Velocity

(a) Compression-only spring
with a gap

(b) Uniaxial material
for contact stiffhess

(c) Linear viscous material
for contact damping

Fig. 2. Constitutive relations of discrete elements regarding impacting object and contact-impact model.
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Fig. 3. Comparisons of load-midspan deflection relations between experimental and numerical results.

performed to examine the influence of confinement effect. The flexural
loading tests performed by Fujikake et al. [6] were simulated, which
had the same RC beams S1616, S1322, and S2222 as the subsequent
impact loading tests. As shown in Fig. 3, good agreements were ob-
served between the experimental data and the FE results for specimens
$1616 and S2222 no matter whether the confinement effect was con-
sidered or not. However, the confinement effect was significant for
specimen S1322. The FE results of specimen S1322 were in good
agreement with the experimental data when including the confinement
effect. In contrast, the numerically-obtained ductility was much lower
than that measured from the experiment. The discrepancies between
specimens S1322 and S2222 (or S1616) may be attributed to the dif-
ferences in reinforcement arrangements in the compression side of the
beams. Specimens S1616 and S2222 had relatively high longitudinal
reinforcement ratios in the compression side so that the failure did not
appear too early in the compression side. The core concrete in the
compression side was under bi-direction compression due to the

25

presence of transverse bars. For specimen S1322, the longitudinal re-
inforcement ratio was low, and the contribution of the core concrete in
the compression side to the ductility became significant. In this case,
omitting the confinement effect would significantly underestimate the
ductility of a beam. Besides, including the confinement effect had no
negative impacts on the responses of specimens $2222 and S1616. Ou
and Nguyen [29] pointed out that the confinement effect should be
included for the analyses of RC beams. Therefore, the core concrete was
modeled by the confined concrete model in this study.

The uniaxial Giuffre-Menegotto-Pinto model (Steel02 Material in
OpenSees) was used to simulate reinforcing steel. Material properties
used in the analyses are consistent with the experimental data for the
impacts tests on RC beams conducted by Fujikake et al. [6]. Different
from the static or seismic analyses, strain-rate effects regarding con-
crete and steel materials need to be taken into account in impact si-
mulations. For concrete in compression, the formulas developed by
Fujikake et al. [6] can be used to estimate the dynamic increase factor
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(DIE) as follows:

f/d P 0.006[log &/é5c -3
DI, = =% = (—) foré > &g

Lo 3
where ¢ is the strain-rate of concrete; é,=1.2 x 10™%; f7; is the dynamic
uniaxial compressive strength; f’ is the static uniaxial compressive
strength. Theoretically, the strain-rate effect of concrete in tension can
be included as well. However, numerical results indicate that the in-
fluence of the strain-rate effect of concrete in tension is not pronounced
when using nonlinear fiber-based beam-column elements in impact si-
mulations. Also, including the strain-rate effect of concrete in tension
might lead to convergence issues. For these reasons, the strain-rate ef-
fect of concrete in tension was omitted in this study. Similar to [6,32],
the strain-rate effect of reinforcing steel was considered by the equation
provided by the Japan Society of Civil Engineers (JSCE) [33] as follows:
DIF, = Jya

sys

= 1.202 + 0.040 X log,y¢ > 1.0
(4

where DIF, is the dynamic increase factor of reinforcing steel due to the
strain-rate effect; f,,; and f are the static and dynamic yield strengths
of reinforcing steel, respectively.

The direct use of these equations to consider the strain rate effects in
existing FE codes not only requires access to the source code but also
involves cumbersome modifications of the code, which sharply limits
the application of the proposed method. Hence, a simple treatment was
employed in this paper to approximate the strain-rate effects on impact-
induced responses.

In the elastic regime, the curvature ¢, and the curvature rate
¢ = d¢y/dt at a given section can be determined from linear elastic
theory for a flexural member as follows:

M
= — = < <
b I CiuforO<u<u, )
. d
¢E=ﬁ=quf0r0<u<uy

(6)

where M is the moment for a given cross-section; E and Iare the elastic
modulus and moment of inertia of beams, respectively; u and u are the
displacement and velocity for a given location, respectively; u, is the
yield displacement; C; is the coefficient related to load characteristics.
For a concentrated load, C; = 12/I? at the mid-span section in the elastic
regime (where [ is the span length of the beam).

In the plastic regime, a concentrated plastic hinge is typically
formed at the cross-section corresponding to the contact-impact load
point. As shown in Fig. 4, the curvature ¢, and the curvature rate ¢P in
the plastic regime can be determined by

6 up, u, \1
+Lt=¢ +|=+ —
% [ ¢y ( L 1=-L)]L

T I S L.
LTIoL) T,

dt

foru > u,

)

Hinge

Plastic hinge

(@)
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. de ]
¢p=—P=CLu=(l+ ! )iforuzuy

dt L 1—1)1, ®

where 6, is the plastic rotation; I, is the length of the plastic hinge; ¢, is
the curvature corresponding to the yield; u, is the plastic displacement;
I, is the distance from the force-applied location to one end of the beam,
as illustrated in Fig. 4. C; = 4/(ll,) when the impact load is applied at
the mid-span of the impacted beam [34]. Considering the fact that RC
concrete members under impact loading are mainly governed by their
nonlinear behaviors and the impact-induced displacements tend to
significantly exceed the elastic displacement limit, the coefficient (e.g.,
C, = 4/(ll))) in the plastic regime is assumed for the entire impact
process.

Like [34], the strain rates of concrete and reinforcing steel can be
calculated for a given cross-section through the following equations:

boe = GprX = CpruX )]
best = $p(d — %) = Cpri-(d — %) (10)
E.exc = ‘?Sp‘(x - d/) = CL'LI-(X - d/) (11)

where ¢, is the strain rate of concrete at a given cross-section,; é, is the
strain rate of tensile steel reinforcemnts; ¢, is the strain rate of com-
pressive steel reinforcements; X is the netural axis depth (Fig. 4(c)); d is
the effective depth that equals the distance from the centroid of tensile
steel reinforcements to the extreme compression fiber; d is the distance
from the centroid of compressive steel reinforcements to the extreme
compression fiber. During the impact process, the parameters & and X in
Egs. (9)—(11) are variables. The netural axial depth X changes slightly
after yielding. On the other hand, the dynamic increase factors DIF, and
DIF; are not sensitive to the changes of the parameter u for low-velocity
impacts because of the logarithmic relationships (e.g., Egs. (3) and (4))
between the dynamic increase factors and the strain rates of concrete
and reinforcing steel. Hence, for simplification, the netural axial depth
X corresponding to the yielding point and the average impact velocity
(@ = 1/2V;) were employed to estimate the nominal dynamic increase
factors for concrete and reinforcing steel. In addition, although the
velocity changed along the beam span, the change in velocity had a
limited influence on the dynamic increase factor and the impact re-
sponses, as demonstrated in Section 5. Thus, like [6,28,34,35], the
midspan cross-section was assumed to be representative for all beam
cross-sections when approximately including the strain-rate effects.

2.4. Validations of the proposed model

All impact tests (a total of 12 reinforced concrete beams) presented
by Fujikake et al. [6] were used to demonstrate the rationality of the
proposed modeling method described above. Beams are normally at-
tached to slabs in building or decks in bridges. Strictly speaking, impact
tests on beams cannot represent real-world cases. However, compared
with the tests on columns, many more tests on beams were carried out.

i e -
| / ® [ J
b
(b) ()

Fig. 4. (a) Plastic deflections of the beam with a concentrated plastic hinge; (b) schematic representation of the plastic hinge; (c) cross-section of a doubly reinforced

concrete beam.
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Table 1
Summary of impact tests.
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Reference NO. ID Geometry Concrete Longitudinal bars Transverse bars Drop hammer
strength f; ] K i ] . ]
b(d) h(d) Span (m) (MPa) Diameter Ratio (%) fSyS(MPa) Diameter Ratio (%) fsys (MPa) Mass (kg) Velocity
(mm)  (mm) (mm) (mm) (m/s)
Fujikake 1 1322-0.3 150 250 1.4 42 13(22) 2.4 397(418) 10 1.4 295 400 2.42
etal [6] 2 1322-0.6 150 250 1.4 42 13(22) 2.4 397(418) 10 1.4 295 400 3.43
3 1322-1.2 150 250 1.4 42 13(22) 2.4 397(418) 10 1.4 295 400 4.85
4 1322-2.4 150 250 1.4 42 13(22) 2.4 397(418) 10 1.4 295 400 6.85
5 1616-0.15 150 250 1.4 42 16 2.1 426 10 1.4 295 400 1.71
6 1616-0.3 150 250 1.4 42 16 2.1 426 10 1.4 295 400 2.42
7 1616-0.6 150 250 1.4 42 16 21 426 10 1.4 295 400 3.43
8 1616-1.2 150 250 1.4 42 16 2.1 426 10 1.4 295 400 4.85
9 2222-0.3 150 250 1.4 42 22 4.1 418 10 1.4 295 400 2.42
10 2222-0.6 150 250 1.4 42 22 4.1 418 10 1.4 295 400 3.43
11 2222-1.2 150 250 1.4 42 22 4.1 418 10 1.4 295 400 4.85
12 2222-24 150 250 1.4 42 22 4.1 418 10 1.4 295 400 6.85
Zhao [45] 13 D-1700 200 500 3 33 20(16) 1.66 495 6 0.188 345 1700 4.6
14  D-1300 200 500 3 25 20(16) 1.66 495 6 0.188 345 1300 5.56
15 D-868 200 500 3 25 20(16) 1.66 495 6 0.188 345 868 7.14
16  C-1700 200 500 3 32 20(16) 1.66 495 6 0.094 345 1700 4.6
17  C-1300 200 500 3 30 20(16) 1.66 495 6 0.094 345 1300 5.56
18 C-868 200 500 3 26 20(16) 1.66 495 6 0.094 345 868 7.14
Xu and Zeng 19 BD1 150 310 1.86 28 16 1.45 477 5.59 0.22 550 253 4.15
[51] 20 BD2 150 310 1.86 27 16 1.45 477 5.59 0.22 550 253 7.11
21 BD3 150 310 1.86 27 16 1.45 477 5.59 0.22 550 253 11.96
22 BD4 150 310 1.86 41 16 1.45 477 5.59 0.22 550 578 7.81
23 BD5 150 310 1.86 41 16 1.45 477 5.59 0.22 550 578 5.1
Saatci et al. 24  SSla-l 250 410 3 45 30 2.75 464 7.01 0.1 605 211 8
[8] 25  SS2a-1 250 410 3 47 30 2.75 464 7.01 0.2 605 211 8
26  SS3a-1 250 410 3 47 30 2.75 464 7.01 0.3 605 211 8
27  SS1b-1 250 410 3 45 30 2.75 464 7.01 0.1 605 600 8
28  SS2b-1 250 410 3 47 30 2.75 464 7.01 0.2 605 600 8
29  SS3b-1 250 410 3 47 30 2.75 464 7.01 0.3 605 600 8
Demartino 30 FL1 330 330 1.6 28 8 0.9 427 6.5 0.3 416 1582 2.25
etal. [9] 31 FL2 330 330 1.6 28 8 0.9 427 6.5 0.09 416 1582 2.25
32 FM1 330 330 1.6 28 8 0.9 427 6.5 0.3 416 1582 3
33 FM2 330 330 1.6 28 8 0.9 427 6.5 0.09 416 1582 3
34 FH1 330 330 1.6 28 8 0.9 427 6.5 0.3 416 1582 4.5
35 FH2 330 330 1.6 28 8 0.9 427 6.5 0.09 416 1582 4.5
Liuetal [7] 36 E1F0 200 200 1.4 30 8 1.92 418 6 1.3 427 442 4.84
37  E2F0 200 200 1.4 30 8 1.92 418 6 1.3 427 568 6.85
38 EIF2 200 200 1.4 30 8 1.92 418 6 1.3 427 442 4.84
39  E2F2 200 200 1.4 30 8 1.92 418 6 1.3 427 568 6.85
40  E1F3 200 200 1.4 30 8 1.92 418 6 1.3 427 442 4.84
41  E2F3 200 200 1.4 30 8 1.92 418 6 1.3 427 568 6.85
42 E2F0S1 200 200 1.2 30 8 1.92 418 6 1.3 427 568 6.85
43  E2F3S1 200 200 1.2 30 8 1.92 418 6 1.3 427 568 6.85
44  E2F0S2 200 200 1 30 8 1.92 418 6 1.3 427 568 6.85
45  E2F3S2 200 200 1 30 8 1.92 418 6 1.3 427 568 6.85
46  E1F3L6 200 200 1.4 30 8 0.96 418 6 0.72 427 442 4.84
47  E2F3L6 200 200 1.4 30 8 0.96 418 6 0.72 427 568 6.85

* Note. The number in bracket means two types of longitudinal steel bars in the specimen.

Hence, the tests on beams as the useful supplements were employed to
address the impact resisting mechanisms and to validate the proposed
modeling method. Further impact tests on beams with slabs or decks are
worth conducting in the future. For all beam specimens, the cross-sec-
tional dimensions are 150 mm in width and 250 mm in depth, and the
clear span length is 1400 mm. Sufficient amount of transverse re-
inforcements were arranged to ensure that all specimens are flexure-
critical. Parameters varied in these impact tests on the reinforced
concrete beams included: longitudinal reinforcement (i.e., three dif-
ferent series: S1616, S1316 and S2222) and drop heights (i.e., four
different heights: 0.15m, 0.3 m, 0.6 m and 1.2 m for Series S1616; and
0.3m, 0.6m, 1.2m and 2.4 m for Series S1322 and $2222). Details of
the specimens are presented in Fig. 1(a) and (b). Table 1 lists the ma-
terial properties of the specimens and the impact events. More details
on these impact tests can be found in Fujikake et al. [6]. The FE models
of the beams were developed using the proposed method shown in
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Fig. 1.

The predicted results including impact responses including impact
forces and impact-induced midspan deflections, and failure modes are
shown in Figs. 5-7 along with the experimental data. Generally, the
numerical results are in good agreement with the experimental results
particularly when only overall flexural failures occur in the impacted
beam, indicating the applicability of the proposed modeling method.
Similar to the analytical results provided in Fujikake et al. [6], the
midspan deflections obtained from the proposed methods are larger
than the experimental data for the specimens with severe local damage
near the impact loading point (Fig. 6(h) and (1)). These differences are
attributed to the fact that the local damage cannot be well captured
when using elastic spring to model the interaction between the drop
hammer and the RC beam. To improve the numerical models, the
elastic spring presented in Section 2.2 was tentatively replaced with an
inelastic spring to account for the influence of the local damage around
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Fig. 5. Comparisons of impact forces between the experiments [6] and the FE simulations (Note: “1616-0.15” means that the tested beam is Series 1616 in Fujikake

et al. [6] and the drop height is 0.15m).
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Fig. 6. Comparisons of midspan deflection responses between the experiments [6] and the FE simulations.

the impact point. The force-deformation relation of the inelastic spring
is presented in Fig. 2(a) using a dotted line. The point Co corresponds to
the depth of the concrete cover. As shown in Fig. 6(h) and (1), better
agreements were achieved between the experimental and numerical
midspan deflection responses of Series 1322 and S2222. Compared to
the analytical model presented in Fujikake et al. [6], the proposed
method is able to obtain the whole deformation and the internal force
along the beam (see Fig. 7).

For impact case $2222-0.3 (Fig. 5(i)), the maximum impact force
(~223.0kN) predicted from the proposed model is greater than the
experimentally-measured force (~169.0kN) at the same instant (i.e.,
t = 9.8 ms). The previous studies [7,36] pointed out that the impact-
force time histories observed from the tests can be characterized by four
different phases: peak-force wave (or initial contact) phase (Phase I),
loading phase (Phase II), unloading phase (Phase III), and free vibration
phase (Phase IV). Typically, Phase I ends when the hammer and the
impacted specimen at the contact point have approximately the same
speeds (just like stick together). During the loading phase (Phase II), the
hammer speed is roughly the same as that of the contact point of the
beam [36]. Hence, the loading phase (Phase II) of the drop-hammer
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impact test usually behaves like the rapid loading test reported in the
same reference [6]. The impact force in the loading phase should be
approximately equal to that measured from the rapid loading tests. In
this case, the midspan deflection of the beam is 5.5 mm (Fig. 6(i)) at the
time corresponding to the maximum impact force at Phase II. According
to the load-midspan deflection relations (Fig. 3) measured from the
quasi-static and rapid loading tests, the corresponding beam resistances
are 185.0 kN and 222.0 kN, respectively. Therefore, the maximum im-
pact force in Phase II should be near 222.0kN, and not less than
185.0 kN (quasi-static case). However, the impact force measured from
the impact test was 165.0 kN, which was not only less than the rapid
loading test result (222.0 kN) but also less than the quasi-static loading
test result (185.0 kN). This implies that there is a contradiction between
the drop-hammer impact test and the rapid loading test reported in the
same Ref. [6]. The inconsistency may be attributed to the possible
uncertainty such as material properties and manufacturing errors of the
beam specimen in tests. For example, if the concrete cover of the beam
specimen is thicker than the design value to some extent, the resistance
(capacity) of the beam specimen and the impact force would be lower
than the expected value during impact testing.
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Fig. 7. Comparisons of failure modes between the experiments [6] and the FE simulations.

3. Modeling of shear failure in RC members

The shear effects have little impacts on the flexure-critical re-
inforced concrete members under impact loading, as shown in the
above simulation results. However, the previous experimental studies
[8] indicated that shear failures could be observed in RC beams and
columns subjected to impact loading, even though these members tend
to fail in a flexural-dominated manner under static loading. Therefore,
it is essential to incorporate an appropriate modeling method in the
fiber-based nonlinear beam-column element models to accurately and
efficiently capture impact-induced shear effects. For seismic analysis,
one of typical approaches is placing a shear spring in series with flex-
ural beam-column elements to simulate the behavior of shear-critical
RC members. This approach has been widely used because it is
straightforward and easy for use in the evaluation of seismic behavior
[37-39]. The method was extended in this study to consider shear ef-
fects for the reinforced concrete members subjected to low-velocity
impact loading.

3.1. Impact-induced shear failures and modeling

Yi et al. [40] pointed out that two main types of shear cracks can be
observed from the impact tests on RC beams: (1) inclined cracks in the
shear span that are similar to cracks under static loads (Type I); (2)
diagonal cracks forming a shear plug (like a punching shear failure)
near the contact-impact point (Type II). Fig. 8 schematically shows
these two types of shear cracks under impact loads. Compared to shear
responses due to earthquake excitations, punching shear failures would
be unique to the impact behaviors of RC members. For this reason, two
different types of shear springs were added into the nonlinear beam-
column element models to simulate impact-induced shear responses, as

T

Qritical sectig

illustrated in Fig. 9(a). Specifically, zero-length spring elements in
OpenSees were employed to capture the impact-induced shear re-
sponses. A uniaxial hysteretic material model that governs the behavior
of the spring was used to describe nonlinear shear strength character-
istics (i.e., shear strength versus shear deformation relationships) of RC
members.

3.2. Shear capacity curves

Much research has been devoted to quantifying shear strengths of
reinforced concrete beams and columns under static loads in the past
over 100years [41]. Numerous equations have been prescribed in
various current design codes of building and bridge structures to
evaluate shear strengths. Compared to the studies on static shear
strengths, relatively fewer studies placed emphasis on addressing the
shear strengths of RC members under dynamic loads. Adhikary et al.
[42] performed the physical experiments to examine the dynamic be-
havior of RC deep beams under varying rates of concentrated loading
and indicated that the dynamic shear strength significantly exceeds the
static one. Hence, strain-rate effects, which are often omitted in seismic
analysis, need be taken into account when shear strengths are evaluated
for impact simulations. On the other hand, to define the shear springs in
the proposed model (Fig. 9), not only the shear strength but also the
relationship between shear force and deformation should be provided.
The existing relations between shear force and deflection for seismic
analysis (e.g., in [37-39]) are not applicable to impact simulations,
because particular features (e.g., shear strength degradation) related to
cyclic loading have to be mainly considered in the seismic analysis.

A nonlinear finite element program VecTor2 has been developed by
Prof. Vecchio’s group at the University of Toronto for accurately pre-
dicting the inelastic response (particularly shear response) of two-

Fig. 8. Shear failure modes of RC beams under
impact [40].
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dimensional reinforced concrete membrane structures since 1990
[43,44]. The finite element code is based on the Modified Compression
Field Theory (MCFT) that uses a smeared, rotating-crack formulation
[43] and the Disturbed Stress Field Model [44]. Validated against a
large number of experimental tests (over 1000 tests), VecTor2 has been
demonstrated as capable of predicting both flexure- and shear-de-
formation responses of a variety of RC members subjected to mono-
tonic, cyclic and reverse cyclic loads. Also, the strain-rate effects of
concrete and reinforcing steel can be modeled in VecTor2 to consider
the influences of loading rates on the capacity of RC members under
dynamic (impact) loading. For these reasons, VecTor2 was employed in
this study to estimate shear capacity curves (i.e., the relationship be-
tween shear force and deformation) for the two types of shear springs in
Fig. 9(a).

Take the reinforced concrete beams tested performed by Zhao et al.
[23,45] (Fig. 9) as an example for illustrating how to evaluate shear
capacity curves using VecTor2. Fig. 10(a) and (b) present the VecTor2
models for the beams with the Type-I shear failure and the Type-II shear
failure illustrated in Fig. 8, respectively. Because impact loads were
applied at the midspan of the RC beams with symmetric details and
reinforcements, only half of the beam span was modeled in Fig. 10.
Eight-DOF rectangular elements with a mesh size of 25 X 20 mm in X-
and Y-directions, respectively, were used to model the reinforced con-
crete. Four-DOF truss elements were employed to model the long-
itudinal reinforcing bars. The transverse reinforcement was smeared
within the concrete. The loading plate was modeled with rigid con-
tinuum elements. Bearing elements with unidirectional stiffness were
used to model the interface between the load plate and the concrete
elements to provide a more reasonable representation of the force
distribution around the loading point [46]. For the Type-I shear failure,
it is assumed that the shear capacity can be estimated by the membrane
model (Fig. 10(a)) with the same shear span (e.g., 3m in the tests
conducted by Zhao et al. [23,45]) as the impacted beams. For the Type-
II shear failure, Zhao et al. [23,45] pointed out that the shear cracks
were inclined at an angle of about 45 degrees with respect to the
longitudinal axis of the RC members. Also, these shear cracks were
typically developed when inertia-related effects were significantly
pronounced. Such influences can be roughly equivalent to the reduction
in shear spans. In this case, the impacted beam behaved like a deep
beam as shown in Fig. 10(b) with an equivalent span, which can be
estimated as

30

L, =2H + W, 12)

where H is the height of the impacted beam; W, is the width of the
impacting object (e.g., drop hammer).

Five different loading rates (i.e., 0.5m/s, 2m/s, 4m/s, 6 m/s and
8 m/s) were investigated to evaluate the influence of loading rates on
the shear force-deformation responses. For the Beam C and Beam D in
Zhao et al. [23,45], Fig. 11 shows the applied force versus deformation
curves obtained from the VecTor2 models for the two types of shear
failures. It can be seen that the loading rates have a minor influence on
the upward portion of the force-deformation curves. On the contrary,
the descending (or softening) branches of the force-deformation curves
were significantly affected by the loading rates. For the conservative
and convenient considerations, the dashed lines (as shown in Fig. 11)
can be chosen to describe the force-deformation relationships of RC
beams. It is worth noting that the total deformations in these numeri-
cally-obtained results include not only the shear deformation but also
the flexural deformation resulted from bending moments. Only if the
flexural deformations are excluded from these curves, they can be used
to define the shear springs in Fig. 9. Shear deformations are usually
very small for Point (a) in the force-deformation curves. In this case, an
approximately linear relationship between the shear force and the re-
sulting deformation can be assumed. The initial slope of the curve
would be the initial shear stiffness. Accordingly, the initial shear
stiffness(K,) and the corresponding shear deformation (D,,)at Point (a;)
in Fig. 11(a) can be expressed as

Ky = GA/L Dy, = Fo/K, 13)

where G is the shear modulus; A is the shear area of beam cross-section;
L is the shear span or the support length; F, is the shear force at the
Point (a). Similarly, Point (b) in the dashed blue curve corresponds to
Point (b;) in the shear capacity curve (i.e., the solid red' curve in
Fig. 11) that excludes the flexural deformation. The shear deformation
Dy at Point (b;) is equal to that the total deformation D, substracts the

corresponding flexural deformation Dy, which can be writted as
Ds:Dt_Df:D_Dfs"’Eb/Kg (14

where F, is the shear force at Point (b); Dy, is the combined deformation
corresponding to the applied force F, in the flexural curve. The

! For interpretation of color in Fig. 11, the reader is referred to the web
version of this article.
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Fig. 11. Shear capacity curves calculated by VecTor2 models.

determination of D; is illustrated in Fig. 11(a). In terms of Point (c),
D, = D; because the combined deformation and the applied force are
zero in the flexural curve in this case.

Based on the above procedure, the original force-deformation
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responses obtained from the VecTor2 (membrane) models can be con-
verted into the shear capacity curves (e.g., the solid red curve in
Fig. 11) that are required for the definition of the shear springs in the
proposed models (e.g., Fig. 9). It is worth mentioning that two kinds of
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Table 2
Locations of Type-I shear cracks.
Reference Specimen H (cm) D1 D2 D1/H D2/H
Zhao [45] C-1700 50 50 65 1 1.3
C-1300 50 50 50 1 1
C-868 50 50 - 1 -
D-1700 50 62 50 1.24 0.81
D-1300 50 60 - 1.20 -
B-1700 50 58 65 1.16 1.12
B-1300 50 70 - 1.40 -
B-1052 50 55 45 1.10 0.82
Xu and Zeng [51] DB1 31 22 - 0.71 -
DB2 31 31 - 1
DB5 31 28 42 0.90 1.4
Saatci et al. [8] SSOa 41 47 - 1.15 -
SSOb 41 47 - 1.15 -
SS1b 41 35 - 0.855 -
SS2b 41 47 - 1.15 -
(a)
d,=0.7H-1.4H
dv 1122} d,
,,,,, Type-L/ Typelll /7 N N_ -1
Ty
60 ————
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capacity curves associated with both flexural and shear failures need to
be determined. For example, shear failures usually occur in the mem-
brane model (e.g., Fig. 10(a)) during the punching shear failure analysis
(Type II). The flexural capacity curve cannot be directly derived from
the identical membrane model when shear failures occur in the mem-
brane models created according to specimen details. In this case, the
subsidiary flexural capacity curves would be estimated from the ad-
justed membrane model, in which shear reinforcements are added to
ensure the presence of the flexural-dominated failure. Usually, long-
itudinal reinforcements are dominated for the flexural behavior, while
the influences of shear reinforcements can be omitted [47-49]. On the
contrary, longitudinal reinforcements would be suitably increased in
the membrane model to obtain the force-deformation responses asso-
ciated with shear-dominated failures when flexural-dominated failures
appear in the original membrane model. Although these changes might
have somewhat effects on structural capacity curves, their influences
are usually minimal in comparison with the dominated factors.

b
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Fig. 12. The influence of shear springs on Type-I shear cracking behaviors.

<---Hammer

Load cell
ecimen I-_&_.I

500

500

---Load cell

(a) Drop-hammer impact test setup

. 500 | 3000 | 500
Series C-beam

300

[ 500 | 3000 [, 500 |
Series D-beam
(b) Rebar arrangement

Fig. 13. Drop-hammer impact tests conducted by Zhao et al. [45] (Unit: mm).



W. Fan, et al.
D-1700-4.60
(a)
0.02
E 0.01
s 0.00
§ -0.01
§ I
s, -0.02
57 L
2 .0.03
-0.04
0.0

D-868-7.14

o il

Displacement (m)

2.0
The length of beam (m)

25

(e)
0.05
= 000 | 00 =0, 5 0,0 1, =0, 3 0.2
s o
g -0.05 8
8 —
& .0.10 | 7
%
2 015 \ .
= C-1300-5.56
-0.20 n n A I I I I I I

00 04 08 12 16 20 24 28 32 36 40
The length of beam (m)

Fig. 14. Comparisons of failure patterns between

3.3. Locations of shear springs

Based on the experimental observations [23,45], it is easy to de-
termine the location of the shear spring in the fiber-based nonlinear
beam-column element models for the punching shear failure (i.e., Type
II shear failure). As illustrated in Figs. 8 and 9, the shear springs were
coupled in the critical sections located at the crossing point between the
inclined crack and longitudinal central axis (i.e., H + W,/2 away from
the contact-impact point).

For the Type-I shear cracks, the positions of the main cracks in the
fifteen beams after impact were examined and summarized in Table 2.
It can be found that the distance d, of the shear cracks away from the
support ranged from 0.7H to 1.4H. The drop hammer impact test on the
specimen D-1700 in [23,45] was simulated to evaluate the influence of
the parameter d, on impact-induced responses. In the numerical si-
mulations, the parameter d, varied from 0.7H to 1.4H, as shown in
Fig. 12(a). Fig. 12(b)—(d) present the numerically-obtained beam de-
flections over the beam span and time histories of midspan displace-
ments and impact forces along with the experimental data, respectively.
Good agreements were always achieved for the midspan displacements
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the experiments [45] and the FE simulations.

and the impact forces between the experimental and numerical results
when the parameter d, varied from 0.7H to 1.4H (see Fig. 12(c) and
(d)). This implies that the parameter d, has a limited influence on the
impact-induced responses. Fig. 12(b) shows that the shear deformation
slightly increases with the decrease of the parameter d,. In other words,
the relatively low value of d, would lead to a conservative estimation of
the shear failure. Because shear failures are brittle, the relatively con-
servative evaluation is preferable for structural safety. On the other
hand, Bentz [50] recommended that the critical sections regarding the
shear check are located at 0.9H and 0.75H for simply supported beams
and the columns with rotation constraints at two ends, respectively.
Therefore, for the simply supported beams and the columns with fixed
ends, shear springs were placed in accordance with the suggestion of
Bentz [50] to capture the responses related to the Type-I shear cracks.
For other types of beams and columns, further studies should be con-
ducted to examine the availability of these suggestions.

Based on the above discussions, the approach of the definition of
shear springs, which was consistently used for all impact cases studied
in this paper, can be summarized as
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Fig. 15. Impact responses obtained from the experiments [45] and the FE simulations.
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(2) Obtaining the capacity curve of Type-I shear springs. For con-

servative consideration, a relatively low constant velocity (e.g.,
0.5m/s) can be used applied at the contact-impact zone of the
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Fig. 16. Envelope curve of shear resistance [52].

membrane model to obtain the load-deformation curve. Based on
Egs. (13) and (14), the flexural deformations are excluded from the
load-deformation curve to obtain the shear capacity curve.

-- Drop Hammer

Engineering Structures 195 (2019) 22-50

(3) Obtaining the capacity curve of Type-II shear (punching) springs. In
this case, only the shear span is modified by Eq. (12), and other
definitions and treatments are the same as the above analysis for
obtaining the capacity curve of Type-I shear springs.

(4) Assigning shear springs in nonlinear beam-column element models
at the given locations as discussed above.

3.4. Validations of proposed method for shear

A total of 23 impact tests on RC members reported in [8,9,23,51]
were used to verify the proposed FE model with shear springs. All of
them exhibited shear damages in the impact tests.

3.4.1. Impact tests on RC beams conducted by Zhao et al. [23]

The drop-hammer impact tests on simply supported RC beams were
recently performed by Zhao et al. [23,45], as shown in Fig. 13. Two
different transverse reinforcement ratios (o; = 0.094% for Series C-
beam and 0.188% for Series D-beam) were investigated in the tests. The
total length of the beam specimen was 4 m, and the clear span between
the two supports was 3m. All beam specimens had the same cross-
sectional dimensions of 500 mm in depth and 200 mm in width. The
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(a) Drop hammer impact test setup Zeng et al (2014)
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Fig. 17. Drop-hammer impact tests on RC beam conducted by Xu and Zeng [51].
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Fig. 18. Impact responses of the experiments [51] and the FE simulations.

longitudinal reinforcements consisted of two 16-mm diameter steel bars
and four 20-mm diameter steel bars. According to the material prop-
erties given in [23,45], the uniaxial compressive strengths of the con-
crete used in the testing ranged from 20 MPa to 25MPa, and the
yielding strengths of the transverse reinforcement and the longitudinal
reinforcement were 345 MPa and 495 MPa, respectively. The thickness
of concrete cover was 30 mm for the longitudinal bars at the top and the
bottom. The material properties of the specimens are summarized in
Table 1. More detailed information on the tests can be found in Zhao
et al. [23,45].

According to the above drop-hammer impact tests, the nonlinear
beam-column model with shear springs was created, as illustrated in
Fig. 9. Similar to the simulations of the impact tests by Fujikake et al.
[6], Kn =1 % 10° N/m and the contact stiffness was estimated using
the approach provided in [6] (i.e., K. = 5 x 108 N/m). Based on Eq.
(8), C, = 2.68. By using the above membrane models, the shear force-
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deformation responses of the two specimen series (Fig. 11) were ob-
tained for the two types of shear cracks (failures) to define the shear
springs in the nonlinear beam-column model.

The numerically-obtained results (e.g., deformation pattern after
impact, midspan displacement and impact forces) are presented in
Figs. 14 and 15 along with the corresponding experimental data. As
shown in Fig. 14(a)-(c), the numerical simulations indicate that Series
D-beam had the combined deformation patterns that include relatively
large flexural deformation and some shear damages. These results are
consistent with the experimental observations. For Series C-beam,
shear-dominated failures were well predicted by the proposed numer-
ical method, and the specific types of shear failures (Type I or Type II)
agreed well with the experimental results, as shown in Fig. 14(d)-(f).
This indicates that the proposed method is capable of capturing the
failure modes of the RC beams under impact loading.

The midspan displacements of impact case D-1700-4.6 obtained
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Fig. 20. Shear capacity curves of RC beams tested by Saatci et al. [8].

from the numerical simulation are in good agreement with the ex-
perimental data. For impact cases D-1300-5.56 and D-868-7.14, the
numerically-obtained midspan displacements are somewhat smaller
than the experimental data (Fig. 15(h) and (i)). Zhao et al. [23,45]
developed detailed FE models with 3-D solid elements to simulate these
impact events. As shown in Fig. 15, the results derived from the detailed
FE models are consistent with the results obtained from the proposed
models in this study. For impact cases D-1300-5.56 and D-868-7.14, the
differences in midspan displacements between the numerical simula-
tions and the experiments may be attributed to the uncertainty in ma-
terial strengths (e.g., concrete) and the manufacturing errors (e.g., the
position of the longitudinal reinforcement) [23,45]. Generally, the
prediction accuracies of the midspan displacement and impact force
results are acceptable for the D-beam series because the maximum error
is less than 15%. For Series C-beam with shear failures, the predicted
duration of the impact force was shorter than the experimental result,
while the midspan displacements were larger than the measured values,
indicating that the impacted beams were completely damaged without
any more resistance. These differences are attributed to the fact that
shear resistances were conservatively estimated, particularly the re-
sidual capacities after failures.

Fig. 16 presents the characteristic curve of shear resistance of RC
members that Krauthammer et al. [52] recommended. Residual shear
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resistances after strength softening are considered in the capacity curve
before the maximum deformation is approached. The shear capacity
curve obtained from the membrane model (e.g., Fig. 11) often does not
have the portion of the residual shear resistance. However, the residual
resistance might actually exist based on the experimental results [52].
To investigate the influence of residual shear resistance on impact-in-
duced responses, impact cases C-1300-5.56 and C-868-7.14 were si-
mulated again with various residual resistance ratios, which can be
defined by

a; = Ry/Ryg oy = Ryp/ Ry (15)

where o and ay; are the residual resistance ratos of Type-I and Type-II
shear failures, respectively; R,; and R,; are the residual strengths of
Type-I and Type-II shear failures, respectively; Ry and Ry are the peak
strengths of Type-I and Type-II shear failures, respectively.

As shown in Fig. 15(e), (f), (k) and (1), better agreements were
obtained between the numerical and experimental data of the impact
forces and the midspan displacements after including the residual shear
resistances, particularly when the residual resistances are equal to
0.3-0.4 time the peak shear strength. Also, Fig. 14(f) indicates that the
numerically-obtained failure pattern with both two shear cracks instead
of only punching shear failure is more consistent with the experimental
observation when oy and ap=0.3-0.4 for impact case C-868-7.14.
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Fig. 21. Comparisons of impact responses between the experiments [8] and the FE simulations.

3.4.2. Impact tests on RC beams conducted by Xu and Zeng [51]

To further validate the proposed modeling method, the impact tests
on the RC beams conducted by Xu and Zeng [51] were simulated. The
test setup and the details and dimensions of the specimens are pre-
sented in Fig. 17(a) and (b), respectively. All the specimens had the
dimensions of 310 mm in depth, 150 mm in width and 2700 mm in
length. For each specimen, the longitudinal and transverse reinforce-
ment ratios were 1.45% and 0.22%, respectively. The uniaxial
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compressive strength of the used concrete material was 26.9 MPa. All
specimens were doubly reinforced with a total of six 16-mm diameter
longitudinal reinforcement bars placed symmetrically. A 25 mm clear
cover was used between the bars and the top and the bottom beam
surfaces. Table 1 lists the material properties of the concrete and re-
inforcing steel bars in the specimens and impact mass and velocities for
each impact case. More details on their impact tests can be found in Xu
and Zeng [51]. Fig. 17 (c) and (d) illustrate the developed model with
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Fig. 22. Impact tests on RC columns conducted by Demartino et al. [9] and the corresponding FE model.

fiber-based nonlinear beam-column elements. Similarly, model para-
meters (e.g., K. =550 x 108 N/m and C, = 6.99) were determined
based on the approach mentioned above. Also, the shear capacity
curves were obtained by the VecTor2 model and the suggested treat-
ments to define the shear springs in the FE model, as shown in
Fig. 17(e) and (f).

The predicted results are presented in Fig. 18 with the experimental
data for comparisons. Generally, not only the impact-induced deformed
pattern but also the impact forces and midspan deflections predicted
using the proposed method are in good agreement with the measured
results. In addition to the overall deformations, the punching shear
(Type-II) cracks observed in the tested specimens BD2 to BD5 (parti-
cularly in the specimen BD3), and the Type-I shear cracks found in the
specimen BD1 can be well captured by the proposed method
(Fig. 18(a)-(e)).
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3.4.3. Impact tests on RC beams conducted by Saatci and Vecchio [8]
Saatci and Vecchio [8] also performed the drop-hammer impact tests
(Fig. 19) to examine the shear mechanism of reinforced concrete beams
under impact loading. Two different impact energies (Table 1) and three
transverse reinforcement ratios (0;=0.1%, 0.2%, and 0.3%)were experi-
mentally investigated. All the specimens had the cross-sectional dimensions
of 410 mm in depth and 250 mm in width, the clear span of 3000 mm, and
the longitudinal reinforcement ratio of 2.75%. Like the above tests, all
specimens were doubly reinforced with the longitudinal bars (No. 30 bars
in CSA Standard G30.18 with a 700 mm? cross-sectional area and a
29.9 mm nominal diameter) placed symmetrically. The thickness of con-
crete cover was 38 mm. Other details of the specimens are shown in
Fig. 19. Table 1 lists the properties of the concrete and reinforcing steel
bars. Similarly, the proposed fiber-based nonlinear beam-column models
were developed with the shear springs modeled by the capacity curves
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presented in Fig. 20. The corresponding numerical results are shown in
Fig. 21. As well, the impact responses obtained from the proposed model
are consistent with the experimental data. It is worth noting that there were
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Fig. 23. Comparisons of impact responses between the experiments [9] and the FE simulations.
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no impact forces reported in Saatci and Vecchio [8], but the support re-
action forces were measured in the tests. Hence, only the support reaction
forces were compared, as shown in Fig. 21(m)—(r). Generally, the predicted
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reaction forces agreed with those measured from the experiments. It should
be mentioned that because pressure sensors were used to measure the re-
action forces, the tensile forces were omitted in the experimental results.

4. Modeling of RC columns and validations

RC columns are the critical load-carrying elements to support ver-
tical loads in bridge and building structures. In addition to service
loads, RC columns may be at higher risk for lateral impact loading (e.g.,
vessel and vehicle collisions) compared with beam members without
axial loads. Thus, the need is evident to examine the applicability of the
proposed modeling method for the impact simulations of axially-loaded
RC columns under impact loading.

4.1. Horiziontal impact tests on RC columns conducted by Demartino et al.
[9]

In addition to the impact tests on RC beams, the impact tests on
circular RC columns were carried out by Demartino et al. [9]. Different
from the above tests, the horizontal test setup was employed in the
tests, as shown in Fig. 22(a). The horizontal collision facility consisted
of an external drive mechanism and a test truck made of a four-wheeled
hoper moving on a horizontal rail. An instrumented hammer, which
had an 80 mm thick steel plate with a size of 580 mm long and 200 mm
wide, was placed in the front of the test truck. The material properties
of the specimens are summarized in Table 1. Parameters varied in the
tests included: three impact energies (see Table 1) and two different
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transverse reinforcement ratios (op = 0.3% and 0.09%). The long-
itudinal reinforcement ratio was 0.9% for all the specimens. The
column specimens had a diameter of 300 mm, a length of 1700 mm, and
a clear height of 1600 mm, as shown in Fig. 22(b). The uniaxial com-
pressive strength of the used concrete was 28 MPa, and the yielding
strengths of the longitudinal and transverse reinforcements were
427 MPa and 416 MPa, respectively. Like the above treatments, the
fiber-based nonlinear beam-column model (Fig. 22(c)) was developed.
The shear capacity curves presented in Fig. 22(d) and (e) were used in
the definition of the shear springs.

Fig. 23 presents the predicted force and displacement responses and
the deformation patterns after the impacts along with the experimental
data. For the failure modes, numerical simulations indicate that all the
columns exhibit shear-dominated failures, which are consistent with
the experimental results. For impact cases FL1 and FL2 with relatively
slight shear damage, the predicted impact forces and displacements are
in reasonable agreement with the experimental data, as shown in
Fig. 23(g), (m), (j) and (h). For the other four impact cases with rela-
tively large shear damage, the predicted duration of the impact force
was shorter and the peak midspan displacements were larger in com-
parison with the experimental data. These are the same as those ob-
served in Series C-beam of Zhao et al. [23,45]. Similarly, this is at-
tributed to the fact that residual shear resistances more or less exist in
reality. Thus, the influence of residual strength ratios (i.e., 0.2R; to 0.4
R;) was investigated, as shown in Fig. 23. Similar to Series C-beam of
Zhao et al. [23], better agreements were achieved when 0.3-0.4R; was
considered. Axial preloads were omitted in the tests. However, vehicle
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impacts are usually regarded as low-elevation (unsymmetrical) impacts
(Gurbuz et al. [53]) on axially-loaded RC columns. If sufficient ex-
perimental data of axially-loaded RC columns under low-elevation
impacts become available in the future, the proposed modeling method
should be further validated.

4.2. Impact tests on axially-loaded RC columns conducted by Liu et al. [7]

Compared with the impact tests on RC beams, few experiments had
been performed to investigate the impact behaviors of axially-loaded
RC columns. Liu et al. [7] recently carried out such tests to explore the
impact-resistant behaviors of axially-loaded RC columns. The experi-
mental results were employed here to validate the proposed modeling
method. In addition to the eight specimens given in [7], four more
specimens were tested separately to investigate the influence of column
aspect ratio on the impact responses [4]. A total of 12 impact scenarios
were simulated in this study. As illustrated in Fig. 24(a), axial loads
were applied simultaneously during lateral impact testing. Primary
varied parameters included axial load ratio (0%, 14% and 28%), impact
energy (low and high), reinforcement ratio (o, = 1.92%, p; = 1.3% and
pp = 0.96%, p; = 0.72%) and column aspect ratio (1/7, 1/6 and 1/5).
Different failure modes with various damage extents were observed in
the impact tests. Two different arrangements of the longitudinal and
transverse reinforcements are shown in Fig. 24(b). Additional details on
the impact tests on the axially-loaded RC columns can be found in [4,7].

Using the proposed modeling method, the FE models shown in
Fig. 24(c) and (d) were developed to analyze the impact behaviors of
axially-loaded RC columns. In addition to the contact-impact point,
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plastic hinges were defined at the two ends of the columns in the FE
models. The axial loads were applied at one of the column ends. Si-
milarly, the membrane models with VecTor2 (Fig. 25) were created to
estimate the shear capacity curves (Fig. 26) for two types of shear
cracks.

The FE results of the columns are presented in Figs. 27-29 along
with corresponding experimental data. Good agreements were achieved
between the experimental and numerical results, indicating that the
proposed modeling method is also applicable to the impact analysis of
axially-loaded RC columns. For impact cases E2F3L6 and E2F3S2, the
collapses of the column specimens can be fully captured by the pro-
posed method. Also, the shear damages or failures of the column spe-
cimens in the cases E2F3S1 and E2F3S2 were predicted. Certainly,
unlike the numerical simulations, shear failure patterns observed from
the experiments were not symmetrical because the material properties
were somewhat random for concrete. It can be concluded that the
proposed method is capable of identifying the failure modes (e.g.,
flexural and shear failure) of the axially-loaded RC columns under
impact loading.

5. Summary of the proposed method and discussions

To clearly describe the procedure of the proposed modeling method,
a general procedure is summarized in the section. Meanwhile, some
modeling issues (e.g., mesh sensitivity) are discussed for the general
modeling procedure, and comparisons between the proposed method
and the exsiting method are presented.
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5.1. General procedure of the proposed modeling method be summarized as
Based on all the above investigations, the proposed modeling pro- Step 1. Determining the material properties of concrete and re-
cedure for evaluating impact behaviors of RC beams and columns can inforcing steel with strain-rate effects. The uniaxial Propovics
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Fig. 27. Comparisons of impact forces between the experiments [7] and the FE simulations.

material model (Concrete04) and the Giuffre-Menegotto-Pinto
model (Steel02) in OpenSees can be used for concrete and reinfor-
cing steel bars, respectively. Egs. (3)-(11) can be used to consider

strain-rate effects.

44

Step II. Obtaining shear capacity curves for two types of shear
failures. The MCFT-based FE code VecTor2 can be used to obtain
shear spring curves. More details about how to obtain shear capacity
curves can found in Section 3.2.
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Step III. Creating nonlinear beam-columns elements for modeling
the impacted RC members or structures. The force-based elements
with fiber-based cross sections in OpenSees can be used.

Step IV. Defining two types of shear springs in the FE model of the
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impacted RC members. The detailed procedure of defining shear
springs can be found in the end of Section 3.3.

Step V. Modeling impacting objects. For rigid impact tests, a
lumped mass element and an elastic spring element can be used to
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model the mass (Mp,)and stiffness (Kj) of a rigid hammer, respec-
tively. Since hammers are often much more rigid than the impacted
member, K, can be set to be 1 x 10° N/m.

Step VI. Modeling interactions between the impacting object and
the impacted member or structure using macroelements. In
OpenSees, the uniaxial materials contact-spring (Fig. 2(b)) and linear-
viscous-damper (Fig. 2(c)) can be used to consider the contact stiff-
ness and damping, respectively. Sometimes, the nonlinear contact
model can be considered to represent the local damage around
contact-impact zones (e.g., S1322 and S2222 in Fujikake et al. [6]).
Further studies should be conducted to develop the nonlinear con-
tact model.

Step VII. Applying initial impact velocity. In explicit dynamic FE
code (e.g., LS-DYNA), the initial impact velocity of the impacting
object can be directly defined. In the FE code with an implicit solver
(e.g., OpenSees), the initial impact velocity can be obtained by ex-
erting an instant load (or impulse) in accordance with Egs. (1) and

(2).

The flexural-critical RC beams mentioned in Section 2 were simu-
lated again by using the above general modeling procedure. Different
from the analyses in Section 2, the FE models included shear springs.
This means that the impact the failure modes of the RC beams were
treated as unknown. It can be observed from Figs. 5-7 that the models
with shear springs yield the same results as those without shear springs.
Table 3 summarizes that the predicted and measured peak impact force
and maximum displacements as well as the ratios of experimental to
predicted impact responses for all impact cases mentioned above. It can
be found that the average value of the experimental to predicted peak
impact force ratio is 0.988 and the coefficient of variation (COV) is
1.27%. For the maximum displacements, the average value of the ex-
perimental to predicted response ratio is 0.97, and the COV is 0.8%.
Overall, the applicability of the proposed modeling method was widely
validated for the low-velocity impact simulations of RC beams and
columns.

5.2. Discussions about mesh size and strain-rate parameter

The mesh sensitivity should be discussed for the modeling method
summarized above. Impact cases S1616-0.6 in [6] and D-1700-4.6 in
[45] were used to discuss the mesh sensitivity of flexural- and shear-
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critical RC members, respectively. As shown in Fig. 30, at least eight
elements are required for modeling RC members due to the presence of
shear springs. Two refined mesh schemes were employed to investigate
the mesh sensitivity (Fig. 30). Numerical results (Fig. 31) indicate that
all three different meshes yield the same results. Hence, only eight
elements shown in Fig. 30 are needed for the proposed modeling
method. This implies that the proposed modeling method is robust in
terms of selecting the number of elements. As mentioned above, a
plastic hinge with the length equal to the height of the member’s cross-
section [29] needs to be specified at the contact-impact zone. Hence,
only one element should be arranged between the punching shear
springs and the contact-impact point because of the presence of the
plastic hinge and the punching shear springs.

On the other hand, the average impact velocity was employed in the
proposed modeling method to approximately consider the strain-rate
effects and estimate the dynamic increase factors. The influence of this
assumption should be evaluated. As shown in Fig. 32, three impact
cases with relatively high velocities and various failure modes were
used to examine the influence of this assumption. Three different ve-
locities (i.e., 0.25V,, 0.5V, and V,) were used to estimate the DIFs of
concrete and reinforcing bars. It can be observed from Fig. 32 that the
impact responses are not sensitive to the selection of impact velocity for
the determination of the DIFs. As mentioned above, this is because the
relationship between the strain rate and the dynamic increase factor is
usually logarithmic (e.g., Egs. (3) and (4)). The strain rate of the static
or quasi-static loading is usually 1 x 10~ ° or 10~ *, whereas the strain
rate in low-velocity impacts (~10° or 10') is many orders of magnitude
higher than that of the static or quasi-static cases. Therefore, it is es-
sential to include strain-rate effects in impact simulations. But, the
impact responses are not sensitive to the selection of impact velocity
when it changes in a limited range compared with the difference be-
tween the impact loading and the static loading. Based on the above
observations, the assumption of using average impact velocity is ac-
ceptable.

5.3. Comparisons between the proposed model and the detailed FE model

Impact cases S1616-1.2 in [6] and E1F2 in [7] were employed to
compare the computational efficiency between the proposed model and
the detailed FE model with 3-D solid elements. Table 4 lists the calcu-
lation time and the size of the main output file for the proposed model
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Table 3
Summary of experimental and numerical results.
Reference NO. ID Impact force Displacement
Test (kN) Proposed model (kN) Test/FEA Test (mm) Proposed model (mm) Test/FEA
Fujikake et al. [6] 1 1322-0.3 177 178 1.006 7.79 6.02 0.773
2 1322-0.6 258 249 0.965 11.73 11.14 0.950
3 1322-1.2 310 353 1.139 22.89 21.24 0.928
4 1322-2.4 340 427 1.256 27.86 30.67 1.101
5 1616-0.15 121 123 1.017 6.22 5.53 0.889
6 1616-0.3 168 173 1.030 11.16 9.64 0.864
7 1616-0.6 245 248 1.012 19.43 18.49 0.952
8 1616-1.2 312 348 1.115 36.9 35.3 0.957
9 2222-0.3 199 180 0.905 7.79 5.67 0.728
10 2222-0.6 263 254 0.966 11 10.7 0.973
11 2222-1.2 314 360 1.146 21.44 20.21 0.943
12 2222-2.4 441 370 0.839 32,51 31.69 0.975
Zhao [45] 13 D-1700 1344 1173 0.873 41.22 40.43 0.981
14 D-1300 1500 1389 0.926 49 42 0.857
15 D-868 1647 1697 1.030 47.4 43.4 0.916
16 C-1700 1377 1183 0.859 - - -
17 C-1300 1471 1404 0.954 67 63.1 0.942
18 C-868 1750 1706 0.975 67.8 66.4 0.979
Xu and Zeng [51] 19 BD1 891 670 0.752 11.9 10.8 0.908
20 BD2 1396 1183 0.847 23.7 26.1 1.101
21 BD3 1940 1898 0.978 64.9 69.5 1.071
22 BD4 1466 1310 0.894 78.5 76.1 0.969
23 BDS 980 860 0.878 36.5 34.7 0.951
Saatci et al. [8] 24 SSla-1 - 1253 - 12.2 13.26 1.087
25 SS2a-1 - 1252 - 10.54 12.37 1.174
26 SS3a-1 1407 1260 0.896 10.7 11.2 1.047
27 SS1b-1 1765 1580 0.895 39.5 37.78 0.956
28 SS2b-1 1645 1580 0.960 38 36.9 0.971
29 SS3b-1 - 1590 - 35.26 34.4 0.976
Demartino et al. [9] 30 FL1 483 581 1.203 10.3 9.77 0.949
31 FL2 481 548 1.139 9.63 9.92 1.030
32 FM1 702 704 1.003 28.3 27.7 0.979
33 FM2 652.7 663 1.016 35.4 32.1 0.907
34 FH1 1047 992.5 0.948 75.4 83.8 1.111
35 FH2 1009 937.7 0.929 79.3 89.9 1.134
Liu et al. [7] 36 E1FO 480 472.6 0.985 33.3 30.5 0.916
37 E2F0 563.2 671.8 1.193 79.2 74.4 0.939
38 E1F2 515.3 486.9 0.945 245 24 0.980
39 E2F2 671.7 687.3 1.023 62.5 62.5 1.000
40 E1F3 511.7 492.7 0.963 20.3 21.1 1.039
Liu et al. [7] 41 E2F3 617.4 696 1.127 58.8 56.7 0.964
42 E2F0S1 623.5 656.7 1.053 68 61.8 0.909
43 E2F3S1 587 682 1.162 47.2 46 0.975
44 E2F0S2 682.6 652 0.955 51.8 49.6 0.958
45 E2F3S2 882.9 680 0.770 - - -
46 E1F3L6 519 493 0.950 27.1 30.2 1.114
47 E2F3L6 695.5 697 1.002 - - -
Average 0.988 Average 0.970
cov 0.0127 cov 0.008

and the detailed FE model. As shown in Table 4, the computational
efficiency was significantly improved, and the memory size required
was greatly reduced when using the proposed method. For these two
cases, the increases in computational efficiency are ~340 times and
~1020 times, respectively. Detailed simulations often have to be run by
the FE code (e.g., LS-DYNA) with explicit time integration because of
the presence of the complex contact between impacting objects and RC
members. For the explicit time integration, a particular treatment (e.g.,
dynamic relaxation) is required for exerting the preload and obtaining
the stable initial state before impact loading. It is time-consuming and
complicated in real-world impact problems (e.g., vessel/vehicle colli-
sion analysis) [2]. For the proposed method, the implicit solver (e.g.,
OpenSees) can be used to avoid the difficulty of applying the preload.
Also, nonlinear beam-column elements instead of solid elements with
reduced integration were adopted in the proposed method to model RC
beams and columns. As a result of the change, the hourglass issue
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typically existed in detailed FE models with 3-D solid elements can be
avoided in nature. Of course, compared with detailed FE models, ad-
ditional macro-elements (e.g., shear springs) are required in the pro-
posed model.

6. Conclusions

This study proposed a modeling method to efficiently predict both
flexural and shear responses of RC beams and columns subjected to low-
velocity impact loading. In the proposed FE model, a macroelement-
based model was developed to describe the interaction between im-
pacting objects and impacted RC members. Typical fiber-based non-
linear beam-column elements were employed to model the nonlinear
responses, and a simple approach was developed to account for strain-
rate effects of concrete and reinforcing steel. Shear springs were added
to capture the two types of shear damages (i.e., normal and punching
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Fig. 30. Different mesh schemes for impact simulations.
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Fig. 31. Numerical results of mesh sensitivity.

shear cracks) due to impact loading. In addition, a simple procedure
was presented to determine the shear capacity curves of the shear
springs.

A total of 47 impact tests reported in references were collected and
used to validate the proposed modeling method. The proposed method
exhibited satisfactory performance on predicting the impact forces, the
impact-induced deflections, and the failure modes of RC beams and
columns. In addition, the proposed method is significantly superior to
the detailed FE models with 3-D solid elements in computational effi-
ciency (two or three orders of magnitude faster). Moreover, the pro-
posed modeling can be readily applied without coding in any FE
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software that includes typical fiber-based nonlinear beam-column ele-
ments and discrete macro-elements. This advantage greatly facilitates
the application of the proposed method in impact simulations of in-
frastructure such as bridge structures subjected to vessel and vehicle
collisions.

Compared with low-velocity impacts, local damages (e.g., penetra-
tion and scabbing) around the contact-impact zone become much
heavier in high-velocity impacts (e.g., aircraft impact and blast). Due to
the differences between low-velocity impacts and high-velocity im-
pacts, further studies need to be performed to extend the proposed
modeling method for high-velocity impact analysis in the future.
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Table 4
Comparisons between the proposed model and the detailed FE models.
Mode Type $1616-1.2 in [6] E1F2 in [7]

Detailed model

Proposed model

Detailed model

Proposed model

Execution time
Output file size (MB)
Numerical integration
Macro-elements

~23 min
563 MB

Only explicit
Not required

4 sec
840 KB

Implicit or explicit

Required

~12h
6.2GB
Only explicit
Not required

41 sec

900 KB

Implicit or explicit
Required

Note. Data from the same computer with Intel(R) Core (TM) i7-4790 (CPU); and the detailed FE models of impact cases S1616-1.2 and E1F2 used can be found in Fan
and Yuan [16] and Liu et al. [7], respectively.
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