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Featured Application

The results support assessment of RC beams subjected to off-midspan accidental impact.
Such assessment should include shorter-span-side shear transfer and asymmetric damage
in addition to the central-impact force level.

Abstract

Reinforced concrete (RC) beams under impact are commonly assessed using central-impact
configurations, but practical impacts may deviate from midspan and create unequal shear
spans. This study investigates how impact eccentricity changes force transfer and damage
development using a validated coupled smoothed particle hydrodynamics—finite element
method (SPH-FEM) model. Concrete is modeled with SPH particles, while reinforcement,
supports, and the impactor are modeled with FEM solid elements. After validation against
central drop-weight tests, full-span eccentric-impact cases are compared with matched
short-span references. The first contact-force peak changes only slightly with eccentric-
ity, whereas the later response distribution changes more substantially. At the largest
eccentricity, shorter-span shear reaches up to 2.23 times the central-impact value, show-
ing shear-dominated redistribution. Absorbed energy per unit length also localizes on
the shorter-span side and reaches up to 4.29 times the longer-span side value. Matched
references show that full-span eccentric beams can develop up to 18.4 kN higher local shear
than symmetric short-span beams. Damage fields shift from symmetric central damage to
asymmetric shorter-span-side damage with clearer fragmentation in low-strength cases.
For off-midspan accidental-load assessment, the central-impact force level should be con-
sidered together with side-specific shear demand, the shorter-span shear-transfer path, and
asymmetric damage.

Keywords: reinforced concrete beam; impact loading; SPH-FEM coupling

1. Introduction

Concrete and reinforced concrete (RC) members can experience localized impact from
falling objects, rockfall, vehicle or equipment collisions, debris, and construction opera-
tions. Such loading is short in duration, spatially concentrated, and coupled with inertia,
stress-wave propagation, local crushing, and strain-rate effects. Early drop-weight studies
established experimental procedures for concrete impact and discussed rate-dependent
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fracture and energy absorption [1,2]. Material-level studies showed rate effects in concrete
compression and tension [3,4]. Reinforcing steel also changes its mechanical response with
loading rate [5,6]. At the structural scale, missile and RC slab impact studies showed that
local contact damage and wave propagation can control the observed response [7,8]. Other
impact-damage studies reported spatially distributed damage patterns [9,10].

RC beams are useful impact-reference members because their geometry, reinforcement,
support condition, and response measurements can be controlled. Existing central-impact
beam studies show that global response histories, energy absorption, and damage mode are
strongly linked to local shear damage [11-13], and that dynamic demand cannot be inferred
from static load-carrying behavior alone [14-16]. They also indicate that reinforcement
detailing and nonlinear stress redistribution affect this response [17-19]. Recent studies
further extended the reference basis to residual capacity and deformable-impactor load-
ing [20-22]. These studies establish central impact as a reference configuration for RC beam
impact analysis.

Peak impact force and peak displacement are useful global response measures, but
they do not fully describe how impact demand is transferred through a beam. During
impact, diagonal cracking, local shear transfer, shear-plug tendency, stress redistribution,
and support restraint may develop before a static-type mechanism is formed. Experimental
observations by Saatci and Vecchio showed that shear mechanisms can dominate the impact
behavior of RC beams [23]. Numerical studies have also emphasized the importance of
constitutive modeling, shear reinforcement, and nonlinear stress redistribution in repro-
ducing beam impact response [19,24,25]. Zhao et al. interpreted beam impact through local
and member-level response phases and evaluated dynamic moment and shear demand
using a modified-compression-field-theory-based failure criterion [26].

Most beam-impact tests place the impact point near midspan, where symmetry sim-
plifies experimental validation and numerical calibration. In practice, over-height vehicle
or equipment collisions with bridge girders or edge beams can occur away from midspan.
Fu et al. reported that 309 of 1496 susceptible bridges in Maryland had been struck by
over-height vehicles and 58 required repairs [27]. Rockfall, debris impact on RC pro-
tection or bridge members, and construction stage dropped objects can also place the
contact point according to clearance, trajectory, obstacle position, slope geometry, or site
accessibility [8,28].

When the impact point moves away from midspan, one shear span becomes shorter
and the other becomes longer. The shorter-span side can provide a more direct force-transfer
path to the closer support, while the contact section may have a lower bending moment
than under central impact. The load-transfer pattern may shift from symmetric two-sided
transfer to shear transfer on the shorter-span side. Studies on localized impact, punching,
and slab damage show that concentrated force transfer can govern local damage and that
impact damage can be spatially nonuniform [8-10,29,30]. Studies on support-region and
inclined-section behavior indicate that force transfer near supports can become critical
when transverse force and bending moment act together [31].

Studies that considered impact location or eccentric impact in RC beams and related
RC members reported changes in global response, displacement, crack or damage pattern,
strengthening effect, or torsional response [32,33]. Their emphasis is mainly on member-
level response or strengthening behavior. Side-specific shear demand, energy localization,
and damage asymmetry under eccentric impact have received less direct treatment.

Smoothed particle hydrodynamics (SPH) and related meshfree Lagrangian methods
are suitable for impact problems involving large deformation, cracking, fragmentation,
and material separation [34-36]. In the present model, concrete is represented by SPH
particles, while reinforcement, supports, and the impactor are represented by finite element
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method (FEM) solid elements. The coupled SPH-FEM strategy follows established hybrid
meshfree-mesh-based modeling concepts, with contact-force exchange and penalty-type
interface transfer used to couple the particle and finite-element domains [37]. The present
study uses this validated SPH-FEM implementation to evaluate eccentric RC beam impact.

For simply supported rectangular RC beams, central or near-midspan impact provides
a symmetric validation benchmark but reduces the unequal-shear-span and full-span
interaction effects that arise after the contact point shifts. The analysis examines how
eccentricity changes global response magnitude and whether the post-peak load path shifts
toward shorter-span shear demand, span-normalized energy localization, and asymmetric
damage. A validated coupled SPH-FEM framework links contact-force pulse characteristics
with sectional shear and bending-moment demand, span-normalized absorbed-energy
density, matched short-span reference cases, and damage morphology. The matched
short-span references provide a comparison with an isolated shorter-span idealization and
identify where full-span interaction remains active.

2. Numerical Model Validation
2.1. Validation Experiment and Test Configuration

The numerical model was checked against the central drop-weight impact beam tests
of Tamai et al. [38]. Figure 1 shows the test specimen, reinforcement layout, support
arrangement, impactor, and measurement configuration used for validation. The specimen
was a simply supported RC beam with dimensions of 1200 mm x 100 mm x 120 mm and a
support span of 1000 mm. The source experiment reported measured concrete properties
of f. = 45.5 MPa, split tensile strength 2.6 MPa, and E = 30.3 GPa. The validation model
used f. = 45 MPa and E = 30.3 GPa as the reference input. The reinforcement consisted
of 2010 SD295A tensile bars, 206 SR235 compression bars, and double-legged ®6 SR235
stirrups spaced at 100 mm.

A 100 kg drop weight equipped with a load sensor struck the beam at midspan. Three
impact velocities, 1, 2, and 3 m/s, were used for the validation cases. The original experi-
mental apparatus and velocity-control procedure are described in the cited experimental
source. In the present numerical model, the reported experimental velocities were used
directly as the prescribed initial velocities of the impactor. The midspan displacement was
measured by a laser displacement device, and anti-rebound fixtures were installed near
the support regions. The validation model reproduced the same beam geometry, support
span, reinforcement layout, concrete reference properties, impactor mass, loading position,
support arrangement, and displacement-measurement point. The numerical material pa-
rameters, discretization, interface setting, and explicit time increment are summarized in
Table 1.

+— Impactor with
l load sensor
|

C . mass = 100kg
anti-rebound ompressive v=1, 2, 3m/s
AR reinforcement ==
su:pport : (fD — 6mm
Feeerernrereeeeeens o) | o)
= - : : : - =
R Tensile reinforcement Laser displacement i __Stirrups
¢=10mm acquisition device ¢ =6mm@100mm

Figure 1. Test beam, reinforcement layout, and impact-test configuration used for model validation.
Green circles indicate the anti-rebound support fixtures, and the dashed line labeled CL marks the
beam centerline.
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Table 1. Geometry, material, and numerical parameters of the baseline model.

Item

Value

Note

Beam geometry

Reinforcement layout
Concrete test properties
Concrete model input

Reinforcement model input
Impactor

Impactor and supports
Discretization
Model size

Interface setting

Explicit time increment

1200 mm x 100 mm x 120 mm, support span 1000 mm

210 tensile bars, 206 compression bars, and
double-legged ®6 stirrups spaced at 100 mm

fe = 45.5 MPa, split tensile strength 2.6 MPa,

E =303 GPa

CSCM, p = 2350 kg/m?, E = 30.3 GPa, v = 0.23,
f. = 45 MPa

J» elastoplasticity, p = 7800 kg/m3, E = 188 GPa,
v =0.30, fy = 345 MPa

100 kg drop weight

Solid FEM bodies, E = 210 GPa for the impactor,
E = 188 GPa for supports, v = 0.30

Concrete SPH particles, 5.0 mm; reinforcement FEM
Hex8, 5.0 mm; support FEM Hex8, 5.0 mm; impactor

FEM Hex8, 6.5 mm average

112824 concrete particles, 3032 reinforcement elements,

240 support elements, 1236 impactor elements

Penalty particle-to-FEM-surface contact with y = 0.1
and ¢; = 5.0 x 10~2; tabulated steel-concrete bond

envelope
1.0x 1077 s

Validation test specimen
D10: SD295A; D6: SR235

Source experiment values
Strength varied in strength branch

Reinforcement FEM elements
Equivalent FEM density used to reproduce mass

Boundary and loading components
Baseline mesh

Validation model

Same interface setting for validation and
eccentric-impact cases

Common time step

Note: CSCM = continuous surface cap model, SPH = smoothed particle hydrodynamics, and FEM = finite element
method.

2.2. Hybrid SPH-FEM Analysis Model

The validation and eccentric-impact simulations were performed using an in-house
GPU-parallel explicit SPH-FEM solver implemented with Taichi (version 1.7.4; website:
https:/ /www.taichi-lang.org) [39]. The solver stores particle states, FEM nodal and element
states, active interface interactions, and material history variables in GPU fields updated by
parallel kernels. Concrete was discretized by SPH particles to represent localized crushing,
damage spreading, and material separation. Reinforcement, the impactor, and support
fixtures were discretized by eight-node solid finite elements, which provide a mesh-based
description of the steel skeleton and boundary components.

The SPH and FEM domains were coupled through local interface force exchange.
Contact interaction transfers normal compression and tangential sliding resistance between
concrete particles and adjacent FEM surfaces. Bond transfer is applied at the reinforcement—
concrete interface. The same contact and bond treatment was used in the validation and
eccentric-impact simulations.

For a concrete particle i, the semi-discrete equation of motion is written as

m;a; = fiSPH + f{, 1)

where m; and a; are the particle mass and acceleration, is the internal force contribution

£SPH
1
from the SPH concrete domain, and f! is the total force transferred from adjacent FEM

surfaces. For an FEM node g, the nodal balance is
maii, = £ — £ + 1}, )

where m, is the lumped nodal mass, £ and fi"* are the applied and element-resisting
nodal forces, and rl is the interface reaction assembled from interacting concrete particles.
The interface transfer terms are assembled locally with equal and opposite forces. The SPH
particles and FEM nodes are then advanced using a common explicit time increment based
on their lumped masses.

For the impactor—concrete and support-concrete interfaces, the contact contribution
is evaluated within the interface force term fir. For each candidate FEM face, the outward
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face normal defines the local normal direction nr, and the face plane defines the tangential
directions. Nearby FEM faces are searched for each concrete SPH particle. If the particle
projection lies on a candidate face and the normal overlap is positive, contact is activated.
The normal contact force is calculated as

Oni = max(0,7; —d;), 3)
v, = max—(v; — vr) -nr, 0], 4)
£, = (knu,; + cn¥S,;)mr. (5)

Here, d,, ; is the normal distance from particle i to the FEM face, r; is the particle radius,
v}, ; is the closing normal velocity, k;, is the local normal penalty coefficient, and ¢, is the
normal damping coefficient controlled by the contact damping ratio. The normal branch
transfers compression only. Tangential sliding resistance is evaluated in the local tangent
plane and limited by the effective Coulomb friction coefficient. The contact constants
used in all validation and eccentric-impact cases were ¢ = 0.1, {; = 5.0 x 1072, and
At=10x10"7s.

Figure 2 summarizes the hybrid numerical model and the execution sequence of
the GPU-parallel solver. The upper part identifies the SPH concrete beam and the FEM
reinforcement, impactor, and supports used in the validation model. The lower part shows
the calculation sequence from Taichi data preparation to SPH and FEM state updates, local
force assembly, interface force transfer, explicit particle and nodal updates, and response
extraction. The extracted histories and field quantities are later used to evaluate contact-
force pulse response, sectional demand, energy distribution, and damage asymmetry.

Impactor
(FEM)

Support
(FEM)

Reinforcement

Input and
hybrid
discretization
geometry
materials
SPH particles
FEM solids

|
SPH data setup SPH state update SPH force assembly Particle update ||
GPU fields particle motion particle forces common time step |
active particles stress update transferred force velocity |
accumulators damage state force accumulation position | Response
———————————————————————————— }-————————————————' extraction
Surface-patch/particle transfer impact force
o ] displacement
force exchange; action-reaction - .
L/R reactions
local assembly
energy
____________________________ i___._____________] damage
FEM data setup FEM state update FEM force assembl Nodal update ! asymmetry
GPU fields nodal motion element forces common time step
element sets element strain transferred reaction velocity |
histories stress update nodal assembly displacement |
|

Figure 2. Hybrid SPH-FEM numerical model and GPU-parallel computational workflow used for
impact simulations. The upper part shows the SPH concrete beam and the FEM reinforcement,
impactor, and supports. The lower part shows Taichi data preparation, SPH and FEM state updates,
interface force transfer, explicit particle and nodal updates, and response quantities extracted for
eccentric-impact analysis. In the upper part, colors distinguish the SPH concrete, FEM reinforcement,
impactor, and supports. In the lower part, boxes denote modules in the solution workflow, and
arrows indicate the computational sequence and interface force transfer.

2.3. Material Models and Numerical Parameters

Concrete was described using the continuous surface cap model (CSCM) [40]. The
model accounts for pressure-dependent response, tensile and shear damage, compressive
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compaction, and fracture-energy-based softening regularization. In the damage field
figures, the plotted concrete damage is the CSCM scalar damage variable. It represents
material degradation associated with tensile cracking, shear damage, and local crushing
under fracture energy regularization. It is not a discrete crack width or crack path output.
For the validation tests, the CSCM input parameters were generated from the measured
compressive strength and elastic modulus of the specimen concrete. In the concrete-
strength branch, the prescribed compressive strength was changed, and the derived CSCM
parameters were updated consistently.

Reinforcement was modeled using a von Mises |, elastoplastic model. The impactor
and support fixtures were represented by solid FEM bodies. The impactor density was
assigned as an equivalent value so that the FEM body reproduced the total drop-weight
mass. Steel-concrete bond was represented by a tabulated envelope with unloading and
reloading rules.

Table 1 summarizes the main geometry, material, discretization, interface, and time-
integration parameters of the baseline model. The same baseline discretization and interface
settings were used for the central-impact validation cases and for the eccentric-impact
simulation program. The variables changed in the parametric study were the prescribed
impact velocity, concrete compressive strength, and impact eccentricity as defined in
Section 3.

2.4. Validation Results and Response-History Comparison

The representative validation test cases I1-N, 12-N, and I3-N were used to validate the
impact response of the coupled SPH-FEM model. The validation is reported in three levels.
Table 2 compares the main scalar response quantities, Figure 3 compares the displacement,
impact-force, and absorbed-energy histories, and Figure 4 compares the observed crack
patterns with the simulated damage fields. In Table 2, v denotes the impact velocity,
Umax denotes the maximum displacement, F; denotes the first peak impact force, and T,
denotes the load-pulse duration. The error is reported as the absolute relative difference,
|sim — exp|/exp x 100%.

Table 2. Validation summary for representative validation test cases.

Case v T u;‘g( Err. 1—“1e P Flsim Err. T;XP T’f,im Err.

(m/s) (mm) (mm) (%) (kN) (kN) (%) (ms) (ms) (%)
I1-N 1 3.05 3.05 0.1 36.8 34.7 5.7 12.0 11.5 4.1
12-N 2 8.60 8.38 2.6 74.0 75.1 1.5 15.2 16.2 6.7
I3-N 3 16.95 16.96 0.1 118.0 112.1 49 18.9 19.5 3.0

Note: Superscripts exp and sim denote experimental and simulated values, respectively. T, is measured over the
valid post-impact force interval above 0.5 kN within 0-60 ms.

Table 2 shows good agreement between the experimental and simulated scalar re-
sponses. The errors are 0.1-2.6% for umax, 1.5-5.7% for F;, and 3.0-6.7% for T,. These
comparisons indicate that the model captures the main displacement magnitude, initial
impact-force scale, and force-pulse duration of the validation tests. They also establish
the central-impact reference before the impact location is shifted in the eccentric-impact
simulation program.

For the time-history comparison in Figure 3, absorbed energy is evaluated from the
contact work of the impact force over the impact-point displacement. This gives a global
force-displacement work history for validation against the measured impact response:

u(t)

t
Eops(f) = ./to F.(t)i(t)dt = /u(to) F.du, ©)
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and the cumulative value for sampled histories is evaluated by the trapezoidal form:

kK F 4+ FE .
Eabsi = ) C']fc']l(uj —uj_1). @)
j=1

Here, E,¢ is the cumulative absorbed energy, tg is the impact onset time, ¢ is the
current time, T is the integration variable, F; is the contact force, u is the impact-point
displacement in the loading direction, the overdot denotes the time derivative, and j and
k denote the time-sample index and the current sample, respectively. This global contact-
work history provides the force—displacement energy quantity used for validation of the
measured response. The regional absorbed-energy quantities used later for eccentric-impact
energy-density analysis are extracted separately from the field histories. The later side-
wise quantities are model-based internal deformation work indicators extracted from the
simulated field histories.

Figure 3 compares the displacement, impact-force, and absorbed-energy histories. The
simulation reproduces the displacement histories and the timing and magnitude of the main
impact-force pulses for the three test velocities. The small lag is mainly associated with
penalty-contact activation and local contact stiffness. The difference between the 0.7 kHz
experimental force acquisition and the 0.01 ms numerical force-output interval mainly
affects curve smoothness and high-frequency contact-force details, with limited influence
on the main lag. The common explicit time increment was 1.0 x 107 s. The time increment
satisfies the Courant-Friedrichs-Lewy (CFL) condition for the adopted discretization. The
agreement in displacement, first peak force, load-pulse duration, and absorbed-energy
evolution provides the validation basis for the eccentric-impact simulations conducted in
this study:.

—— Simulation O  Experiment

(a) Displacement (mm) 4éb) Load (kN)

(¢) Absorbed energy (J)
0 [y o R

@\
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Figure 3. Validation of displacement, impact-force, and absorbed-energy histories for representative
validation test cases. Panels (a—i) correspond to I1-N, I2-N, and I3-N by row. The three columns show
displacement, impact force, and absorbed energy. Red open circles denote experimental results, and
black lines denote simulations.

Figure 4 compares the experimental crack patterns with the simulated concrete damage
fields. The experimental photographs show visible surface cracks, while the numerical
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contours show the CSCM scalar concrete damage variable. The contours are read as
damage-zone maps. High-damage bands mark localized degradation associated with
tensile cracking, shear damage, or crushing, not individual crack lines or crack-width
measurements. In this qualitative comparison, the simulation captures the central damage
zone and the wider damage distribution observed as the impact velocity increases from
I1-N to I3-N.

(a) I1-N
Exp.
1
Sim.
(b) I2-N 0.8

Exp. N

)

- 0.6 g

Sim. Q

“é

(c) I3-N . §

Exp. ©
Sim.

Figure 4. Experimental crack patterns and simulated concrete damage fields for representative
validation test cases: (a) I1-N, (b) I2-N, and (c) I3-N. In each panel, the upper image shows the
post-impact experimental crack pattern and the lower image shows the simulated concrete damage
field. The color bar denotes the CSCM scalar concrete damage variable.

2.5. Mesh Sensitivity Analysis for the 13-N Validation Test Specimen

A representative mesh and particle-size sensitivity check was conducted for the I3-N
central-impact test specimen, which corresponds to the v =3 m/s, fo = 45MPa,and e =0
simulation case S3C45EQ. Four discretization levels were compared: 10, 7.692, 5, and 4 mm.
Figure 5 compares the displacement and impact-force histories, and Table 3 summarizes
the peak response quantities. As the discretization was refined to approximately 5 mm,
the displacement history, first impact-force peak, and peak displacement became nearly
converged. The 5 mm discretization required approximately 55 min for a single case, which
was acceptable for the subsequent parametric simulations. Therefore, the 5 mm mesh and
particle size was adopted as the baseline discretization.

|— 10mm —— 7.692mm | | |

(b) — 10mm —— 7.692 mm

100

Bl
& s\ e -
= z
g <
S 10 T 50
= =
o
Bl | |
L e e S L
1 ‘ 1 1 1 0

Time (ms)

Figure 5. Mesh and particle-size sensitivity histories for the I3-N central-impact test specimen
(S3C45E0): (a) displacement history and (b) impact-force history.
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Table 3. Mesh and particle-size sensitivity results for the I3-N central-impact test specimen (S3C45EQ).

Particle/FEM Size Umax (Mm) Diffir‘::;ce in F (kN) lefer}glnce m
10 mm 15.851 —6.53% 99.075 —11.62%
7.692 mm 16.506 —2.67% 108.312 —3.38%

5 mm 16.959 0 112.100 0

4 mm 16.831 —0.75% 112.224 +0.11%

3. Eccentric-Impact Simulation Program
3.1. Impact Eccentricity and Span Geometry

The support span is L = xg — x1, where x1 and xr are the left and right support
coordinates. The midspan coordinate is

XL, + XRr
Xmid = B .

The impact eccentricity is the distance from the impact point to midspan:
e =[x — Xmid|- (8)
The distances from the impact point to the left and right supports are
ap = x; — X, agR = XR — X;. 9)
The shorter and longer impact-to-support distances are recorded as
a, = min(ar,ag), afg= max(ar, ag). (10)

In the discussion below, the two sides are described directly as the shorter-span side
and the longer-span side.

For the full-span beam, L = 1000 mm. The central-impact case has ¢ = 0 and equal
distances of 500 mm from the impact point to the two supports. The eccentricity levels
E1, E2, and E3 correspond to e = 100, 200, and 300 mm, respectively. If the impact point
is shifted to the right of midspan, the distances from the impact point to the left and
right supports are (ar,ag) = (600,400), (700,300), and (800,200) mm. The corresponding
shorter-span distances are a,, = 400, 300, and 200 mm, and the longer-span distances are
ag = 600, 700, and 800 mm. A shift to the left side gives the mirrored geometry with the
same e, a,, and a f values.

Figure 6 shows the full-span beam model, the eccentricity levels, the velocity branch,
and the concrete-strength branch used in the eccentric-impact simulations.

3.2. Full-Span Case Nomenclature and Parameter Matrix

The full-span eccentric-impact simulations were arranged to examine how impact
velocity, concrete compressive strength, and impact eccentricity change the response of
the validated RC beam model. The case names follow the format SvC fEk. Here, Sv gives
the impact velocity in m/s, Cf gives the concrete compressive strength in MPa, and Ek
gives the eccentricity level. For example, S4C35E1 denotes a full-span beam impacted at
v =4m/s, with f, = 35 MPa and ¢ = 100 mm. The levels EQ, E1, E2, and E3 correspond to
e =0, 100, 200, and 300 mm, respectively.

Table 4 lists the processed full-span simulation cases. The velocity group changes
the impact velocity from 2 to 4 m/s while keeping the concrete compressive strength at
45 MPa. The strength group changes the concrete compressive strength to 35 and 55 MPa
at the fixed impact velocity of 4 m/s. The S4C45EQ to S4C45E3 cases belong to the velocity
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group and also provide the 45 MPa reference level for the strength comparison, so they are

listed only once.

Impactor
mass = 100kg

v=2,3, 4 m/s

Compressive

e | o,

Omm 100mm 200 mm 300 mm

l

anti —rebound inf t | : : Concrete strength
support P T TET TEET UIIT 35MPa, 45MPa, 55MPa
B, o) | e
f [ . Il ] ‘
""""""""""""" b i ... Tensile reinforcement | ;... Stirrups ®
¢=10mm CL ¢ =6mm@ 100mm

Figure 6. Eccentricity levels and simulation parameters for the full-span eccentric-impact cases. The

dashed line labeled CL marks the beam centerline and the reference for the eccentric offset. The

dotted leader lines point to the component and parameter annotations. The arrows indicate the

impact-velocity direction, i.e., the drop-weight falling direction. Green circles indicate the supports.

Table 4. Parameter matrix of processed full-span simulation cases grouped by parameter group.

v fe e ay a
Parameter Group Case (m/s) (MPa) (mm) (mm) (m{n )
S2C45E0 2 45 0 500 500
S2C45E1 2 45 100 400 600
S2C45E2 2 45 200 300 700
S2C45E3 2 45 300 200 800
S3C45E0 3 45 0 500 500
Velocity S3C45E1 3 45 100 400 600
S3C45E2 3 45 200 300 700
S3C45E3 3 45 300 200 800
S4C45E0 4 45 0 500 500
S4C45E1 4 45 100 400 600
S4C45E2 4 45 200 300 700
S4C45E3 4 45 300 200 800
S4C35E0 4 35 0 500 500
S4C35E1 4 35 100 400 600
S4C35E2 4 35 200 300 700
Strength S4C35E3 4 35 300 200 800
S4C55E0 4 55 0 500 500
S4C55E1 4 55 100 400 600
S4C55E2 4 55 200 300 700
S4C55E3 4 55 300 200 800

3.3. Response Indicators and Data Extraction

The eccentric-impact response is evaluated from four types of output: contact-force

histories, sectional shear and bending-moment histories, absorbed energy on the two sides

of the impact point, and damage-field snapshots. Together, these outputs show whether

the shorter-span side develops larger sectional demand, absorbs more energy per unit

length, and shows more visible damage than the longer-span side. This subsection defines

how these outputs are extracted and converted into the response quantities used in the

full-span discussion.

For contact-force histories, Fj is the first force peak after impact onset. For the eccentric-

impact cases, T}, is the duration for which the impactor-beam contact force remains present
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during the main impact event. It is measured from impact onset to contact loss using the
same force-history processing rule for all full-span cases.

Sectional force resultants are extracted every 50 mm along the beam. At each calcu-
lation section, the recorded section resultants are the shear force V,(x, t) and the bending
moment My (x,t). The first 5 ms after impact are excluded from the envelope extraction to
avoid letting the earliest contact shock dominate the sectional comparison. For every 50 mm
section on each side of the impact point, the largest absolute shear or bending-moment
value reached after t; = 5 ms is recorded. Connecting these maximum values along the
beam gives the shear and bending-moment envelopes. The envelopes therefore show the
maximum sectional demand that may develop at each position, not the distribution at one
single time.

In the formulas, subscript # refers to the shorter-span side and subscript f refers to the
longer-span side. The peak shear envelopes on the two sides are

Viomax = max V()] (11)

x on the shorter-span side

5ms __
Vimax = max V(2 1)]. (12)

x on the longer-span side

The corresponding bending-moment envelopes are

M;oms — max |My(x,1)], (13)

7,max
>t

x on the shorter-span side

5
M7 ok = max |My(x,t)]. (14)

x on the longer-span side

In the following text and tables, V,,, Vf, M, and M rare used as shortened names
for these four envelope values. For EQ, both halves are 500 mm. When an eccentric case
is compared with EQ, the half span on the same side as the eccentric shift is used as
the baseline.

Two shear comparisons are made from these envelope values. The ratio Ry tells
whether the shorter-span side carries more shear than the longer-span side in the same case.
The amplification Ay , shows how many times the shorter-span-side shear increases after
the impact point moves away from midspan, using the central-impact case with the same
velocity and concrete strength as the baseline:

V}’l (e/ U/ f C)
Ry = —, Av (e, fo) = ———=%. 15
1%4 Vf V,Tl( fC) Vn(o, U/fc) ( )
The bending-moment ratio is calculated in the same way, using the moment envelope
on the shorter-span side divided by that on the longer-span side:

Ry = 2. (16)

The ratio indicates whether bending demand follows the same side-wise trend as
shear demand.

Absorbed energy is converted to energy per unit span length before comparing the two
sides. This is needed because one side becomes shorter and the other becomes longer after
the impact point moves away from midspan. The regional energies E, and E are extracted
from the simulation field-output histories using the section-energy post-processing. Each
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SPH particle or FEM cell is assigned to one side according to its initial position, and this
assignment is kept unchanged during the post-processing. For each output interval, the
positive stress-work increment on side r is accumulated as

AE;‘:m = Z maX[Vq Ogm: Asq,m,O], E, = ZAE;‘,‘m, re{n,f}. (17)
m

g:q onside r

Here, g denotes a concrete SPH particle or reinforcement FEM cell, V;, is its initial vol-
ume, &, is the average stress over output interval 1, and Ag, , is the strain increment over
the same interval. Only positive increments are added, so the value represents accumulated
absorbed deformation work rather than unloading recovery. The final absorbed energies on
the shorter-span and longer-span sides are E, and Ey, respectively. The absorbed energies

per unit span length are
_ E, _ E f
Eyn=— Ef=—. 1
n ﬂn ’ f a ( 8)
The shorter/longer energy-density ratio and the shorter-span-side energy-density

amplification are
Rg = ff, AE",n (6/ U/fC) = m (19)

The ratio Ry compares the absorbed energy per unit length on the shorter-span side
with that on the longer-span side in the same case. The amplification A , shows how many
times the shorter-span-side absorbed energy per unit length increases after the impact point
moves away from midspan, using the central-impact case with the same impact velocity
and concrete strength as the baseline.

The quantities E,, E r E,, and E £ are model-based post-processing indicators for
comparing deformation-work localization within the simulation. They describe how the
simulated internal work is distributed between the shorter-span and longer-span sides.

Damage and fragmentation are evaluated using selected damage-field snapshots,
detached-fragment visualization, and splashed-particle statistics. The snapshots show
local crushing below the impact point, damage spreading toward the shorter-span side,
tensile-side cracking near the beam bottom, damage near the support, and detached
fragment patterns. To quantify detached fragments, concrete SPH particles in the final
frame that were located outside the main beam body and had a maximum absolute relative
velocity component greater than 1.0 m/s were counted as splashed particles. The count
records detached fragments in the final morphology and is read together with the scalar
damage contour.

Table 5 summarizes the response quantities used later for the full-span eccentric-impact
cases.

Table 5. Full-span response quantities used in the eccentric-impact analysis.

Response Component

Quantity Response Information

Contact pulse

Sectional shear
Sectional moment

Absorbed energy per unit length
Damage morphology

F, T, Initial contact-force scale and duration of the main contact event
Shorter-span shear increase relative to central impact and comparison

Avn Ry with the longer-span side

Ru Shorter /longer moment comparison for checking whether bending
follows the shear trend

Ag,, R Shorter-span energy increase relative to central impact and comparison

with the longer-span side
Damage field and detached fragments Damage localization, spreading, and fragment development

Note: Quantities with A compare each eccentric case with the corresponding central-impact case in the same
velocity and concrete-strength branch. Quantities with R compare the shorter-span side with the longer-span side
within the same case.
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The comparison with matched short-span reference beams is defined separately in
Section 3.4.

3.4. Matched Short-Span Reference Cases

The matched short-span reference cases compare the shorter-span side of an eccentric
full-span beam with a separate symmetric short-span beam. Close full-span and reference
responses indicate a mainly local span effect, whereas larger full-span demand indicates
that the longer-span side and original full-span boundary condition still affect the shorter-
span-side response.

The comparison checks whether the symmetric short-span beam reaches the shorter-
side demand obtained in the full-span eccentric beam. Any larger full-span demand
reflects remaining effects of the longer span, support restraint, participating mass, and
asymmetric damage.

For each eccentricity level Ek, a reference level Sk is introduced. The reference beam
uses the same impact velocity and concrete strength as the paired full-span eccentric case.
Its support span Lg is chosen so that one half of the reference span is equal to the shorter
impact-to-support distance a,, of the paired full-span case:

LS — Zan.

The same 100 mm end extension beyond each support is retained, so the total beam
length of the reference model is Lg 4+ 200 mm. The reference set is prepared for the
v =4m/s, fo = 35 and 45 MPa cases used in the matched comparison. Table 6 lists the
paired cases and geometries.

Table 6. Matched short-span reference cases and paired full-span eccentric cases.

Ref. Level Ref. Case Paired Full-Span Case Paired Level v (m/s) f.(MPa) Matched (mm)a, Ls(mm) Beam Length (mm)
S1 54C3551 S4C35E1 E1 4 35 400 800 1000
S1 54C4551 S4C45E1 El 4 45 400 800 1000
52 54C3552 S4C35E2 E2 4 35 300 600 800
S2 54C4552 S4C45E2 E2 4 45 300 600 800
S3 S4C35S3 S4C35E3 E3 4 35 200 400 600
S3 54C45S3 S4C45E3 E3 4 45 200 400 600

Note: The reference support span is Ls = 24, so one half of the symmetric reference beam matches the shorter
span of the paired full-span eccentric case.

Figure 7 shows the three matched short-span reference geometries used for this com-

parison.

@ ; 800mm 4 (b) .600|_¢.l () I'M-I
HEEEEEEN HEEEER HEEE
© 1000mm ° ©  800mm ° ® 600mm "

Figure 7. Matched short-span reference geometries: (a) S1, (b) S2, and (c) S3.

The comparison is made with actual shear and bending-moment values in physical
units. For pair k, the full-span values are taken from the shorter-span side of the full-span
eccentric beam:

vl = vzimsEr),  mE = MIms(Ek). (20)

full — “nmax

The reference values are taken from the matching half of the symmetric short-span
reference beam:
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y®

ref

Here, Vf(ukl)1 and Mgizl are the largest post-5 ms shear and bending-moment envelope

values on the shorter-span side of the full-span eccentric case. Vr(ekf) and Mr(:f) are the

corresponding largest post-5 ms values in the matched half of the reference case.

_ V>5ms<8k>, M(k) — M>5ms (Sk) (21)

S, max ref S, max

The difference between the full-span case and the matched reference is reported as

WO = Vi, s = M @

ref *

A positive difference means that the full-span eccentric beam produces a larger value
than the symmetric short-span reference. These differences are simple subtractions of the
two actual values.

When envelope profiles are compared, the local coordinate s starts from the impact
section and increases toward the compared support. If the reference half span is drawn on
the opposite side, its profile is mirrored onto the same positive s direction. This lets the two
local-span profiles be read on the same coordinate.

The matched-reference comparison uses three types of output. The first is the peak
shear and bending-moment demand: Vj,;; and My are taken from the shorter-span side
of the full-span eccentric beam, and V,of and M, are taken from the matched half span of
the symmetric short-span reference beam. Their differences, AV and AM, show whether
the full-span eccentric beam develops larger local demand than the reference beam with
the same shorter span.

The second output is the local envelope profile plotted along s, which shows where
the shear and bending-moment differences occur along the short span. The third output is
the paired final damage field, which shows whether the difference in sectional demand is
accompanied by more connected cracking, crushing, or detached fragments in the full-span
eccentric beam.

4. Results and Discussion
4.1. Full-Span Contact-Force Overview

Table 7 lists two contact-force quantities for the full-span cases: the first force peak
and the duration of the main contact pulse. Figures 8 and 9 show how these two values
change as the impact point moves away from midspan.

(@) First force peak Fy, velocity branch (b) First force peak Fy, strength branch

Z 150 Z 150}, H
C | | | Lo o : : O
oS : : : ; o9
~ [t {} 7|
S 100 | | T § 100
a, i i i .-
g Q — o g
= i = _
£ 50 [~0-52C45 £ 50(~0-54C35
k= -~ S3C45 4 ~/\— 54C45
R —/— 54C45 R S4C55

0 0 100 200 300 0 0 100 200 300

Impact eccentricity e (mm) Impact eccentricity e (mm)

Figure 8. Full-span first force peak F; versus impact eccentricity. Panel (a) shows the velocity branch
at fo = 45 MPa, and panel (b) shows the concrete-strength branch at v =4 m/s.
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(a) Load-pulse duration T}, velocity branch (b) Load-pulse duration T}, strength branch
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Figure 9. Full-span load-pulse duration T}, versus impact eccentricity. Panel (a) shows the velocity
branch at f. = 45 MPa, and panel (b) shows the concrete-strength branch at v = 4 m/s.

Table 7. Full-span contact-force response quantities.

Case [ fe e First Force Peak F; Load-Pulse Duration T,
(m/s) (MPa) (mm) (kN) (ms)
S2C45E0 2 45 0 75.3 16.45
S2C45E1 2 45 100 75.3 16.01
S2C45E2 2 45 200 74.5 13.97
S2C45E3 2 45 300 73.0 11.49
S3C45E0 3 45 0 112.1 19.47
S3C45E1 3 45 100 112.1 19.95
S3C45E2 3 45 200 111.7 16.58
S3C45E3 3 45 300 109.4 13.96
S4C45E0 4 45 0 142.7 22.11
S4C45E1 4 45 100 142.7 21.84
S4C45E2 4 45 200 142.5 19.08
S4C45E3 4 45 300 140.6 18.37
S4C35E0 4 35 0 127.2 25.22
S4C35E1 4 35 100 127.1 30.25
S4C35E2 4 35 200 127.0 34.97
S4C35E3 4 35 300 126.0 4391
S4C55E0 4 55 0 152.5 21.02
S4C55E1 4 55 100 152.4 22.59
S4C55E2 4 55 200 152.2 18.10
S4C55E3 4 55 300 1494 14.94

Note: The first force peak F; gives the initial contact-force scale. The load-pulse duration T), is the duration for
which the impactor—beam contact force remains present during the main impact event.

The first force peak changes little as the impact point moves away from midspan.
From central impact to the 300 mm eccentric case, the first force peak decreases by 2.3 kN,
2.7 kN, and 2.1 kN for the S2C45, S3C45, and S4C45 velocity groups. In the strength branch,
the corresponding decreases are 1.2 kN, 2.1 kN, and 3.1 kN for S4C35, S4C45, and S4C55.
These small changes indicate that the later shear, energy, and damage redistribution is
governed mainly by the post-peak load-transfer process.

In the velocity branch, the main contact pulse becomes shorter as the impact point
moves farther from midspan. The S2C45 cases decrease from 16.45 ms at central impact to
11.49 ms at the 300 mm eccentric case. The S3C45 cases decrease from 19.47 ms to 13.96 ms,
after a small increase at the 100 mm eccentric case. The S4C45 cases decrease from 22.11 ms
to 18.37 ms. Thus, in the velocity branch, larger eccentricity shortens the main contact pulse.

The concrete-strength branch gives a different pattern. The low-strength S4C35 cases
keep contact for longer as eccentricity increases, with the pulse duration increasing from
25.22 ms at central impact to 43.91 ms at the 300 mm eccentric case. By contrast, the S4C45
cases decrease from 22.11 ms to 18.37 ms, and the S4C55 cases decrease from 21.02 ms to
14.94 ms after a small increase at 100 mm.
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The strength branch shows that F; and T, are controlled by different response stages.
The first force peak is mainly governed by the initial impact condition and local contact
stiffness, before the asymmetric full-span load path has fully developed. The contact dura-
tion is controlled more by post-peak damage evolution. In the low-strength S4C35 cases,
earlier local crushing and faster contact-stiffness degradation extend the low-amplitude
contact stage before rebound or separation, increasing T, from 25.22 ms to 43.91 ms. In
the higher-strength cases, local crushing is more limited and the drop weight separates
more rapidly.

4.2. Sectional Shear and Bending-Moment Redistribution

Figure 10 shows where the largest shear and bending-moment values appear along the
beam after the early contact shock. These curves are maximum envelopes. At each section
position, the plotted value is the largest absolute shear or bending moment recorded after
5 ms. This envelope view shows where the beam may experience its maximum sectional
demand during the impact response.

The sectional plots focus on the 4 m/s cases because these cases show the clearest
side-to-side redistribution and also allow the concrete-strength comparison.

To place the sectional envelopes in Table 8 on an engineering scale, JSCE-based static
nominal references were calculated using the same section and actual/model material
properties. The reference values are Vi = 27.75 kN and M, = 4.81 kN m for C35, and
Viet = 28.71 kN and M,¢ = 4.93 kN m for C45. Compared with these static references, the
high-eccentricity cases reach or exceed the shear-reference scale, while the bending-moment
demand does not increase with eccentricity.

Table 8. Sectional demand envelopes and shorter/longer comparisons for selected v = 4 m/s
full-span cases.

Shorter-Span Longer-Span Shorter-Span Longer-Span
c Shear Increase Shear Shear Shorter/Longer Moment Moment Shorter/Longer
ase vs. EO V, 7 Shear M, My Moment

Avs (kN) (&N) Ry (kN m) (kN'm) R
S4C35E0 1.00 18.4 19.2 0.96 5.75 5.80 0.99
S4C35E1 1.15 21.1 17.6 1.20 5.40 5.56 0.97
S4C35E2 1.47 27.1 14.0 1.93 522 5.56 0.94
S4C35E3 1.77 32.5 18.2 1.79 3.95 5.15 0.77
S4C45E0 1.00 20.9 215 0.97 6.23 6.34 0.98
S4C45E1 1.21 25.3 17.4 1.45 5.97 6.16 0.97
S4C45E2 1.62 33.8 14.2 2.38 6.07 6.27 0.97
S4C45E3 223 46.5 16.5 2.82 5.35 5.92 0.90
S4C55E0 1.00 24.0 244 0.98 6.65 6.78 0.98
S4C55E1 1.08 25.8 17.8 1.45 5.93 6.25 0.95
S4C55E2 1.50 35.9 14.9 241 6.35 6.56 0.97
S4C55E3 2.14 51.4 16.6 3.10 5.87 6.56 0.90

Note: The shear and moment values are post-5 ms maximum absolute envelope values. For the central-impact
rows EO, the two half spans are equal; the shorter-span and longer-span columns use the same side assignment
as the corresponding eccentric cases in each strength branch. Ay, compares the shorter-span shear with the
corresponding central-impact value. Ry and Rjs compare the shorter-span and longer-span values within the
same case.

For the 54C45 group, Table 8 shows a clear shift of shear toward the shorter-span side.
At the 300 mm eccentricity level, the shear on the shorter-span side becomes 2.23 times
the central-impact value. In the same case, the shorter-span shear is 2.82 times the longer-
span shear. The bending moment does not concentrate in the same way. At the largest
eccentricity, the shorter-span bending moment is 0.90 times the longer-span value, so
bending remains slightly larger on the longer-span side. This contrast indicates that the
eccentric response is governed mainly by shear redistribution. The sectional forces do not
increase uniformly.
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The concrete-strength branch gives the same main contrast. At the 300 mm eccentricity
level, the shorter-span shear is 1.77, 2.23, and 2.14 times the corresponding central-impact
value for 54C35, 54C45, and 54C55, respectively. In the same three cases, the shorter-span
shear is 1.79, 2.82, and 3.10 times the longer-span shear. The bending-moment comparison
is much weaker, with the shorter-span moment remaining between 0.77 and 0.90 times
the longer-span moment. These values show a shear-dominated redistribution toward the
shorter-span side, while bending remains a broader beam-scale response.

The 54C35 group also shows why the shorter-span shear should be read together
with the shorter/longer shear comparison. From the 200 mm to the 300 mm eccentric case,
the shorter-span shear increases from 27.1 to 32.5 kN. At the same time, the longer-span
shear also rises from 14.0 to 18.2 kN. Because both sides increase, the shorter-to-longer
shear comparison decreases slightly, from 1.93 to 1.79, even though the shorter-span shear
itself still increases. The longer-span rise is a late-stage feature of the low-strength, highly
damaged case, while the dominant transfer route remains on the shorter-span side. From
S54C35E2 to S4C35E3, the contact duration increases from 34.97 ms to 43.91 ms, the splashed-
particle count increases from 8205 to 9532, and the longer-side support-reaction impulse
increases from 88.52 kN ms to 141.33 kN ms. These changes indicate stronger longer-span
participation during the later damaged response.

In S4C35E3, this participation appears as a local peak in the post-5 ms shear envelope
near x = 825 mm, where the section history gives |V| = 8.51 kN at about 9.0 ms.

The envelope profiles in Figure 10 show the spatial form behind the values in Table 8.
In the 54C45 group, the shear envelope becomes increasingly concentrated along the
shorter-span transfer route as eccentricity increases, with the largest separation appearing
at the 300 mm eccentricity level. The bending-moment envelopes do not show the same
concentration. Their peaks remain distributed over a wider beam-scale region. For S4C35,
the damage and fragment fields help explain the longer-span-side envelope feature.

54C45 shear-demand envelope 54C45 moment-demand envelope
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Figure 10. Sectional shear and bending-moment demand envelopes for representative full-span
eccentric cases. Panels (a,b) show the S4C45 group, and panels (c,d) show the S4C35 group. Values
are post-5 ms maximum absolute section resultants along the beam coordinate.
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4.3. Shorter-Span Absorbed-Energy Density Localization

Figure 11 compares absorbed energy per unit span length, because the two sides of an
eccentric beam have different lengths. The left-column plots show how many times the
shorter-span-side absorbed energy per unit length increases after the impact point moves
away from midspan. The right-column plots compare the absorbed energy per unit length
on the shorter-span side with that on the longer-span side in the same case.

In the velocity branch, both energy comparisons increase as the impact point moves
farther from midspan. At the 300 mm eccentricity level, the absorbed energy per unit length
on the shorter-span side is 1.49, 1.67, and 2.23 times the corresponding central-impact value
for S2C45, S3C45, and S4C45, respectively. In the same cases, the shorter-span side carries
1.81,2.30, and 3.45 times the absorbed energy per unit length of the longer-span side.

In the concrete-strength branch, the increase relative to the central-impact case remains
close to 2.1 to 2.23 at the 300 mm eccentricity level. The side-to-side comparison separates
the strength groups more clearly. For S4C35E3, the shorter-span side carries 4.29 times the
absorbed energy per unit length of the longer-span side. The corresponding values are 3.45
for S4C45E3 and 3.49 for S4C55E3.

The side-wise deformation-work results are consistent with the shear-envelope redis-
tribution. The shorter-span side carries more shear and also absorbs more deformation
work per unit length. The low-strength branch is especially sensitive in the side-to-side
energy comparison, which explains why the S4C35 damage fields later show more visible
detached fragments.
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Figure 11. Shorter-span absorbed energy density trends. Panels (a,b) show the velocity branch at
fe = 45 MPa, and panels (c,d) show the strength branch at v = 4 m/s. The left column gives the
increase relative to the corresponding central-impact case, and the right column gives the shorter-
span/longer-span comparison.

4.4. Matched Short-Span Reference Comparison

The matched short-span cases compare the shorter-span side of the eccentric full-
span beam with a separate symmetric short-span beam. Each reference beam has one
half span equal to the shorter impact-to-support distance of its paired full-span case. The
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comparison uses shear and bending-moment values in physical units, so the two beams
can be read directly.

The available matched-reference simulations cover the 4 m/s, 35 and 45 MPa cases.
The 55 MPa full-span cases are retained in the strength comparison, but paired short-span
references were not prepared for that strength level.

Table 9 compares the peak shear and bending-moment demand of each full-span
eccentric case with its matched short-span reference. The table reports the actual values
and their arithmetic differences. The shear and bending-moment trends are considered
separately because the two resultants respond differently to the matched-span condition.

Table 9. Peak shear and bending-moment demand in full-span eccentric cases and matched short-
span references.

ay Viun Viet AV Mtun Mt AM
Full-Span Case Reference Case (mm) (kN) (KN) (KN) (kN m) (kN m) (KN m)
S4C35E1 S4C3551 400 21.1 214 -0.3 5.40 5.28 0.12
S4C35E2 S4C35S52 300 27.1 24.1 3.0 5.22 5.19 0.03
S4C35E3 S4C3553 200 325 21.4 11.1 3.95 2.93 1.02
S4C45E1 54C4551 400 25.3 24.2 1.1 5.97 5.87 0.10
S4C45E2 54C45S2 300 33.8 29.8 4.0 6.07 6.00 0.07
S4C45E3 S54C4553 200 46.5 28.1 18.4 5.35 3.88 1.47

Note: a, is the shorter impact-to-support distance shared by each full-span eccentric case and its matched short-
span reference. Vi, and My are the shorter-span-side peak demand envelopes of the full-span eccentric case
after t; = 5 ms. Vief and M, are the corresponding peak envelopes in the matched half span of the symmetric
short-span reference. The differences are calculated as AV = Vi — Vier and AM = My — M, from the
displayed values. Positive values indicate larger demand in the full-span eccentric case.

For the 54C45 group, the 200 mm case and especially the 300 mm case show the clearest
increase in shorter-span shear. In S4C45E3, the full-span eccentric beam reaches 46.5 kN in
shorter-span shear, while the matched short-span reference reaches 28.1 kN. The difference
is 18.4 kN. This 18.4 kN difference shows that the shorter-side shear demand in the full-
span eccentric beam is still affected by the longer span, support restraint, participating
mass, and asymmetric damage. The bending-moment difference is smaller in relative
importance: the full-span value is 5.35 kN m, the reference value is 3.88 kN m, and the
difference is 1.47 kN m. The 100 mm case shows only a marginal shear increase, and the
bending-moment differences remain secondary compared with the shear change.

For the S4C35 group, the shorter-span shear is close to the reference at 100 mm,
increases at 200 mm, and becomes clearly larger at 300 mm. The 100 mm pair gives 21.1 kN
for the full-span eccentric beam and 21.4 kN for the reference. The 200 mm pair gives
27.1 kN and 24.1 kN. The 300 mm pair gives 32.5 kN and 21.4 kN. The bending-moment
difference is local and secondary. The 100 and 200 mm cases show only marginal moment
differences, while the 300 mm case shows a local moment increase that is still weaker than
the shear separation.

Table 9 gives the largest values, and Figure 12 shows where the differences occur along
the short side. For the 400 mm short span, the full-span and reference curves remain close,
which agrees with the small peak differences in the table. For the 300 mm short span, the
full-span eccentric cases begin to stay above the references over much of the local span.
For the 200 mm short span, the separation is strongest, especially for S4C45E3, where the
full-span shear curve stays well above the reference before dropping near the support-end
region. The moment curves show a more local difference near the impact side and do not
separate over the span as clearly as the shear curves.
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Figure 12. Paired local-span shear and bending-moment envelopes for full-span eccentric cases and
matched short-span references: (a) shear for a, = 400 mm; (b) bending moment for a, = 400 mm;
(c) shear for a,;, = 300 mm; (d) bending moment for a, = 300 mm; (e) shear for 2, = 200 mm; and
(f) bending moment for a, = 200 mm. The short segment beyond the paired support is retained
to show the full local profile. Solid lines denote full-span eccentric cases, and dashed lines denote
matched short-span reference cases. The local coordinate s is measured from the impact section
toward the compared support.

The increasing separation from 100 to 300 mm eccentricity, especially in shear, shows
that matching the short span length alone does not reproduce the full-span eccentric
response. The longer side and the full-span deformation shape still affect the demand
carried through the shorter-span side.

4.5. Damage Asymmetry and Fragmentation Pattern

Figure 13 shows the final damage fields for the S4C35E and S4C45E groups. The
panels are arranged by eccentricity level, with the S4C35E cases in the left column and the
S4C45E cases in the right column. The comparison focuses on where the damage localizes,
how far it spreads from the impact region, and whether detached fragments develop along
the shorter-span transfer path.
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Figure 13. Final-frame damage fields for the S4C35E and S4C45E groups: (a) S4C35EQ; (b) S4C45E0;
(c) S4C35E1; (d) S4C45E1; (e) S4C35E2; (f) S4C45E2; (g) S4C35E3; and (h) S4C45E3. Rows correspond
to E0-E3, and columns compare concrete strengths.

At central impact, the main damage remains centered around the impact section. As
the impact point moves away from midspan, the dominant damage region shifts toward
the shorter-span side. This shift is clearer in the low-strength 54C35 group. At the largest
eccentricity, S4C35E3 develops a broad detached and splashed particle region near the
shortened transfer path, while S4C45E3 shows a more bounded damage zone. This visual
difference is consistent with the longer contact duration of the low-strength branch and
with the stronger absorbed-energy concentration reported above.

Figure 14 gives a closer view of detached fragments in the S4C35 eccentric cases. The
highlighted regions mark concrete pieces that separate from the main beam body after
local crushing and rebound. As eccentricity increases, the detached region becomes more
evident and shifts toward the shorter-span transfer path. The trend is consistent with the
rise in shorter-span shear and absorbed energy per unit length.

Omm 100mm 200mm 300 mm

Impactor
mass = 100kg
v=4m/s

anti — rebound Concrete 35MPa | Fragment area of
support o = = - S4C35E3

Fragment area of
CL Fragment area of S4C35E2
S4C35E1

Figure 14. Detached fragment regions in the S4C35 eccentric cases. The dashed line labeled CL marks
the beam centerline and also serves as the reference origin for measuring the eccentric offset. Arrows
indicate the impact-velocity direction, i.e., the drop-weight falling direction. Highlighted regions
denote detached concrete fragments separated from the main beam body and are used to describe
splashed-fragment morphology.

Measurable damage quantities, including damaged area or broken-out material, are
commonly used for objective and quantitative assessment of impact damage [10,41]. In
this study, detached fragment morphology was quantified by counting splashed concrete
SPH particles at the final frame. Here, e is the impact eccentricity, N, is the number of
splashed concrete particles, and Ncon is the total number of concrete SPH particles in the
corresponding model. Because the concrete SPH particles have the same baseline size and
density, a larger Ny,  indicates a larger amount of detached concrete.

Table 10 shows that Ng,g increases with eccentricity. Compared with the central-
impact case, N, increases from 2019 in S4C35EQ to 9532 in S4C35E3, and Npyag/ Neon
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(a) S4C35E1

(e) S4C35E2
(g) S4C3552
(i) S4C35E3

(k) S4C35S3

increases from 1.798% to 8.488%. The particle count records the increase in detached
material in the low-strength beam as the impact point moves farther from midspan.

Table 10. Splashed concrete particle statistics for the S4C35 final-frame damage morphology.

Case e (mm) Nfrag Ntrag/Ncon (%)
S4C35E0 0 2019 1.798
S4C35E1 100 7284 6.486
S4C35E2 200 8205 7.307
S4C35E3 300 9532 8.488

Figure 15 shows the damage counterpart of the matched-reference comparison. At
the 100 mm eccentricity level, the full-span eccentric and matched-reference damage fields
remain broadly comparable, with visible differences mainly around the impact region.
This agrees with the comparable or marginal peak-demand differences in Table 9. At
200 mm, the full-span eccentric cases show more extension toward the shorter-span transfer
route, while the matched references remain more compact around the local impact span.
At 300 mm, the contrast becomes clearer. The full-span eccentric cases develop a more
connected shorter-span-side damage zone and more visible detached material than the
corresponding matched short-span references. The larger and more connected damage
zones in the full-span cases show that the longer side and the full-span deformation shape
still affect damage development, even when the shorter span length is matched.

(b) S4C45E1

(d) SAC45S 1 T —

0.8
_____ o
&
F06 g
e S
(h) S4C45S2 £
L04 8
3
______ i B (j) S4C45E3 02

(1) S4C45S3

Figure 15. Paired damage-field comparison between full-span eccentric cases and matched short-span
references: (a) S4C35E1; (b) S4C45E1; (c) S4C3551; (d) S4C4551; (e) S4C35E2; (f) S4C45E2; (g) S4C35S2;
(h) 54C45S2; (i) S4C35E3; (j) S4C45E3; (k) S4C35S3; and (1) S4C45S3. Each pair compares the full-span
eccentric case with the reference beam with the same shorter span. The figure shows the final-frame
damage morphology for each paired case.

4.6. Mechanism of Eccentricity-Induced Load-Path Redistribution

Published studies on off-midspan or eccentric impact of RC beams and related RC
members have reported that changing the impact location can modify the dynamic response,
displacement, damage pattern, strengthening effect, or torsional response [32,33,42,43]. In
the present analysis, the impact-location effect is evaluated through side-specific shear
envelopes, span-normalized absorbed-energy density, matched short-span references, and
damage or detached-fragment morphology.

The present results show that the response is controlled by a load-path change asso-
ciated with the shorter impact-to-support distance. The first force peak changes little as
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eccentricity increases, so the later redistribution is not driven mainly by a larger initial
contact force. Contact duration reflects the later contact stage. In the velocity branch,
the pulse generally becomes shorter as eccentricity increases. In the low-strength S4C35
branch, however, the contact duration increases markedly, indicating earlier local crushing,
post-peak contact-stiffness degradation, and longer fragment interaction before rebound
or separation.

The sectional results identify the spatial redistribution. Moving the impact point away
from midspan shortens one side, and this shorter side provides a more direct force-transfer
route to the closer support. The increase in shorter-span shear relative to both the central-
impact case and the longer-span side reflects this change. The bending response does not
follow the same trend. The shorter-span bending moment remains close to or lower than
the longer-span value, and the moment envelopes keep a broader beam-scale shape. The
load-path change is shear dominated, and the sectional demands do not increase uniformly.

The model-derived absorbed energy indicators describe the deformation work associ-
ated with this shear redistribution. Because the two sides have different lengths, absorbed
energy per unit length is the relevant comparison. After eccentricity is introduced, the
shorter-span side absorbs more deformation work per unit length than in the corresponding
central-impact case. It also absorbs more work per unit length than the longer-span side
in the same eccentric case. This effect is strongest in the low-strength branch, where the
damage fields show broader detached material.

The matched-reference and damage comparisons show how the local shorter span
interacts with the remaining beam length. In the more eccentric pairs, the full-span eccentric
beams develop larger shorter-span shear than the matched symmetric short-span references
with the same local span length. The envelope profiles show that the difference is spatial,
not just a single peak change. At 200 mm and especially 300 mm eccentricity, the full-span
shear curve separates from the reference over much of the local span. The damage fields
show the same tendency: the full-span eccentric beams develop more connected shorter-
span-side damage and more visible detached fragments than their matched references.
The longer side and the global deformation shape still participate in force transfer and
damage development.

These findings indicate that eccentric impact promotes severe damage concentration
within the shorter-span region. When off-midspan accidental impact is relevant, the local
shear-resisting capacity of this region may need to be checked. If required, increasing
local shear reinforcement or adopting localized strengthening measures, such as fiber-
reinforced composite materials, may be considered as mitigation options for existing
members. Previous studies have reported improved RC-beam impact resistance after fiber-
composite strengthening [44]; the significant advances achieved and the proven remarkable
effectiveness of CFRP in restoring the residual load-carrying capacity and damage resistance
of deteriorated concrete structures have also been documented [45].

5. Conclusions

This study examined how impact eccentricity changes force transfer and damage de-
velopment in RC beams using a validated coupled SPH-FEM model. The main conclusions
are as follows.

1. The coupled SPH-FEM model reproduced the central-impact validation-test response
with acceptable accuracy. The validation errors were 0.1-2.6% for maximum displace-
ment, 1.5-5.7% for the first force peak, and 3.0-6.7% for load-pulse duration. The
model also captured the main force-history, absorbed-energy, and damage-pattern
features. The validation provides the basis for examining eccentric-impact response
with the same model.
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2. Impact eccentricity changed the load-transfer process more clearly than the initial
contact-force scale. From central impact to the largest eccentricity, the first force
peak changed only slightly, with the largest decrease remaining about 3.1 kN among
the analyzed branches. In contrast, the contact duration showed a clear strength-
dependent response. In the low-strength branch, the main contact pulse increased
from 25.22 ms to 43.91 ms, reflecting earlier local crushing, post-peak contact-stiffness
degradation, and longer fragment interaction before rebound or separation.

3. Eccentric impact redirected shear demand toward the shorter-span side. At the largest
eccentricity, the shorter-span shear reached up to 2.23 times the corresponding central-
impact value and up to 3.10 times the longer-span side value. The bending response
followed a different pattern. The shorter/longer moment ratio remained between 0.77
and 0.90 at the largest eccentricity. The load-path change is governed mainly by shear
redistribution, and the sectional demands do not increase uniformly.

4. The model-derived absorbed energy indicators showed the same trend in deformation
work. After normalizing by span length, absorbed energy concentrated on the shorter-
span side. At the largest eccentricity, the shorter-span side absorbed up to 4.29 times
the energy per unit length of the longer-span side. This energy localization explains
why the low-strength cases developed stronger detached fragment morphology.

5. The matched short-span comparison showed that the shorter-side response remained
coupled with the full-span eccentric system. The full-span eccentric cases developed
up to 18.4 kN higher shorter-span shear and 1.47 kN m higher bending moment than
the matched references. The shear difference was the dominant effect, while the
moment difference remained more local. The paired damage fields showed the same
tendency, with more connected shorter-span-side damage and more visible detached
material in the full-span eccentric beams.

The results apply most directly to the assessment of off-midspan accidental impact
in RC beams and similar beam members, such as bridge girders or edge beams struck by
over-height vehicles or equipment, members exposed to rockfall or debris impact, and
construction-stage dropped-object cases. The present comparison uses a representative
beam configuration and model-parameter set. Future work can test the same indicators
for other span ratios, reinforcement layouts, boundary conditions, impactor masses, and
material ranges.
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The following abbreviations are used in this manuscript:

CFL Courant-Friedrichs-Lewy condition
CL Centerline

CSCM  Continuous surface cap model

FEM Finite element method

GPU Graphics processing unit

RC Reinforced concrete

SPH Smoothed particle hydrodynamics
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