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To evaluate the structural safety against waterborne debris impacts, the impact loads are usually computed with
analytical models such as those proposed by ASCE/SEI 7-22. These models often assume a massless structure to
simplify the analytical formulations, which can be an oversimplifying and inaccurate assumption in cases where
the structure is heavier and more flexible than the debris. To address this problem, we aim to define the domain
in which the existing models are inaccurate and to propose a new analytical model to accurately compute the

debris impact forces through comprehensive finite element simulations and analytical modelling. We defined
such a domain in the design space of structure-to-debris mass and stiffness ratios and assessed which are the most
accurate analytical models to compute debris impact forces across this space. Our proposed model significantly
improves upon the overestimating results of the ASCE/SEI 7-22 model when both stiffness and mass are
important in determining the impact forces.

1. Introduction

Waterborne debris impacts during extreme hydrodynamic events,
such as tsunamis or floods, can cause significant structural damage, also
as repeated impacts [25]. Their accurate consideration in structural
assessments in flood and tsunami-prone areas is fundamental [35].
Debris impacts are typically represented by force-time (F-t) diagrams
used in structural simulations to model equivalent impact forces, e.g. in
[15] or [7]. Therefore, correct calculations of such diagrams are
important to obtain reliable structural simulations.

Previous experimental and numerical works studied the F-t diagrams
of uniform bar-like debris, like logs, impacting on structures [13,26,28].
All these studies assumed elastic impacts i.e. both the debris and the
structure behave elastically during the impact. The debris hits the
structure orthogonally to maximise the peak impact force. Debris have
impact velocity v4, mass my and stiffness ky. Structures have stiffness k;.
The structural mass m; is neglected. The stiffness kg is associated with
the axial bar stiffness, while k; with the structure stiffness at impact
location. These studies give the base for the existing analytical models to
calculate debris impacts F-t diagrams, including the design formulae by
ASCE/SEI 7-22 [2]. The F-t diagrams depend on the debris-structure
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interaction: the impact load is more severe as v4 and my increase
because they increase the debris momentum, and as k, increases because
it decreases the shock wave absorption provided by debris deformations.
Impact loads are also more severe as k; increases because it increases the
resistance opposed by the structure to the debris. A high or low struc-
tural resistance determines the occurrence of rigid or flexible impacts,
respectively. An impact is rigid if the structure behaves as a rigid body, i.
e. it does not move appreciably under debris actions. Otherwise, the
impact is flexible. This is governed by the structure-to-debris stiffness
ratio § (Eq. 5) [26]. Flexible impacts occur for § < 1 and rigid impacts for
§ > 5, intermediates responses are observed for the inner values. The
shape of the F-t diagram is rectangular in rigid impacts and sinusoidal in
flexible impacts.

However, [6] recently revealed the critical role of m; in debris im-
pacts. They demonstrate that, m; becomes highly important when the
structure-to-debris mass ratio u (see Eq. 5) exceeds a critical value, .,
and the impact is not rigid (§ < 5). Here, m, determines a shift in the F-t
diagrams as rectangular F-t diagrams with force values proportional to y,
are generated in place of the sinusoidal diagrams with less severe
loading rate and peak force calculated neglecting m,. Furthermore, [6]
showed that existing analytical models to compute the F-t diagrams of
debris impacts, including the design formulae by ASCE/SEI 7-22, are
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Nomenclature

a; mesh node acceleration

Ay debris cross-section area

Ai234  coefficients of the best-fitting curves in the MSRM
b structure thickness

c wave speed in solids

cip wave speed in solids in a one dimension
D, importance domain of mg

) structure-to-debris stiffness ratio

Ser critical stiffness ratio

Eq debris Youngs’ modulus

E structure Youngs’ modulus

EFn error for Fy

£d error for t4

£r error for I

£y error for Umax

F impact force

Fp general plateau force in the rectangular F-t diagrams
Fn inertia force

F, spike peak force

Fr Froude number

@4 debris diameter

hy, water depth

H; wall structure height

I impulse of the F-t diagram

kq debris stiffness

ks structure stiffness

Lq debris length

L square plate edge length

my debris mass

mg structure mass

m; FE model nodal lumped mass

u structure-to-debris mass ratio

Uer critical mass ratio

Vg debris Poisson’s ratio

Vs structure Poisson’s ratio

P vertical external linear load

Qw horizontal water flow pressure

R horizontal reaction force

Pd debris density

Ps structure density

t time

tg impact duration

t spike time

O F-t diagram impulse variation

u horizontal structural displacement
Umax maximum structural displacement
Vg debris impact velocity

Acronyms

ASCE American Society of Civil Engineers
be structure boundary conditions

SW Self-Weight

1DWP  One-Dimensional Wave Propagation model
MSRM  Mass and Stiffness Ratios model

significantly inaccurate when my is important. These findings apply to
many realistic debris impact scenarios involving brick masonry, con-
crete and cross-layered wooden panels (XLAM) walls. However, two
significant research gaps were not addressed in the cited article. First,
the critical thresholds of 4 and & for which m; becomes highly important
are not defined, as well as their possible relationships with other factors
such as vertical and horizontal loads and boundary conditions. Second,
there is a lack of analytical models that correctly integrate the effect of
ms in calculating debris impact F-t diagrams

In this paper, we aim to define the domain Dy, in the u—& space
where the m; is important and propose a new analytical model, the Mass
and Stiffness Ratios Model (MSRM), for calculating the F-t diagrams of
elastic impacts accounting for the effects of m; in that domain. The
boundaries of Dy, are defined using critical structure-to-debris mass and
stiffness ratios. The influence of self-weight, vertical and horizontal
loads and boundary conditions on Dy, is also assessed. The MSRM is
finally compared with the ASCE model in realistic case studies. The data
needed to achieve these objectives are collected with validated Finite
Element (FE) simulations. The hypotheses of elastic and orthogonal
impacts are maintained to align with previous literature and isolate the
effects of m,, aiming at investigating their effects in future studies. We
focus on log debris impacts in line with most existing literature [21],
aiming to investigate the possible generalization of the presented results
to other debris typologies like cars or shipping containers in future
studies.

2. Methodology

The results of this paper are obtained with validated numerical
models. The domain Dy, is assessed by investigating the F-t diagrams of
different impact scenarios in a wide range of structure-to-debris mass
and stiffness ratios y and &, respectively. The influence of vertical and
horizontal loads and boundary conditions is studied by analysing the
sensitivity of the F-t diagrams to these factors. The MSRM is developed

from the general trends of the F-t diagrams across the x —§ space within
Dy, .

2.1. Finite element impact models

As explained above, the impact scenario is that of a log debris
colliding with a structure. This is simulated using Finite Element (FE)
analyses run with the commercial software Abaqus/Explicit [1]. Two
different impact models are used: the solid debris impact model
(Fig. 1-a) and the equivalent impact force model (Fig. 1-b). The former is
a validated strategy where both debris and structure are modelled. It is
used to collect the reference results because it accurately replicates the
debris-structure interaction [6]. The latter is the common strategy for
structural analyses for debris impacts (see Section 1), where only the
structure is modelled and the debris action is introduced using an
equivalent impact F-t diagram. This approach is used to assess the ac-
curacy of the applied F-t diagrams by comparing its results with the
related solid debris impact model.

In the solid debris impact model, the log debris is idealised as a
uniform bar with length Lg4, circular cross-section area A4, Young’s
modulus E4 and density p;. The impact is orthogonal to the wall with
impact area A4, which is the worst-case scenario for the peak impact
force (see Section 1). Elastic impacts are assumed to align with the
existing literature and isolate the effects of m; (see Section 1). This hy-
pothesis is valid if debris impacts do not lead to structural damage.
However, post-disaster surveys highlight that structural damage can
occur under debris impacts (see Section 1). Therefore, investigating
impact nonlinearities is an important future research topic to increase
the applicability of this study to a broader number of impact scenarios.
Regarding the high strain rate effects, [7] demonstrated that high strain
rate effects in debris impact scenarios are important only for the
post-elastic material properties, e.g. the tensile strength, while they do
not influence the elastic response of the material, e.g. the Youngs’
modulus. De Iasio et al. [7] also show that this is valid for broad
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Fig. 1. (a) Solid debris and (b) equivalent force impact models. (c) Finite Elements mesh. (d) Scheme of the main horizontal forces acting on the structure.

scenarios of debris impacts, including different impact velocities.
Therefore, high strain rate effects are not considered in this study as
elastic materials are considered. The natural radial variability of struc-
tural properties in logs is neglected aligning with validated past studies,
which characterised the logs stiffness with a global axial stiffness (see
Section 1). Also, a central symmetry of these properties is expected at the
impact head given the impact orthogonality, which further supports the
assumption of a global idealised axial stiffness. An influence of this
detail may be expected in non-orthogonal impacts, where the impact
head would have non-symmetrical mechanical properties. However,
non-orthogonal impacts are out of the scope of this study and will be
investigated in future studies. Moreover, the roughness of the structure
is also neglected by modelling the structure surface as perfectly flat. This
makes the debris-structure interface equal to the debris cross-section. An
influence of this debris-structure interface may be expected, but its
analysis is out of the scope of this study and will be carried out in future
studies. No damping is implemented as negligible for the structural
response under impact loads [4]. The General Contact algorithm [1] is
used to model the contact between debris and structure. The default
penalty stiffness is chosen to optimise the stable time increment of the
explicit simulation [1]. The numerical F-t diagrams are evaluated by
taking F as the total contact force.

The effects of the surrounding water between the debris and the
structure, which influence the debris impacts F-t diagrams [14], are not
considered since the fluid phase is not modelled. However, these effects
are expected to be limited if the cross-section area of the debris is small,
as in the case of log debris [26]. This allows to present reliable results on
log debris impacts. Nevertheless, future dedicated research should focus
on how the surrounding water effects interact with the m; effects,
particularly for debris with larger cross-sections such as shipping con-
tainers or cars.

The mesh consists of linear hexahedral elements with full integration
(C3D8) (Fig. 1-c). Only linear hexahedral elements are allowed by
Abaqus Explicit [1]. In the meantime, the full integration removes the
Hourglass effects typical of dynamic simulations. The finite elements are
cubes of similar sizes. Furthermore, in the equivalent impact force
model, the structure is the same and the F-t diagrams are described with
a function F(t) implemented as uniform pressure loads over an area
equal to the cross-section area Ag.

Finally, to clarify the reasons behind the effects of ms, a compre-
hensive physical explanation is provided in terms of inertia forces and
elastic stress waves propagation in the structure. The related discussions
are complementary. Inertia forces in the structure are evaluated using a
lumped mass approach. Applying Newton’s Second Law, the total hor-
izontal inertia force Fn(t) is computed as:

Fu(t) =Y " a(t)m; )

where q;(t) is the horizontal acceleration and m; the lumped mass for the
it" node of the structure mesh, and n is the total number of nodes. The
value of m; is the same for every node because the mesh has cubic ele-
ments of similar sizes. As such, m; = M/n and Eq. 1 becomes:

Fu(t) =my " ai(t) 2
The dynamic horizontal equilibrium equation [4] for the structure is:
F(t) = Ryor(t) —Fn(t) =0 3)

where Rror(t) is the total horizontal reaction force, and the directions of
the forces, schematised in Fig. 1-d, are defined as in classical mechanics.
The m,-dependent impact force is explained by analysing F, in relation
to the mass ratio u (see Eq. 5), and consequently the structural mass m;.
In presenting the results, Rror and F,, are non dimensionalised as done
for F (see Eq. 6).

Moreover, the stress waves are discussed by considering their prop-
agation in the structure from the impact location. Elastic waves propa-
gate in solids at speed ¢ computed as [18]:

E; 11—

C=\p T2 4w @

Eq. 4 links ¢ and the mass ratio y, which is among the fundamental
parameters that define the investigated impact scenarios (see Eq. 5).
Indeed, p is proportional to m,, which is proportional to p,. As such, ¢ and
u are inversely proportional, allowing to discuss the role of m; in light of
c. The values of R and horizontal displacements u are shown to
demonstrate this.
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2.2. Numerical simulations programme

2.2.1. Definition of Dp,
The domain D,,,, where m is important is defined in the y —& space as
D, : (e, + 00)U(0,S), where g and &, are the critical mass and
stiffness ratios, respectively, defining the boundaries of Dp,. The ratios y
and 6 are associated with each impact scenario and computed as:
_my ks

= 5= o (5)
where m; = Vyp, and my = Vyp,4. The terms V; and Vj are the structure
and debris volumes, and p, and p, the structure and debris densities,
respectively. The value of the debris stiffness k; is calculated as ky
= E4A4/Lq [26]. The value of structural stiffness k; is calculated as the
ratio between an arbitrary force applied at the impact point and the
displacement caused by this force along the impact direction. A main
dataset of F-t diagrams with 143 combinations of ; and § is defined.
Realistic values of y and § are taken from a wide database of realistic
impact scenarios as in [6]. The rationale behind the definition of this
database is presented in Appendix A. The values of y are 0.001, 0.1, 0.5,
1,2,5,7,10, 20, 40, 60, 80 and 100, while those of § are 0.05, 0.1, 0.2,
0.4,0.6,0.8,1, 2, 3,4and 5. The i lower bound is chosen to comply with
the massless structure assumption [6] and get references to identify the
effects of m;. The p upper bound and § lower bound are chosen as
realistic limits[6]. Finally, higher values of § are unnecessary since m;
has no effects in rigid impacts (see Section 1). Only the debris action is
considered to isolate the effects of m;. This is also in line with ASCE/SEI
7-22 that do not require such loads to be combined with other actions.

The values of y . and &, are identified comparing the numerical F-t
diagrams with the analytical diagrams calculated with the flexible so-
lutions of the 1DWP model, i.e. the flex]1DWP (see Appendix B), which is
accurate to calculate debris impact forces on massless structures [6]. As
such, the m; effects on the numerical F-t diagrams can be directly
observed. This comparison is carried out qualitatively, in terms of F-t
diagrams shapes and values, and quantitatively using the error &,. This
error is calculated as the duration of the numerical F-t diagram with
respect to that of the analytical F-t diagrams and used as a meaningful
metric to quantify the difference between such numerical and analytical
diagrams. A +5% error band is considered for ¢4 to individuate signif-
icant differences between the numerical and analytical diagrams. The
rigid solution of the 1DWP model, i.e. the rigid1DWP, is also shown to
support data comparison, while the model by ASCE/SEI 7-22, i.e. the
ASCE model, is reported as a useful reference of the current design
practice. Appendix B describes these models. As in [6], impact forces are
normalised to generalise the results. As such, the nondimensional F-t
diagrams are presented through the parameters F,, g and tyogim, which
are calculated from the output F and t, respectively, normalised as:

F t

- tnl) lim -
vavmgkg ¢ 24/mg/kq

The F-t diagrams are collected using a solid debris impact model (see
Section 2.1). This model can represent a generic impact scenario
involving wall structures and debris with different geometry, boundary
conditions and mechanical properties, provided that the values of p and
8 are maintained. This is a fundamental property of the used impact
model, which is demonstrated in Appendix C by showing that the sim-
ulations result in similar F-t diagrams when varying the structure ge-
ometry and boundary conditions, or debris geometry, while maintaining
u and 6. As a meaningful example, Appendix C also shows that this model
can replicate the debris impact scenario for a real masonry wall by
maintaining x4 and §. These values are maintained by adapting the
structure or debris properties in the impact model. Therefore, estab-
lishing the general validity of this impact model, the structure and debris
geometrical and mechanical properties do not need to be realistic values
but only lead to realistic values of ; and §. These values are extracted

©
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considering realistic structural properties collected in Table Al (see
Appendix A).

In this work, we fixed the debris properties as the minimum design
demand imposed by ASCE/SEI 7-22. Meanwhile, we fixed the structure
geometry and boundary conditions and varied the structure mechanical
properties to get the required values of 4 and 6. The debris properties are
my = 450kg and kg = 61300kN/m and correspond to L; = 9m, diameter
@4 = 0.3m, p; = 690kg/m> and E; = 7580MPa. The debris Poisson’s
ratio is v4 = 0.3 as typical for wood [17]. The impact velocity is v4 =
1.78m/s following the realistic hydraulic scenario of [7]. The structure is
a square plate with edge Ly = 3m and thickness b; = 0.1m, simply sup-
ported on all the edges (i.e. boundary condition #1 in Fig. A1, see Ap-
pendix A). The values of p, and E; are adapted in each simulation to
obtain the needed values of ¢ and §. The structure Poisson’s ratio vs =
0.2, as typical of common materials such as concrete or masonry. The log
impacts the structure at its centre, i.e. at 1.5m from the bottom and
lateral edges. De Iasio [6] present an extensive mesh sensitivity analysis,
demonstrating that mesh independent results are achieved in a broad
range of mesh dimensions between 5mm and 30mm. In this study, which
uses the same modelling methodology as [6], a mesh size equal to 20mm
is set to limit the computational effort while maintaining a dense mesh
to calculate the inertia forces Fy, for a sufficiently high number of nodes
(see Eq. 2).

2.2.2. Presence of additional factors in real impact scenarios

Additional factors are also present in real impact scenarios, such as
self-weight, vertical external actions and horizontal water flow loads.
Boundary conditions are also variable. Their influence on Dy, is inves-
tigated for significant values of y and § defined in Section 3.2 following
the results of Section 3.1. These factors, applied independently to isolate
their effects and compared with the results of the main dataset as
reference, are defined as follows:

1. The self-weight SW is implemented as a gravity body load.

2. The external vertical loads p are linear loads acting at the top edge
meant to represent roof or upper stories loads (Fig. 2). Two different
values of p are used, i.e. p; = 37.76kN/m and p, = 13.19kN/m, as
typical for residential two-storey buildings [16].

3. The horizontal water flow loads g,, are pressure loads acting on the
wall surface representing the flow forces acting on structures during
extreme hydrodynamic events (Fig. 2). In line with previous litera-
ture on extreme hydrodynamic events, the flow is assumed in steady
state and compatible with the shallow water approximation [16,27,
30]. These conditions allow to characterise the flow regime using the
well-known Froude number Fr = v,,//ghy,, with v,, being the flow
velocity, h, the flow depth and g the gravity acceleration. A
subcritical flow (Fr < Fr,, with Fr. being the critical value) regime is
used as a common realistic condition [27]. Subcritical flows are

Y Aw,bot
Xoloz

Fig. 2. Modelling of horizontal water flow loads and vertical external loads.
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associated to Fr lower than critical values Fr,. A sparse environment

is assumed, which leads to Fr, =1 [30]. Moreover, the steady flow

state allows to consider quasi-static fluid pressures in line with
existing literature, e.g. [15], Petrone et al. (2017) and Jansen et al.

(2020). This choice implies that flow variability in space and time is

not considered. The structural damage associated with flow pres-

sures [20] could still be identified even with such a quasi-static load
definition. However, this damage is not considered since elastic
materials are used under the assumption of elastic impacts (see

Sections 1 and 2.1). Investigating the effects of non-quasi-static flow

load definition and the associated damage on the debris impact force

is out of the scope of this paper and will be examined in future

studies. Furthermore, these quasi-static flow pressures are the

triangular hydrostatic pressure gy, and the uniform hydrodynamic

pressure gpg. Considering gps = p,,8hw, where p,, is the fluid density,

and gnq = 0.5p,,C,v2, where C, is the pressure coefficient taken
equal to 1.5 following the experiments of Jansen et al. (2020). The
resulting trapezoidal diagram is described with the top pressure gy, op
= @gpq and bottom pressure g, por = qnd + qns- TWO common values of
Fr lower than Fr, are used, i.e. 0.6 and 1 following Petrone et al.
(2017) to investigate two scenarios with different load severity.
Taking h,, as the same as the impact point, i.e. 1.5m, and considering
the relationship between Fr, h, and v,, mentioned above, v, =
2.3m/s and 3.84m/s for the two values of Fr, respectively. The impact
velocity vq4 is adapted to be equal to v,, [24,31,32]. Note that results
are normalised with respect to v4 (see Eq. 6), allowing to directly
compare F-t diagrams calculated under different v4. This leads to two
values of gw: quw,1,0p = 4.37kPa and q,, 1 por = 20.6kPa, and Gy, 2 10p =
12.2kPa and @y, 24, = 28.3kPa.

4. The boundary conditions (bc) are varied from the initial configura-
tion of simply supported edges (bc #1 in Fig. Al). In one case, the
base edge is fixed to obtain bc #4 (Fig. Al). In the other case, the top
edge is made free to obtain bc #5 (Fig. Al). The value of § is main-
tained by adapting the structure properties to the new boundary
conditions.

To provide a global metric, the results are discussed in terms of 6y,
which is computed as:

6, = Hﬂ 100 @

Ire erence

Where the impulse I is computed as [4]:

- / " F(ode ®
0

2.3. The Mass and Stiffness Ratios Model (MSRM)

The Mass and Stiffness Ratios Model (MSRM) is the new model
proposed in this research to compute the F-t diagrams of debris impacts
on elastic structures integrating the effects of m; for the scenarios of u
and 6 belonging to Dy,,. The MSRM aims at replicating the characteristics
of the numerical F-t diagrams calculated under the influence of the
structural mass mg, including the force spike (see Section 3.1). The
output is a simplified nondimensional curve function of solely the
structure-to-debris mass and stiffness ratios p and & that closely
approximate the shape and the values of such numerical diagrams. The
equations to compute such diagrams are formulated from general trends
spotted for the main characteristics of the m;-dependant F-t diagrams
belonging to the dataset of numerical diagrams defined in Section 2.2.1
and presented in Section 3.1. The general validity of the data collected
with the model presented in Section 2.2.1 allows to obtain generally
valid MSRM outputs independent of the specific structural geometry and
boundary conditions. The relative errors among the outputs of the
MSRM equations and the numerical dataset are discussed.

Engineering Structures 330 (2025) 119928

The MSRM is finally compared with the ASCE model in realistic case
studies to show the improvements introduced by the presented model
with respect to the current design practice of ASCE/SEI 7-22. These
analyses also allow to discuss the limits of the MSRM and to propose
recommended models within the u —§ space. The reference results are
obtained from solid debris impact models. Meanwhile, the MSRM and
ASCE F-t diagrams are applied in equivalent impact force models, from
which the structural displacements caused by these diagrams are
extracted. The accuracy of the analytical models is assessed in terms of
F-t diagrams and structural displacements. The case studies are defined
from a database of realistic impact scenarios. These scenarios are
defined for impacts on wall structures made of masonry, concrete and
cross-laminated timber (referred to as XLAM hereafter but it is also
known as CLT in the literature). These walls are defined with different
realistic dimensions and mechanical properties taken from an extensive
literature research. Boundary conditions are also varied based on com-
mon combinations of free, simply supported and fixed conditions of wall
edges. These data are used to define such a broad set of realistic impact
scenarios, whose full details are reported in Appendix A. Fig. 3 shows the
entire set of 228 impact scenarios categorised based on their values of u
and 6. Among these, only the 169 cases belonging to Dy, are selected to
assess the MSRM.

3. Domain of importance of the structural mass
3.1. Critical mass and stiffness ratios

The critical mass and stiffness ratios . and &, are obtained from the
main dataset of numerical F-t diagrams computed with solid debris
impact models. These F-t diagrams are shown in Fig. 4, where only some
representative results are reported to avoid overcrowding. The numer-
ical F-t diagrams are qualitatively compared with those calculated with
the flexIDWP model, which is accurate when assuming m; = 0 (see
Section 2.2.1). For u < 2 and for every 6, the shape and values of the
numerical F-t diagrams are compatible with that of the flexIDWP dia-
grams, conveying that m, is not important for these values of y and §.
Conversely, significant differences are observed for y > 2. Nevertheless,
these differences depend on 6. For 4 > 2 and 6 < 1, the rigid-like F-t
diagrams of the ms-dependant results (see Section 1) are identified.
These diagrams start with a spike that reaches Fpoqim = 1 and have
rectangular shapes with duration t,ogm = 1 and force values propor-
tional to p. These spikes are not associated with a strength spike in the
material response as elastic materials are considered (see Section 2.1). It
is worth noting that similar loading spikes are also observed for blast
loads at the beginning of the loading phase [23,33]. The physical rea-
sons behind these observed spikes are discussed in Section 3.3. In
addition to [6], the present results also show proportionality between
the force values and 6. Instead, for y > 2and 1 < § < 5, the F-t diagrams
remain globally similar to the flexDWP diagrams for ;4 immediately
higher than 2, but an abrupt force rise and a notable reduction of the
impact duration mark a substantial difference with respect to the
massless solution. The rigid-like F-t diagrams are observed only for u
higher than =~ 10 and 1 < § < 5. The peculiar behaviour of the cases
having 1 < § <5 is expected since they are a separate category also
under the massless structure assumption (see Section 1). These results
convey that m; is important for y > 2. However, the variability of the
results progressively decreases as 6—5, where they converge to the
rigid1DWP diagrams, aligning with [6] which show that the effects of m;
are null for rigid impacts, i.e. 5§ > 5. Therefore, m, is important only if
& < 5 also occurs.

A quantitative comparison between the numerical and flex]1DWP F-t
diagrams is provided using the error ¢4 (see Section 2.2.1), whose values
are shown in Fig. 5 as a function of y and for different 5. These data show
that, for u < 2, ¢4 is within the +5% band deemed as acceptable (see
Section 2.2.1), while it is outside this band for y > 2, conveying that m;
is important for mass ratios 4 > 2. This trend is observed for every value
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of stiffness ratio §, but ¢4 progressively decreases as 5—5. Note that
these ranges of y and 6, and the related discussion, align with those
individuated from the qualitative comparison discussed in the previous
paragraph.

Therefore, considering the presented qualitative and quantitative
comparisons, m; is important in a domain Dy, such that y is higher than a
critical y., =2 and § is lower than a critical 6, = 5. Moreover, to
consider the characteristics of the cases having 1 <&§<5 and
2 < p < 10, Dy is split into two complementary subdomains, D, 1 for
the general cases and Dy, » for such cases. These domains are shown in
Fig. 6, where realistic impact scenarios are also reported, pointing out
that many of realistic scenarios belong to both subdomains (see Fig. 6).
Thus, a correct prediction of the F-t diagrams in both domains is
important for practical applications. As an example, some of these
realistic impact scenarios that belong to Dy, are highlighted in Fig. 6.
These scenarios have a log debris compatible with the minimum design

demand imposed by ASCE and the following structures:

e Scenario 1: the SBO1 clay masonry wall tested by Chong (1993),
which is 5.615m wide, 2.475m tall and 0.1025m thick. Boundary
conditions are clamped base, simply supported vertical edges and
free top edge. This wall can be represented with homogeneous
properties using density equal to 1680kg/m® and Youngs’ modulus
equal to 14000MPa [19]. Here, y = 5.3 and § = 0.25.

Scenario 2: a calcium silicate masonry wall typical of Dutch resi-
dential buildings analysed by Jansen et al. (2020), which is 8.64m
wide, 2.7m tall and 0.1m thick. Boundary conditions are clamped
base and vertical edges and simply supported top edge. This wall can
be represented with homogeneous properties using density equal to
1800kg/m® and Youngs’ modulus equal to 14000MPa. Here, u =
10.5and § =0.71.
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e Scenario 3: the concrete masonry infill analysed by Dawe and Seah
[5], which is 3.6m wide, 2.8m tall and 0.14m thick. Boundary con-
ditions are simply supported at all edges. This wall can be repre-
sented with homogeneous properties using density equal to
1363kg/m® and Youngs’ modulus equal to 17500MPa. Here, u =
424 and 6 =0.77.

Scenario 4: a typical concrete wall (dimensions.com) [9], which is
5m wide, 2.7m tall and 0.15m thick. Boundary conditions are clam-
ped at all edges. This wall can be represented with homogeneous
properties using density equal to 2500kg/m® and Youngs’ modulus
equal to 30000MPa. Here, y = 11.2and § = 3.5.

The presented data also allow discussing their potential adaptation
to other debris types like cars or shipping containers. The crucial role of
the mass and stiffness ratio conveys that other debris types might be
studied with a similar methodology and lead to similar findings in terms
of critical ratios . and ... However, the main limitation is that other
debris types have different geometries than a log, e.g. larger dimensions
or crushing zones in case of cars, which requires specific analyses that
represent these geometries accurately. Investigating the impact of these
debris is out of the scope of this study, but we aim to examine them in
detail in future studies. Finally note that the crucial role of structural
stiffness in defining the F-t diagrams suggests that structural damage

may affect the impact force through its degrading effect on the structural
stiffness. The investigation of this topic is of interest given the evidence
of structural damage occurring in extreme hydrodynamic events due to
debris actions, also as repeated impacts (see Section 1). However, spe-
cific analyses are required, which will be carried out in future studies.

3.2. Influence of vertical and horizontal loads and boundary conditions

The influence of SW, p, g, and bc on Dy, are investigated using
representative values of 4 and & in Dp, 1 and Dp, o. For SW, the cases
investigated in Dy, ; are § = 0.4 with = 0.1, 2, 5, 20, 40, and 100, and
6 =1,3and 5with g =20. In Dy, o, theyare§ =1, 3 and 5 with p = 2.
For p, g, and bc, the cases investigated in D, 1 are § = 0.4 with y = 20.
In Dy, o, they are § = 3 with ¢ = 2. The results analysing SW (Fig. 7-a), p
(Fig. 7-b) and g, (Fig. 7-c) show that these loads do not modify the F-t
diagrams since they do not differ from those with no SW, no p and no g,
respectively. Only some representative curves are reported for the SW
analyses for a better data presentation. The values of 0; (see Eq. 7) are
minimal. For SW, the average of their absolute values is equal to 0.02 %
and the standard deviation to 0.01 %. For p, the average of their absolute
values is equal to 0.06 % and the standard deviation to 0.03 %. For g,
the average of their absolute values is equal to 0.7 % and the standard
deviation to 0.6 %. Detailed values are reported in Appendix D. These
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Fig. 7. (a) SW, (b) p, (c) gy and (d) bc for 5§ = 0.4 and y = 20 (blue) and § = 3 and u = 2 (orange).

data convey that SW, p and g,, do not influence Dp,,.

Conversely, the results analysing bc (Fig. 7-b) indicate that they
moderately affect the F-t diagrams. When 6 =0.4 and ¢ = 20, the
plateau force varies. When § = 3 and p = 2 with bc #5 with, the peak
force decreases. The values of §; are —2.38% and 1.49% for bc #4 and bc
#5, respectively, if § = 0.4 and 4 = 20, and —0.04% and —6.1% for bc
#4 and bc #5, respectively, if § = 3 and y = 2. However, the shape of
the F-t diagrams is unvaried, indicating that bc do not influence D, .

0 05 1 15 2 25 3
[

tnodim

3.3. Physical explanation of the results

The results for § = 0.4 and 4 = 0.001 (Fig. 8-a) and u = 20 (Fig. 8-b)
are presented as representative examples. The curves F,, and (Rror +Fn)
are plotted with opposite sign to support the discussion. When p =
0.001, Fy, is close to zero, which is expected given the low value of m; in
this case. As such, F,, can be neglected and the dynamic equilibrium (Eq.
3) is satisfied by F and Rror only, which have the similar, but opposite in
sign, time histories (see Fig. 8-a). Conversely, when ¢ = 20, F,, is not
negligible given the much higher value of m; and actively participate
into the dynamic equilibrium (see Fig. 8-b). The sharp rise in the impact

®) 25 : : :

0 0.5 1 1.5

Fig. 8. Time histories of F, Ryor and F,, for § = 0.4 and (a) » = 0.001 and (b) ¢ = 20.
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force is initially balanced by F,. Subsequently, F,, and Rror have an
almost constant sum, causing the plateau of the impact force. Therefore,
the F-t diagram of the m;-dependant impacts is caused by the combined
resistance opposed by the structural stiffness and inertia forces.

It is also worth noting that Ryor in Fig. 8-b lags with respect to F. This
is explained considering the elastic stress waves propagation in the
structure at speed ¢ (Fig. 9-a). Such a propagation cause Ryor to arise
only when the stress waves reach the supported perimeter. This is
further demonstrated by the reaction forces R;, Rz and R3 on three equal
segments along half of the top edge (Fig. 9 - a). Their arising time is
compatible with t;, t and t3 (Fig. 9 - d), which are the times needed for a
stress wave to reach the related segments from the impact zone, i.e.
equal to the travel distance divided by c. Conversely, Rror does not lag if
u = 0.001 because the low my, associated to low p,, makes c significantly
higher than the case having y = 20. As such, stress waves propagates
faster and no significant lags are observed for Rror (Fig. 8-a).

A correlation between ¢ and the structural displacements is also
found. The displacements u; and u, are measured as indicated in Fig. 9 -
b and plot in Fig. 9 - e. The time t, is the time needed for stress waves to
travel across the structure thickness and equal to t, = bs/c. Between t =
0 and t = t,, u is greater than zero but u, is null since the waves have
not reached yet its control point. The displacement u, starts at t,.
Additionally, global displacements at significant time points (Fig. 10-a)
are reported for the impact and back faces (Fig. 10-b). The structure is

@

R1 R; Rs

7

N

structure

)))))) stress wave

N
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effectively undeformed until t,, with only minor displacements at the
impact point, in line with Fig. 9 - e. Major displacements occur after t,.
Data in Fig. 9 and Fig. 10 are a consequence of ms. Increasing the
structural mass m; means increasing the structure density p,, slowing
down the stress waves speed c (see Eq. 4). Therefore, since the structure
does not deform instantly as a whole, but each part displaces progres-
sively as elastic waves reach it, the decreased c due to p, causes a slower
structural response as m; increases. Thus, at the beginning of impact, the
plate-type structure effectively behaves as a rigid body, showing only a
limited local deformation at the impact location (see Fig. 9-e and Fig. 10-
c). This causes an abrupt rise of impact force, which is typical of rigid
impacts [26]. Out-of-plane plate deformations occur only after stress
waves reach the back face of the wall, i.e. after t, (see Fig. 9-e and
Fig. 10-c), conveying that the structure does not behave as a rigid body
anymore but is now flexible and bends under the impact action. This
bending causes a decrease in the impact force after t, (see Fig. 9-e).
Therefore, the spike observed in the F-t diagrams (see Section 3.1) is
determined by the transition from rigid to flexible structural response.
Note that the spike nondimensional force is close to 1, which is consis-
tent with the initial rigid structural response as Fyogim = 1 is the value of
the peak force of rigid impacts (see Appendix A). After the spike occurs,
stress waves continue propagating throughout the structure and major
out-of-plane deformation occurs in the plate (see t3 in Fig. 9-c). Here, the
plate responds with its structural stiffness ks function of the structural
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Fig. 9. Stress wave propagation in the structure (a) globally and (b) across the thickness. (c) comparison of F and Rror, (d) time-zooming of Ry, R, and Rs. (e) time-
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bending behaviour (see Section 2.2.1). The plateau force observed after
this point is caused by the equilibrium between impact action and
structural response in terms of elastic and inertia reactions (see Fig. 8-b
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Fig. 11. Numerical and MSRM F-t diagrams.
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and related discussions). Note that the physical explanation provided for
the impact force spike aligns with blast load scenarios, where the initial
load spike is caused by the reflection of the pressure wave front that
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reflects on the hit structure at the beginning of the loading phase.
4. The Mass and Stiffness Ratios Model (MSRM)

4.1. The MSRM F-t diagrams

The F-t diagrams of the MSRM (Fig. 11) are a multilinear simplified
representation of the m;-dependent F-t diagrams (Fig. 4). The MSRM
diagrams are tailored to represent the numerical F-t diagrams calculated
under the influence of m; and presented in Section 3.1. The character-
istic shape of the cases belonging to Dy, ; is considered (see Fig. 4), but
this is adapted also for those of Dy, » as specified in the next paragraph.

The values of t, and F,, i.e. the spike main parameters, are set
following Section 3.3, with F, = 1 being an accurate approximation. The
spike end time t3 is equal to 3t, observing its accuracy in replicating the
data of Fig. 4. Moreover, t;ysry = 1, which is the nondimensional
duration of rigid impacts (see Appendix A) and represents well the rigid-
like impacts caused by m; (see Fig. 4). Finally, Fpmsrm(y, 6), i.e. the
plateau main parameter, is evaluated from Fj,,, which are the plateau
forces of the F-t diagram in Fig. 4 for the r-th pair (u;,5;). In Dy, 1, Fpr is
the average force between t = 0.3t; and t = 0.8t to be sufficiently far
from the plateau extremes and capture its overall trend. In Dy, 2, Fp, is
the adapted as the value to which the F-t diagram converges after the
spike. An exponential relation is observed between u and Fj, for fixed
values of § (Fig. 12-a) and fit with the equation:

Frusru (i, 8) = Ay 5€xp(Azspt) + As s€Xp(Ag sit) (C))

with Aj 2345 defining the fitting curves (see Table 1), which are shown
in Fig. 12-a.

The accuracy of the MSRM F-t diagrams is assessed with respect to
the data of Fig. 4 for ty ysry and Fp, yspy- The impulse I (see Eq. 8) is also
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evaluated to provide a global accuracy estimation. The errors &4, g, and
e are computed for each r-th pair of y; and §; as:

_ tamsrmr — tar 100

ey, 65) = t (10)
r
ey, 87) = " Thr 100(11)
Tvsrnr — I
er(u;, &) = %100 12)
r

The values of em, €4 and ¢; are shown in Fig. 12-b to d, indicating that
they are mostly included within a 5% error band. Only ¢; exceeds the
5% threshold for 2 < y < 10. Among these, those having 1 < § < 5, i.e.
that belong to D, » have =~ 20% negative errors, which is expected
given the peculiarities of these cases and their adaptation to the MSRM.
Instead, those having § < 1 have = 15% positive errors likely due to the
oscillations of the numerical diagram. However, the generally low errors
validate the MSRM equations. It is worth noting that using the recorded
values of F, instead of F, =1 does not affect the results. The error &
varies of 2 1 %, which is expected given that t, is one order lower than
t; (see Section 3.3), making the spike duration a small part of the total
impact duration and its contribution to I minimal. Also, neither &g, and
&£ are affected by F,.

4.2. Analysis of realistic case studies

The MSRM and ASCE models are applied in the realistic case studies
described in Section 2.3, aiming to assess the accuracy of the MSRM in
relation to that of the ASCE model. The comparison is made in terms of
the errors ¢, defined in Eqs. 13-16, in calculating t4, F, and I and the
maximum structural displacement up.x caused by the considered F-t
diagrams. The following errors are computed:

(b)
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........ S20A e §20.8 e 5= 4.0
§=0.2 §=1.0 e §=5.0
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Fig. 12. Values of (a) Fp,, and Fj, yspm curves, (b) €4, (¢) em, and (d) &;.
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Table 1
Coefficients A1 2345 of Eq. 9. Intermediate values can be linearly interpolated.
5[—] A [—] Azs [ -] Ass [ -] Ass [ -] 5[—] A [—] Azs [—] Ass [ -] Ags [ -]
0.05 0.50720 0.00319 — 0.35905 —0.07862 1 0.77827 0.00140 — 0.34964 - 0.14711
0.1 0.57024 0.00280 - 0.39335 —0.09784 2 0.83243 0.00102 — 0.30545 —0.16544
0.2 0.65075 0.00209 —0.37918 — 0.09407 3 0.84962 0.00098 —0.28199 ~0.17952
0.4 0.71141 0.00174 —0.36325 —0.10726 4 0.87452 0.00077 —0.25013 —0.14575
0.6 0.73423 0.00171 ~ 0.36671 —0.14125 5 0.88006 0.00076 — 0.25585 — 0.18054
0.8 0.75450 0.00161 - 0.35883 - 0.15837
tamsrM — tdcs taasce — taes it is possible that these are boundary cases where the effects of m; are
€amsem = ——— 100,  eygasce = ————100 a3 .. . c a1 .
tacs tacs sufficiently high to cause a rigid-like structural behaviour, but not
enough to bounce the debris back, which the continues to interact with
F —F F —F . . .
sy = MM T Zhes 100 g aoop = PASE ~ Thes 10 (14) the .str.ucture. HOWEV(.EI‘, these §econdary 1mpf;1cts might not occur in a
Fhes Fpycs realistic hydrodynamic scenario as the log likely rotates and changes
direction after the first impact as driven by the flow. The current model
I —1I 1) —1I . . . .
P — %1007 ErascE = %100 (15) cannot replicate such behaviour since the water flow is not modelled,
cs cs and specific experimental or numerical studies are needed to understand
_ _ secondary impacts. The exclusion of the fluid phase in the model also
Umax, MSRM Umax,cs Umax, ASCE Unmax,cs . .
€umsem = ————————— 100,  eyasce =————— 100 (16) leads to not consider the effects of the surrounding water between the

Umax,cs Unmax,cs

where the subscript “cs” indicates the numerical case study results. The
errors are presented with contour plots with thresholds — 30%, — 20%,

— 10%, — 5%, 0%, 5%, 10%, 20%, 60% and 120%, selected to
distinguish between positive and negative errors and to optimise data
presentation. The frequency of the errors is also presented using
histograms.

The errors ¢ for the impact duration, plateau force, impulse and
maximum structural displacement, ty, Fy, I and un.x, respectively, are
reported in Fig. 13, where each case study is represented with a point
with coordinates of the mass and stiffness ratios y and §, respectively.
Data show that the ASCE model generally overestimates tg, F,, I and tumax
with errors highly concentrated in the frequency bands between 20%
and 120%, except for egascg in cases with 6 > 1, for which —
5% < e asce < 0. It is worth noting that emasce, €rasce and eyasce
decrease as § increases, which is expected since the numerical F-t dia-
grams tend to the rigid impact solution for §—5 (see Section 3.1). The
significant inaccuracies of the ASCE model are shown also in Fig. 4,
given the substantial differences with the numerical diagrams.

Conversely, the MSRM is significantly more accurate than the ASCE
model. This is conveyed by the error frequencies mostly concentrated in
the bands between —10% and +10% (see Fig. 13). In particular, the
frequency distribution of &, ysrar (Fig. 13-n) is as follows: the 47 % of the
cases are associated with — 5% < &, msrm < 5%, the 26 % with
—10% < ey msrm < —5% and the 5% with 5% < &, msrm < 10%. The
other 22 % has non-negligible errors: &, psry < —20% (the 3.5 %),
—20 < gymsrm < —10% (the 9.5 %), 10% < ey msrm < 20% (the 6 %)
and ey msrm > 10% (the 3 %). The errors distributions of &g psry
(Fig. 13-f) and & msr (Fig. 13-i) are similar to &, ysrym. Instead, &4 msru is
always between —5% and 0% (Fig. 13-c), which is expected given the
consistency of the impact durations of the cases belonging to Dy, (see
Fig. 4). Fig. 14-a and b show a representative case study accurately
predicted by the MSRM and mispredicted by the ASCE model.

The identified sources of the non-negligible errors of the MSRM are
secondary impacts, the misprediction of F, and the misprediction of the
diagram shape in Dp, 2. Regarding secondary impacts, the cases that
present errors due to this source are those with significant impact force
for tnoqim > 1 (see a representative example in Fig. 14-c). Here, the dis-
placements of the MSRM are accurate until t yspy, and underestimated
after it as the MRSM diagram ends at t o4, = 1 (see Fig. 14-d). The re-
sults of the ASCE model are also reported. In line with Fig. 13, they
significantly overestimate the response. All cases with &, ysrm < —20%
experience secondary impacts, conveying a correlation between them.
Another correlation is observed with the values of y since 68 % of cases
having secondary impacts have 4 immediately higher than 2. Therefore,

12

debris and the structure. However, despite influencing the F-t diagrams,
these effects are expected to be limited for log debris as these have small
cross-section areas (see Section 2.1). Nevertheless, future dedicated
studies are needed to assess how the effects of such surrounding water
interact with the my effects, particularly for debris with larger cross-
sections like shipping containers or cars.

Excluding the cases with errors from secondary impacts and the
misprediction of the F-t diagram shape in D,, > (discussed in the next
paragraph), the F, misprediction leads to all the errors &, ysrm < —5% if
emmsrm < 0 and &, ysrm > +5% if epymsrm > 0. In general, |e, msrm| is
proportional to |em, msru|- See a representative example in Fig. 14-e, f,
where the results of the ASCE model are also reported. In line with
Fig. 13, they significantly overestimate the response. Among these cases,
some boundary conditions are more frequent than in the whole data-
base. When ¢, ysrr < — 5%, these are be #5, #8 and #9 (Fig. A1), which
are among those that give the lowest k; with the same geometrical and
mechanical parameters. When &, ysry > 5%, these are bec #2, #3, #4
and #10 (Fig. 1B), which are among those that give the highest k;. These
data aligns with Fig. 7-d.

Regarding the misprediction of the F-t diagram shape in Dy, 2, these
errors are expected given the adaptation of the MSRM in this subdomain
(see Section 4.1). A representative case study is in Fig. 14-g, h. The re-
sults of the ASCE model are also reported. In line with Fig. 13, they
significantly overestimate the response. The results of the flex]DWP are
also reported and discussed, considering the similarity between the
numerical and flexIDWP F-t diagrams in these scenarios (see Section
3.1). The error &, gexpwp is computed consistently with Eq. 16. In
Fig. 14-h, &, msrm is negative since the MSRM underestimates the force
after tyogm = 0.5. Conversely, ASCE and the 1DWP models overestimate
the response, with &, gexipwp < €uasce since it better approximate the
shape of the numerical F-t diagram. Fig. 15 gives an overview of the case
studies in  Dpo, confirming  the errors hierarchy
eumsrm < 0 < €y flex1pwp < €uASCE-

4.3. Recommended models in the u —§& space

It is finally pointed out which are the recommended models to use to
compute the F-t diagrams of log debris impacts on structures across the
u —6& space (Fig. 16). Following Sections 4.1 and 4.2, the MSRM is rec-
ommended in Dy, ; given its general accuracy. Instead, the flexXDWP is
preferable in D, , since it generally captures the shape of the numerical
F-t diagrams, but the ASCE model is a possible alternative. Outside Dy, ,
the F-t diagrams are correctly predicted by the flexIDWP for y < 2 and
§ < 5, as shown in Fig. 4, making such a model preferable in this range.
Finally, for 5 > 5, the impact is rigid and accurately represented by the
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rigid1DWP and ASCE models, which coincide in this range (see Ap-

pendix A). The case studies are also plotted in Fig. 16 as a reference.

5. Conclusions

The objectives of this study were to define the domain D, in the
design space of structure-to-debris mass and stiffness ratios, ;¢ and 6,
respectively, in which the structural mass my is important, and to pro-

13

pose a new analytical model, the Mass and Stiffness Ratios model
(MSRM), to accurately compute the F-t diagrams in this domain. Finite
Elements (FE) dynamic simulations were carried out to simulate the
impact scenarios. To investigate a broad range of u and 5, we used a
square plate structure with varying properties and fixed debris
compatible with the minimum design demand given by ASCE/SEI 7-22.
The MSRM and the ASCE model by ASCE/SEI 7-22 were finally applied
in realistic case studies and their results were compared.
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The main findings were:

. The D, was found in a region with u greater than a critical value y,,
= 2and § lower than a critical value 6, = 5. Moreover, D, was
found independent from structural self-weight, vertical and hori-
zontal external loads and structural boundary conditions. The
domain Dy, includes several realistic impact scenarios on structures
like a masonry wall being 8.64m wide, 2.7m tall and 0.1m taken from
typical Dutch residential buildings or a common concrete wall being
5m wide, 2.7m tall and 0.15m thick.

14

tnodim [

Fig. 14. Representative case studies for (a,b) accurate cases, (c,d) error due to secondary impacts, (e,f) error due to F, underestimation and (g,h) misprediction of the
F-t diagram shape within Dy, ».

2. We proposed, for the first time, an analytical model, the MSRM

model, that computes the F-t diagrams of log debris impacts on
structures integrating the effects of m; and provides highly accurate
results. This accuracy was shown in terms of F-t diagrams and caused
structural displacements. The MSRM fill the gap identified by [6]
about the lack of accurate analytical models to compute these F-t
when my has crucial effects.

. The F-t diagrams of the MSRM were defined as multilinear simplified

curves. The equations to compute them were formulated from the
general trends of the key parameters defining the F-t diagrams
belonging to Dy, and are a function of  and & only.



A. De Iasio et al.

Engineering Structures 330 (2025) 119928

(@) 5 (b) 5 (c) 5 (d) 100 &u[%]
120
4 o 4 . 4 80
0 ge® §
- 3 . — 3 ° o — 3 ) E &g
N o % e — ° %o - ° g 0
w ’ w ’ ) S
] B 2l . & ] g 40
.‘;.:.' .‘;o'.. o'{o‘ Lg
oo T 1} ¥ 20 i
0-2
-10
OO 10 1 00 10 1 OO 10 15 ¢ 20
5 5 5 5 5 Eu,ASCE Eu,MSRM Eu,flex1DWP -30
e e i

Fig. 15. ¢, for case studies in Dy, » using (a) ASCE, (b) MSRM and (c) flexIDWP models, and (d) their frequency distribution.

9 ] L ] T T ]
8.— -
° Q L ® Realistic scenarios
7F o o = MSRM
flex1IDWP / ASCE
6r . e ° ‘ T flex1DWP
___________ @ _® o ______98 _ o _____-"°___ ASCE
:5 : :- ° °
w
4_ 1 1 L ] L ] .
1 L ] : oo : oG C O C _my
= —
3r .: ': .o. Ik ° ¢ 1 Ma
25 .I : ,' ol : s . . ks
L T . b8 . §=—
: 8 L 0e® . . o . ° kq
[ == A T2 d
lo 1, L ‘1.\o LIC I S
O 'Y ' 1 a 1 1 1
0 5 10 15 20 25 30
wll

Fig. 16. Most accurate models in the y —§ space.

4. The MSRM improved upon the significantly overestimating results of
the ASCE model.

Some issues remain for the MSRM, and the main limits were iden-
tified as secondary impacts occurrence, influence of boundary condi-
tions and limitation when applied in part of D,,.. However, the frequency
of these errors was limited in the u —& design space, and the secondary
impacts observed in this study are likely unrealistic given the absence of
the fluid phase in the numerical model. The application of the presented
results to other debris types is also a limitation because the data were
collected using log debris, which have different geometries from other
debris types like cars or shipping containers. The excluded effects of the
surrounding water between the debris and the structure were expected
to have limited influence on log debris impacts because these debris
have small cross-section areas [26]. However, such effects may be more
important in case of impacts of debris with larger cross-sections such as
cars and shipping containers and may interact with the my effects.
Furthermore, impact nonlinearities coming from structural failures
often observed in post-disaster surveys, also caused by repeated impacts,
might exclude the applicability of the presented methodology in these
scenarios. Other limitations of the presented methodology are neglect-
ing the log stiffness variability across its thickness and the
non-consideration of the structure surface roughness, but the implica-
tions of these assumptions were expected to be not significant. In gen-
eral, the limitations presented above imply that the findings of this study
can be applied to log debris impacts on structures which remain in the
elastic range during the impact. Nevertheless, these cases include many

15

realistic scenarios as log debris are very common in extreme hydrody-
namic event scenarios [21] and elastic impacts are valid if the structure
remains in the elastic range, e.g. in the case of limited debris sizes.
Investigating the effects of all these limitations and extending the range
of applicability of the presented results will be carried out in future
dedicated studies.
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Appendix A: Database of realistic impact scenarios

The 228 realistic impact scenarios are obtained as follows. The debris properties are fixed and equal to those given by ASCE/SEI 7-22 as minimum
design load (see Section 2.2.2). The structures are defined from literature data for common masonry, concrete and XLAM walls. These data are re-
ported in Table A1, where “ck” indicates characteristic values and “avg” indicates average values. In some cases, they are specific structures from the
literature [16,3,5,8]. In other cases, they are defined by combining typical geometries, mechanical properties and boundary conditions [9,12,22,29,
34,36]. In Table A1, H, W and b; are the height, width and thickness of the walls. p,; and E; are the homogenised density and Young’s modulus of the
walls considering possible non-uniform geometry of the materials, e.g. in case of hollow bricks. The boundary conditions types are described in
Fig. Al. Moreover, the same hydrodynamic scenario assumed in [7] is used, i.e. water flow compatible with the shallow water hypothesis and in
subcritical condition, with h,, = 0.9m, Fr = 0.6 and v,, = 1.78m/s. Based on this information, the impact position is defined at the same height as h,,
and along the vertical centre line. The impact velocity v, is assumed to be equal to v,, [24,31,32]. Only the debris impact loads are implemented in the
analysis, consistently with ASCE/SEI 7-22 prescriptions that do not require such loads to be combined with other actions, e.g. the water flow loads. All
structural models for the walls are represented with thick 3D elastic and homogeneous plate-like models having dimensions and mechanical properties
taken from Table Al. This strategy simulates the walls at their macro-scale. Moreover, it allows to minimise the computational effort of running
numerous impact simulations while maintaining accurate results in terms of out-of-plain bending response. This homogeneous modelling strategy is
widely used in literature, including when analysing non-isotropic materials such as masonry [11] and XLAM [10] when suitable equivalent me-
chanical properties are used, as in the case of this study.

Table A1: Review of typical dimensions of walls made of different materials

Source Material H; [m] W [m] bs [m] ps kg/m®) E [MPa] be Notes
[22] Clay brick masonry 3.05 (max) 3.05 (max) 0.1 (min) n/a n/a 1 Small buildings.
[16] Clay brick masonry 2.7 8.64 0.1 1800 n/a 4 Case study from typical Dutch
terraced houses.
[16] Calcium silicate 2.7 8.64 0.12 1700 n/a 4 Case study from typical Dutch
masonry terraced houses.
[16] Concrete 2.7 8.64 0.12 2400 n/a 4 Case study from typical Dutch
terraced houses.
[5] Concrete masonry 2.8 3.6 0.9/0.14/0.19 1715/1363 17500 6/8/9 Various combinations tested.
(infills) /1269
[3] Clay masonry 2.474 5.615 0.1025 1680 12000 1 Sample of a typical masonry wall.
TMS 402/602 — Masonry (different I/t =20 h/t =20 0.152 (1-storey,h  n/a 7000 (clay) n/a Empirical rules for masonry
2016 [34] typologies) (max) (max) =2.74) 90009 design.
0.204 (concrete)
(residential)
0.305 (general)
[8] Hollow-clay brick 2.4-4.55 2.76-6.30 0.12-0.45 n/a 494-8100 n/a Database of 60 tested masonry
masonry (infills) infill walls.
[29] Masonry (infills, n/a n/a n/a n/a n/a 1/5/6 Database of 58 tested masonry
different typologies) /7/8/ infill walls. Source of typical bc.
9
[12] Hollow-clay brick n/a n/a n/a 694 — 788 n/a n/a Typical density of hollow-clay
masonry (infills) bricks.
(dimensions.com, Solid concrete 1.83-7.92 1.22-9.75 0.09-0.4 n/a n/a n/a Typical concrete wall
2023) dimensions.
[36] XLAM 3.5 (max) 13.5 (max) 0.06-0.3 350 (ck) 7400 (ck) 2/5 Typical properties of XLAM
420 (avg) 11000 (avg) panels.

16
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Fig. Al: Different types of boundary conditions.

Appendix B: The 1DWP model and its adaptation in ASCE/SEI 7-22

The One-Dimensional Wave Propagation (1DWP) model has been proposed by Paczkowski et al. [26] to compute the F-t diagram of log debris
impacts on rigid (rigid1DWP, see Fig. B1-a) or flexible massless (flex]1DWP, see Fig. B1-b) structures. The name of the model is linked to the application
of the 1D elastic wave theory to describe the elastic stress wave propagation in the debris after the impact. Such a wave theory is used to compute the
impact F-t diagram. The debris is modelled as an elastic, uniform, homogeneous bar that impacts the structure orthogonally. The applied wave
equation is:

Pu(x,t)  , *u(x,t)
ez D o

-0 a7

where u(x, t) is the debris displacement field, t is the time variable, and x is the axial debris coordinate with the origin at the impact side (Fig. B1).
Moreover, cip = \/Eq4/p4 is the wave speed in one dimension model, with E; being the debris Young’s modulus and p, the debris density. The debris
has a length Ly, cross-section area Ay and stiffness k; = EgA4/Lg. For the flexIDWP, the structure is represented as an elastic spring with stiffness k.
The debris hits the structure at velocity v4. Following the well-known Hook’s law and considering the debris axial force positive if compressive, the
impact force F is defined as the external axial force that equilibrates the internal debris axial force at the infinitesimal debris segment in contact with
the structure and deforms due to the impact action. The impact force F(0, t) is computed as:

ou(0,t)

F(0,0) = —ke—gr
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Fig. B1. Structural scheme of the IDWP model for (a) rigid structure and (b) flexible structure

Paczkowski et al. [26] provide the solution for the related nondimensional problem. The nondimensional parameters are i = u/Lg, X = x/Lg, t =
tcip/La, Va = vg/c1p and F = Fcip/ (EgAqvq). The stiffness ratio 6 = k;/kq is defined. The nondimensional wave equation is:
dux,t ) ulxt )

o o

The initial nondimensional conditions (i.e. att = 0) are u(x,0) = 0, U, (X,0) = — V4. The first equation represents the undeformed initial state of
the debris body, while the second one the uniform initial velocity of the debris body, with the minus sign needed to indicate that the velocity is
negative in the adopted reference system shown in Fig. B1. The boundary nondimensional conditions for the rigid1DWP are u(0,f ) =O0andu,.(1,t )
= 0. The first equation ensures that the debris displacement at X = 0 is null during the impact (being the structure rigid). The second equation fixes the
external axial force at the free debris end as always equal to zero. The boundary nondimensional conditions for the flexX]1DWP are 6u(0,t ) —u,(0,f )
=0and U (1,t ) =0. The first equation ensures that the force in the external spring equilibrates the axial force at the infinitesimal debris segment in
contact with the structure. The second equation is the same as the rigid model.

The nondimensional solution of the rigid1DWP, obtained with the method of characteristics, is a rectangular F-t diagram, F(0,t ) = 1 for t € (0, &),
where t; is the nondimensional impact duration and equal to 2. The related dimensional force F(0, t) is:

F(O, ) igarpwp = VaVMaka (20

-0 19)

while the dimensional impact duration ¢ is:

m,
tarigiaipwp = 2 k—d (21)
d
It is worth noting that the time t; expressed in Eq. 21 is the time needed by a longitudinal stress wave to travel along the debris length from the
impact face to the opposite one and return.
Conversely, the nondimensional solution of the flex] DWP, obtained with the method of separation of variables and modal superposition based on

Fourier series, is a sinusoidal F-t diagram. The nondimensional force F(0,t ) has equation:

F(O, Dperpwp = D . o Yn(0)sin(axt) (22)
where:
¥.(0) = 4 23)

2a, (‘;_j +1y 1> — 2 cos(2ay) + (‘;—j - 1>Sin(2an)

The coefficients a, are the n-th solutions of the equation a,tan(a,) = §. The value n,., = 50 is enough to achieve convergence [26]. The related
dimensional force F(0,t) is easily obtained by inverting the nondimensionalization relations.

The design provisions by ASCE/SEI 7-22 are based on the IDWP model. A rectangular F-t diagram is prescribed for every value of §. Similarly to Eq.
20, the peak force is computed as:

Fpsce = Vay/Mkey 24)

where k = min{kg, ks} is the effective impact stiffness, which accounts for the structure flexibility in the debris-structure interaction. Similarly to Eq.
21, the impact duration is:
tyasce = 2 ;(nfd (25)
off
It is worth noting that the rigid1DWP and ASCE models coincide for § > 1 as Eq. 20 equals Eq. 24 and Eq. 21 equals Eq. 25 in such circumstances.
The nondimensional F-t diagrams of the rigid1DWP, flex] DWP and ASCE models are plotted in Fig. B2, which shows that the flex DWP has a more
severe loading rate and peak force and lower impact duration as § increases, and it eventually converges to the rigid1DWP. The sinusoidal shape is lost
after 5 = 1. The peak force of the flexible model is already 98.2% of the rigid results at § = 2, but the impact duration is 41.5% higher, and the shape is
still slightly sinusoidal. The peak force equals the value of the rigid model for § > 3. The impact duration and the F-t shape are nearly the same as the
rigid 1DWP ones only for § > 40, but strong similarities are found already for § > 5. Under the assumption of massless structure, these data allow to
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define flexible impacts for § < 1, rigid impacts for § > 5 and intermediate impacts for 1 < § < 5.

1.2 T T T T T T T T
T | wm rigid1DWP
— flex1IDWP - §=0.06 = - ASCE-4=0.05
4 |— flexIDWP-§=0.2 ~-- ASCE-§=0.2
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1 |— flexIDWP-§=3.0 =-- ASCE-4§=3.0
— flexIDWP-§=5.0 - - ASCE-4=5.0
d | flexIDWP-§=40 - - ASCE-4=40

[-]

Fig. B2. Nondimensional F-t diagrams for the 1DWP and ASCE models

tnodim

Similarly to the flexIDWP, also the ASCE model has a higher peak force and lower impact duration as é increases. However, some comments can be
made comparing these two models. Considering § < 1, the shape of the F-t diagrams is different, being sinusoidal for the flexIDWP model and
rectangular for the ASCE model. Moreover, the ASCE maximum impact force is higher than the flex]DWP one for § > 0.05, while they are similar for
§ < 0.05. The ASCE impact duration is lower than the flex] DWP one, but the impulse [, i.e. the area below the diagram, is similar (=2 0.9% maximum
difference). Instead, considering § > 1, the ASCE models equals the rigid1DWP, as mentioned above. Therefore, the same comparison between the
rigidIDWP and the flexIDWP holds between ASCE and the flex1DWP.

Appendix C: General validity of the plate impact model

The impact model defined in Section 2.1 is representative of any impact scenario having the same y and 6. This is demonstrated in Fig. C1 showing
that such a model results in similar F-t diagrams when varying the structure geometry and boundary conditions, or debris geometry, while maintaining
p and 8. The impact scenario involving the SBO1 masonry wall tested by Chong [3] is also analysed. This wall is 5.615m wide, 2.475m tall and 0.1025m
thick and the boundary conditions are clamped base, simply supported vertical edges and free top edge. This wall can be modelled with homogeneous
properties using density equal to 1680kg/m® and Youngs’ modulus equal to 14000MPa [19]. Using the debris properties defined in Section 2.2.1, u
=5.3and§ = 0.25. An impact model with the square plate defined in Section 2.2.1 is implemented such that 4 and § are maintained, which results in
a similar F-t diagram (Fig. C2). These data demonstrate the general validity of the impact models used in this study, for which the structure and debris
geometrical and mechanical properties do not need to be realistic values but only lead to realistic values of p and &.
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Impact scenario: ¢ = 10 and § = 0.3
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Fig. C1. Impact scenario with 4 = 10 and § = 0.3. Impact models and F-t diagrams with (a, c) different structure geometry and (b, d) boundary conditions. Impact
models and F-t diagrams with (e, f) different debris geometry
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Fig. C2. F-t diagrams for the impact model with the square plate and SBO1 wall

Appendix D: Values of 6;

The values of 6; discussed in Section 3.2 are reported in Table D1.

Table D1. Values of 6;

Simulations S[—] ul—1 0r (%] Simulations §[—] ul-1 0r (%]

Applied self-weight 0.4 0.1 —0.02 Vertical external loads p 0.4 20 0.03 (p =p1)
0.4 1 0.03 0.4 20 —0.05 (p =p2)
0.4 2 0.05 3 2 —~0.09 (p =p1)
0.4 5 ~0.01 3 2 —~0.05 (p =p2)
0.4 20 0.04 Horizontal water flow loads g, 0.4 20 —1.25 (gw = qw1)
0.4 40 —0.01 0.4 20 —1.21 (gw = qw2)
0.4 100 —0.02 3 2 —0.03 (g = Gw1)
1 2 0.01 3 2 0.26 (qw = qw.2)
1 20 -0.03 Boundary conditions 0.4 20 —2.38 (bc #4)
3 2 —0.02 0.4 20 1.49 (bc #5)
3 20 0.02 3 2 —0.04 (bc #4)
5 2 0.01 3 2 —6.1 (bc #5)
5 20 —0.02

Data Availability

Data will be made available on request.

References

[1

—

(2]
[31
[4]
[5]

(61

71

(8]

9]

[10]

Abaqus. Abaqus User Manual. United States: Dassault Systemes Simulia Corp;
2018.

ASCE. Minimum Design Loads and Associated Criteria for Buildings and Other
Structures. ASCE/SEI 7-22. Reston, VA; 2022.

Chong VL. The Behaviour of Laterally Loaded Masonry Panels with Openings.
Plymouth: University of Plymouth; 1993.

Clough RW, Penzien J. Dynamics of Structures. 2nd ed. ed. New York: McGraw-
Hill; 1993.

Dawe JL, Seah CK. Out-of-plane resistance of concrete masonry infilled panels. Can
J Civ Eng 1989;16:854-64. https://doi.org/10.1139/1.89-128.

De Iasio A, Ghiassi B, Briganti R. Effects of the structural mass on the waterborne
debris impact force. Eng Struct 2024;318:118719. https://doi.org/10.1016/j.
engstruct.2024.118719.

De Iasio A, Ghiassi B, Briganti R, Milani G. High strain rate effects in masonry
structures under waterborne debris impacts. Eng Struct 2023;297:116911. https://
doi.org/10.1016/J.ENGSTRUCT.2023.116911.

De Risi MT, Del Gaudio C, Ricci P, Verderame GM. In-plane behaviour and damage
assessment of masonry infills with hollow clay bricks in RC frames. Eng Struct
2018;168:257-75. https://doi.org/10.1016/j.engstruct.2018.04.065.
dimensions.com. Concrete Wall - Panel, Solid Dimensions & Drawings |
Dimensions.com [WWW Document]. URL https://www.dimensions.com/element/
concrete-wall-panel-solid; 2023 (Accessed 8.7.23).

Franzoni L, Lebée A, Lyon F, Forét G. Elastic behavior of Cross Laminated Timber
and timber panels with regular gaps: thick-plate modeling and experimental

21

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

validation. Eng Struct 2017;141:402-16. https://doi.org/10.1016/j.
engstruct.2017.03.010.

Ghiassi B, Milani G. Numerical modelling of masonry and historical structures:
from theory to application. Numer Model Mason Hist Struct Theory Appl 2019;1:
795. https://doi.org/10.1016,/C2017-0-01579-3.

gosmartbricks.com. Difference Between Clay Bricks Vs Hollow Clay Bricks | Go
Smart Bricks [WWW Document]; 2023. (Accessed 8.7.23). URL https://gosmart
bricks.com/difference-between-clay-bricks-vs-hollow-clay-bricks/.

Haehnel RB, Daly SF. Maximum impact force of woody debris on floodplain
structures. J Hydraul Eng 2004;130:112-20. https://doi.org/10.1061/(ASCE)
0733-9429(2004)130:2(112).

Ishiki K, Cunningham LS, Rogers BD. Multiphysics coupling using SPH for coastal
structures subject to tsunami-driven hydrodynamic and debris impact loads.

J Water Port Coast Ocean Eng 2025;151. https://doi.org/10.1061/JWPEDS.
WWENG-2157.

Jalayer F, Aronica GT, Recupero A, Carozza S, Manfredi G. Debris flow damage
incurred to buildings: an in situ back analysis. J Flood Risk Manag 2018;11:
S646-62. https://doi.org/10.1111/jfr3.12238.

Jansen L, Korswagen PA, Bricker JD, Pasterkamp S, de Bruijn KM, Jonkman SN.
Experimental determination of pressure coefficients for flood loading of walls of
Dutch terraced houses. Eng Struct 2020;216. https://doi.org/10.1016/j.
engstruct.2020.110647.

Kasal B. Wood formation and properties. Mechanical properties of wood. Encycl Sci
2004:1815-28. https://doi.org/10.1016/B0-12-145160-7/00041-7.

Kolski H. Stress Waves in Solids. Oxford: The Clarendon Press; 1953.

Lourenco P.B. An anisotropic macro-model for masonry plates and shells:
implementation and validation; 1997.

Majtan E, Cunningham LS, Rogers BD. Numerical study on the structural response
of a masonry arch bridge subject to flood flow and debris impact. Structures 2023;
48:782-97. https://doi.org/10.1016/j.istruc.2022.12.100.


http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref1
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref1
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref2
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref2
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref3
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref3
https://doi.org/10.1139/L89-128
https://doi.org/10.1016/j.engstruct.2024.118719
https://doi.org/10.1016/j.engstruct.2024.118719
https://doi.org/10.1016/J.ENGSTRUCT.2023.116911
https://doi.org/10.1016/J.ENGSTRUCT.2023.116911
https://doi.org/10.1016/j.engstruct.2018.04.065
https://doi.org/10.1016/j.engstruct.2017.03.010
https://doi.org/10.1016/j.engstruct.2017.03.010
https://doi.org/10.1016/C2017-0-01579-3
https://gosmartbricks.com/difference-between-clay-bricks-vs-hollow-clay-bricks/
https://gosmartbricks.com/difference-between-clay-bricks-vs-hollow-clay-bricks/
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:2(112)
https://doi.org/10.1061/(ASCE)0733-9429(2004)130:2(112)
https://doi.org/10.1061/JWPED5.WWENG-2157
https://doi.org/10.1061/JWPED5.WWENG-2157
https://doi.org/10.1111/jfr3.12238
https://doi.org/10.1016/j.engstruct.2020.110647
https://doi.org/10.1016/j.engstruct.2020.110647
https://doi.org/10.1016/B0-12-145160-7/00041-7
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref15
https://doi.org/10.1016/j.istruc.2022.12.100

A. De Iasio et al.

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

Naito C, Asce M, Cercone C, Asce SM, Riggs HR, Cox D. Procedure for Site
Assessment of the potential for tsunami debris impact. J Water Port Coast Ocean
Eng 2014;140:223-32. https://doi.org/10.1061/(ASCE)WW.1943-5460.0000222.
Nash WG. Brickwork Two. Third. ed. London: Hutchinson Educational; 1969.
Ngo T, Mendis P, Gupta A, Ramsay J. Blast loading and blast effects on structures —
an overview. Electron J Struct Eng 7 2007:76-91. https://doi.org/10.56748/
ejse.671.

Nistor I, Goseberg N, Stolle J. Tsunami-driven debris motion and loads: a critical
review. Front Built Environ 2017;3. https://doi.org/10.3389/fbuil.2017.00002.
Nistor I, Palermo D, Nouri Y, Murty T, Saatcioglu M. Tsunami-induced forces on
structures. Handb Coast Ocean Eng: Expand Ed 2018;1-2:481-506. https://doi.
org/10.1142/9789813204027_0018.

Paczkowski K, Riggs HR, Naito CJ, Lehmann A. A one-dimensional model for
impact forces resulting from high mass, low velocity debris. Struct Eng Mech 2012;
42:831-47. https://doi.org/10.12989/SEM.2012.42.6.831.

Petrone C, Rossetto T, Goda K. Fragility assessment of a RC structure under tsunami
actions via nonlinear static and dynamic analyses. Eng Struct 2017;136:36-53.
https://doi.org/10.1016/j.engstruct.2017.01.013.

Piran Aghl P, Naito CJ, Riggs HR. Full-scale experimental study of impact demands
resulting from high mass, low velocity debris. J Struct Eng 2014;140:04014006.
https://doi.org/10.1061/(asce)st.1943-541x.0000948.

Pradhan B, Zizzo M, Sarhosis V, Cavaleri L. Out-of-plane behaviour of unreinforced
masonry infill walls: review of the experimental studies and analysis of the

22

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Engineering Structures 330 (2025) 119928

influencing parameters. Structures 2021;33:4387-406. https://doi.org/10.1016/j.
istruc.2021.07.038.

Qi ZX, Eames I, Johnson ER. Force acting on a square cylinder fixed in a free-
surface channel flow. J Fluid Mech 2014;756:716-27. https://doi.org/10.1017/
JFM.2014.455.

Ruffini G, Briganti R, Girolamo PDe, Stolle J, Ghiassi B, Castellino M. Numerical
modelling of flow-debris interaction during extreme hydrodynamic events with
DualSPHysics-CHRONO. 3618 11 Appl Sci 2021 2021;11:3618. https://doi.org/
10.3390/APP11083618.

Ruffini G, Dominguez JM, Briganti R, Altomare C, Stolle J, Crespo AJC, Ghiassi B,
Capasso S, De Girolamo P. MESH-IN: a MESHed INlet offline coupling method for
3-D extreme hydrodynamic events in DualSPHysics. Ocean Eng 2023;268:113400.
https://doi.org/10.1016/j.oceaneng.2022.113400.

Samali B, McKenzie G, Zhang C, Ancich E. Review of the basics of state of the art of
blast loading. Asian J Civ Eng 2018;19:775-91. https://doi.org/10.1007 /542107~
018-0063-y.

The Masonry Society. TMS 402/602 Building Code Requirements and
Specifications for Masonry Structures; 2016.

Wiithrich D, Korswagen PA, Selvam H, Oetjen J, Bricker J, Schiittrumpf H. Field
survey assessment of flood loads and related building damage from the July 2021
event in the Ahr Valley (Germany). J Flood Risk Manag 2024. https://doi.org/
10.1111/JFR3.13024.

X-LAM Dolomiti. XLAM Technical Data and Documentation. Castel Ivano, Italy;
2023.


https://doi.org/10.1061/(ASCE)WW.1943-5460.0000222
http://refhub.elsevier.com/S0141-0296(25)00318-9/sbref18
https://doi.org/10.56748/ejse.671
https://doi.org/10.56748/ejse.671
https://doi.org/10.3389/fbuil.2017.00002
https://doi.org/10.1142/9789813204027_0018
https://doi.org/10.1142/9789813204027_0018
https://doi.org/10.12989/SEM.2012.42.6.831
https://doi.org/10.1016/j.engstruct.2017.01.013
https://doi.org/10.1061/(asce)st.1943-541x.0000948
https://doi.org/10.1016/j.istruc.2021.07.038
https://doi.org/10.1016/j.istruc.2021.07.038
https://doi.org/10.1017/JFM.2014.455
https://doi.org/10.1017/JFM.2014.455
https://doi.org/10.3390/APP11083618
https://doi.org/10.3390/APP11083618
https://doi.org/10.1016/j.oceaneng.2022.113400
https://doi.org/10.1007/s42107-018-0063-y
https://doi.org/10.1007/s42107-018-0063-y
https://doi.org/10.1111/JFR3.13024
https://doi.org/10.1111/JFR3.13024

	Waterborne debris impact forces on wall structures: Elastic analytical model integrating the effects of the structural mass
	1 Introduction
	2 Methodology
	2.1 Finite element impact models
	2.2 Numerical simulations programme
	2.2.1 Definition of Dms
	2.2.2 Presence of additional factors in real impact scenarios

	2.3 The Mass and Stiffness Ratios Model (MSRM)

	3 Domain of importance of the structural mass
	3.1 Critical mass and stiffness ratios
	3.2 Influence of vertical and horizontal loads and boundary conditions
	3.3 Physical explanation of the results

	4 The Mass and Stiffness Ratios Model (MSRM)
	4.1 The MSRM F-t diagrams
	4.2 Analysis of realistic case studies
	4.3 Recommended models in the μ−δ space

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A: Database of realistic impact scenarios
	Appendix B: The 1DWP model and its adaptation in ASCE/SEI 7–22
	Appendix C: General validity of the plate impact model
	Appendix D: Values of θI
	Data Availability
	References


