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Abstract: To increase the pace of the design of safer road infrastructure and raise the active and
passive safety features of road structures on the global stage, innovative and smart virtual tools are
essential. One of the basic steps for such ground breaking numerical simulation technology would
be to develop advanced smart hybrid techniques with dynamic adaptation into mainstream design
and simulation tools that are used by engineering offices. In the research work herein, a new nu-
merical framework including dynamic zoning, advanced grid interfacing, new computationally-
efficient solvers, and genetic algorithm symbolic-regression has briefly been presented to address
long-standing problems of speed, accuracy, and reliability of numerical tools. The fundamental
physical and mathematical aspects of the new simulation framework are concisely presented. In
addition, some outcomes of real-world case studies utilized using the proposed hybrid analytical
and data-driven (i.e.,, machine learning, ML) scheme have been shown, where the design rule for
road gantry structures is interrogated using the developed virtual tool. One of the main contribu-
tions of this paper is to show the benefits of using hybrid simulation technologies to model engi-
neering systems along with the ML-based method to optimize their designs.

Keywords: hybrid physical-data driven models; fluid—structure interactions; dynamic zoning;
genetic algorithm; symbolic regression; fatigue analyses

1. Introduction

The use of conventional numerical techniques including discretization and solutions
of computational domains have been extensively utilized in the past fifty years to predict
and design the responses of engineering systems. However, these design optimizations
have come at high costs as extensive computational time, power, and efforts are required
to handle difficult technical challenges related to the simulations of complex systems. The
challenging task of bringing together the advanced computational models (with reasona-
ble computational time) with the detailed aspects of mainstream design of large engineer-
ing systems has promoted the introduction of innovative frameworks [1-4]. The time and
effort associated with the accurate virtual simulation of large engineering systems and the
sophisticated nature of their designs have historically been challenging for mainstream
design applications [5,6]. The process of initial design/analyses under possible design life-
time scenarios along with accurate virtual optimization of these dynamic systems has al-
ways been computationally stimulating and various representative (discrete and contin-
uous) techniques have been proposed. Hence, the implementations of innovative con-
cepts, including smart finite zoning and continuous/discrete interfacing along with the
use of artificial intelligence (AI) and machine learning (ML) notions for data-driven vir-
tual optimizations, have been proposed herein.

The combination of physical, mathematical, and computational approaches has been
used herein in response to the fundamental question of optimum virtual design of large
systems. For large engineering systems like road/rail infrastructural network (e.g., large
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gantries), the use of new simulation technology has been promoted herein. Instead of hav-
ing a single numerical domain with its associated grid (mesh), the emerging idea includes
a new approach to represent various complexities (joint fatigue life, buffeting, and so on)
within limited dynamic zones in the computational domain. This works for both imple-
menting advanced mathematical models (e.g., plasticity and fatigue models) as well as
lowering computational time. The concept provides the basis for multiple numerical do-
mains, running in parallel with multiple instances of solvers that communicate using ad-
vanced interface routines (e.g., mapping and condensation techniques). The interac-
tion/communication of zones within the simulation system can be managed smartly using
Al and ML technologies and optimum design can be carried out using the combination of
analytical and smart data-driven schemes.

One of the main concerns for these new-generation techniques is how to represent
changes of the dynamic system (e.g., fatigue, cracking, and non-linearities) to understand
the consequences of solutions on design decisions. The research work herein is the funda-
mental idea for the procedure to combine a complexity-driven solution technique (e.g.,
non-linearity within individual dynamic zones) with efficient interfacing. These are ac-
complished within a designed computationally-efficient parallel simulation environment.
The technique relies on separate and parallel efforts devoted to predicting the response of
complex road/rail infrastructure (e.g., large gantries) and preventing the failure and dam-
age to the vital infrastructure. The framework would also combine the sophisticated elas-
tic-plastic material modelling on predicting damage and failure through the implementa-
tion of cross scale micro-macro mechanical models at selected dynamic zones.

For the real-world case studies, using the new simulation system, dynamic response
and fatigue characteristics of large lightweight lattice gantry structures under external
loads were investigated. In these case studies, problems of dynamic and pressure wave
loading were considered for new design of large highway lattice structures, and special
attention was devoted to the dynamic response and fatigue characteristics. Two full-scale
field measurements data were used for the verification/calibration of the simulation sys-
tem. After the full verification, the results of a comprehensive design scenario-table were
used to define a “code of practice” using genetic algorithm symbolic regression approach
for large road/rail lattice structures. The characteristics of the simulation system were
shown graphically herein, using documented numerical examples where the efficiency of
the new simulation technique is highlighted. The purpose of this paper is to present a new
prospect, which improves the design of safe road/rail infrastructural systems under vari-
ous external loads. Because of limited space, it has not been intended for the paper herein
to publish all the detailed mathematical formulations and results of the new simulation
framework; rather, the focus is on describing new physical and hybrid trends for the fu-
ture of infrastructural simulations and designs.

2. Review of Discretization Concepts

The most essential issue related to the numerical simulations of engineering systems
is to generate accurate and reliable response predictions in a reasonable computational
time frame. On the other hand, these numerical domains are required to have reasonable
details and realistic service life conditions for the verified design processes. The conven-
tional finite element (FE) and computational fluid dynamic (CFD) solvers have generally
been employed as basic simulation techniques for solving complex systems. Overall, the
concepts of spatial discretization and meshing for coordinational-space to define simpler
subspaces (elements) with approximate solutions have been used in the last seventy years.
Different types of the so-called meshing/gridding schemes that fragment the single nu-
merical space into small elements/cells/particles have been developed and heavily used.
Today’s meshing technology is able to discretize a wide variety of complex geometries,
adapt into large deformation of the engineering systems (e.g., adaptive re-meshing), and
coup with non-conformal aspects of multibody grids. These novel meshing capabilities
raise new challenges to the designing practice of safe engineering systems that can only
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be met if the design and simulation integrate so that fast optimization cycles become avail-
able.

There have also been various attempts to introduce innovative discretization tech-
niques [7-10] for dynamic systems (with evolution in time, like cracking phenomena) and
interfacing technology for moving grids (e.g., moving vehicles). Most of these techniques
have been developed for numerical simulation of complex multi-body systems based on
the solution technique (e.g., discrete and continuous), accuracy, computational time, and
the degrees of complexities. Although fixed Lagrangian grid has extensively been used
for domain discretization in solid mechanics [8-10], its application for systems with large
deformation and internal evolutions is limited. In the Lagrangian as well as the updated
Lagrangian (with adaptive re-meshing) approaches, the process of large deformation of
an engineering system is simulated as a material deformation fixed to the grid, where each
cell transports its own properties (such as density, among others). For history-based tran-
sient simulations, as the deformation of the system advances, its properties may change
in time (e.g., softening and physical cracking). Accordingly, the procedure of simulating
and tracking of material deformation by predicting the time-transient histories of each
numerical cell/grid is conventionally defined as the Lagrangian description. In the La-
grangian/updated Lagrangian algorithms, each individual cell/grid within the prelimi-
nary computational domain follows its fixed material zone during the deformation of the
body.

On the other hand, for the Eulerian fixed/moving mesh approaches, rather than fol-
lowing each material cell (deformation front), the evolution of the material flow properties
at every point in coordinatial space and time can be visualized. This means that the sim-
ulation of material deformation properties at a specified grid/cell depends on its spatial
location (at coordinational space) and time. The computational mesh is conventionally
fixed for this scheme, while the material deforms with respect to the mesh. The large de-
formation and distortions of the engineering systems can be simulated with more ease,
but generally, it might have resolution issues for material deformation at free boundaries.
Figure 1 shows a conventional Lagrangian fixed-grid finite element (FE) mesh and its
stress results for gantry boom-leg joints.

(b)

Figure 1. (a) Finite element (FE) numerical mesh for a gantry boom and (b) its typical stress con-
tour results.

As both of Lagrangian and Eulerian methods have some shortcomings for real-world
dynamic simulations of large structural systems, alternative hybrid techniques have also
been developed [11-15] that combine the best features of both the Lagrangian and Eu-
lerian approaches (arbitrary Lagrangian—Eulerian, ALE; mixed Lagrangian-Eulerian,
MiLE; multi material ALE, and so on). In these hybrid techniques, the grids of the com-
putational mesh can move with the material deformation (in a Lagrangian fashion), or be
fixed (in Eulerian manner), or even move in an arbitrary way to give a continuous rezon-
ing capability. For the problems with moving and interfacing boundaries (e.g., a high
sided vehicle, “HSV”, moving under a large gantry), different numerical approaches have
been proposed to trace the boundaries during the simulation [16-18]. More detailed
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discussions about conventional discretization and solution techniques can be found in the
engineering textbooks [10-18].

3. New Zonal Concept and Mesh Interfacing

One of the main concerns for the conventional simulation techniques is how to rep-
resent changes of mesh and domain boundaries for the dynamic systems (e.g., moving
objects, extension of domain, and cracking) to define the consequences of these changes
on the solutions. The concepts of dynamic and evolving domain (internal and external)
and its discretization techniques have been developed recently [19-21] to overcome nu-
merical problems related to the continuous evolution of numerical domains. The transient
nature of some numerical domains (e.g., moving vehicle under road structure) and its
continuous changes/expansion have conventionally been handled using either element
birth and death approach or the splitting of element layer at the stationary-moving inter-
face. However, the newly proposed approach would treat the changing/evolved parts of
the domain as a dynamic zone that can move/evolve in a predefined or calculated manner
(e.g., movement of a truck under a gantry on a slow lane). These generated dynamic zones
would be attached to the main domain through smart overlapping boundaries.

As the generated zones (or sub-domains) are interfaced into the main domain, a com-
prehensive mapping procedure (including nodal condensation, energy transfer or propa-
gation interface, and so on) would be applied to the hybrid domain to handle the new
material/energy input. The dynamic single/multiple zones can be stationary or moving
depends on requirement of numerical model for the design process (e.g., passing of HSV
or trains under a gantry structure). Figure 2 shows a digital model of a truck within a
moving zone along with a portal gantry model and its meshing setup, as well as buffeting
of HSVs' fatigue-scenario arrangement under a gantry structure.

(d)

Figure 2. (a) CAD models for a typical high sided vehicle (HSV); (b) gantry structure (stationary zone); (c) overlapped
discretized numerical domain; and (d) HSVs’ arrangement for fatigue assessment scenarios with three moving zones.

As the numerical solution is performed on a full parallel-processing machine, multi-
ple instances of the same solver (or alternatively different solvers) can be employed for
the main domain and multiple zones, independently. The generated zones can gradually
join the main domain (and become a part of main domain) or stay independent for further
processing as the changes within the zones (i.e,, movement, nonlinearities) come to an
end. As shown in Figure 2a, the virtual porotype of a typical HSV can be placed with a
dynamic moving zone for passage under a gantry model (defined as stationary high-
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resolution zone) and the HSVs’ fatigue passage scenario can be performed using three
vehicle zones and a single stationary zone.

New zones and their associated mesh/grid are generated and moved during the sim-
ulation within the main numerical domain to capture the dynamic nature of the engineer-
ing system. As the generation of new material/energy within the dynamic domain pro-
duces numerical instabilities, it is essential to distribute the physical effects of new entries
through balancing schemes [19]. Different types of material/energy evolution within the
numerical domain can be perceived for dynamic engineering systems; namely, internal
moving (e.g., vehicle movement) and evolving zones with different sources of energy
sink/sourcing within the domain (kinetic energy during passage). The new concepts of
dynamic zoning and finite local/global zonal systems can promote new generation of sim-
ulation techniques for dynamic engineering systems. It can also have an effect on reducing
the field study costs as well as CPU (Central Processing Unit) time for the design of com-
plex systems within mobility applications. The effect of propagation from local zone into
global domain (e.g., vehicle buffeting pressure-wave propagation) and balancing/opti-
mizing of computing power between stationary and moving zones can be accommodated
into the simulation framework, as can be seen in Figure 3.

Finite Zone Routine

- N
. . Base Zone Dynamic Dynamic
Simulation (e.g. main numerical ] [Aﬂacr{ed TariEs Movi);\g TS

Numerical
Solver Unit
Controller Unit domain )
(e.g. CPU & storage N

controller)

(e.g. Euler\Lagrange
solver)

Material Data | Geometry Data | Evolution Scenario | Data Processing | Interfacing

[ Central Controlling Unit (in-house code)

(e.g. attached (e.g. internal moving (e.g. un-conformal Balancing :
external zones) grid) grids) Routine Routine

Finite Zone Computational Framework

External Internal Grid-to- Mapping & Zone_ Dynamic Zone
[ Interfacing Unit } [ Grid Routine } [Condensation Unit Computational D);scretisation

Interfacing / Mapping / Management Unit Zonal Computational Routine |

Figure 3. Components of dynamic finite zone computational framework and its central unit.

4. Overlapped Discretization Concepts

Today’s simulation technologies are able to virtually examine a wide variety of de-
sign scenarios for complex engineering applications. These novel capabilities pose new
challenges to the practice of conventional design that can only be met when the design
and scenario-driven simulations are integrated. The design modification cycles can be
sharply accelerated using these CPU-efficient virtual tools. The aim of this section is to
present some new concepts for the next generation of discretization and solution tech-
niques.

4.1. Multiple Grids Concepts

The conventional discretization of complex geometries to consider simpler elements
and approximate the underlying physical variations within the element has long been es-
tablished. Although the direct discretization of numerical domains using two layers of
partitioning, which include initial meshing of domains and secondary partitioning for
parallel-processing, are typical practices among design engineers, the computational effi-
ciency of the scheme is under scrutiny. To manage the numerical discretization of the
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engineering system in a more efficient manner, the concepts of overlapping/isolated zones
having “actual” and “potential” grids are introduced [19]. Based on the evolution scenario
within the numerical domain (e.g., passage of vehicle under a road structure), a zoning-
plan for the numerical domain is defined and each zone is coded with a specific status
number. These zones can be defined as main, void, partial overlapping, full overlapping,
and high resolution zones, among others, which interact with each other. In the next step,
discretization of individual zones is carried out based on their specific requirement (con-
tinuous, meshless, particle, and so on) and, depending on the defined scenarios, the actual
and potential interface grids are defined. These grids are assembled into a finite zone sim-
ulation system using various types of interfaces (active and passive interfaces) to be sent
to the parallel computational solvers. Different instances of same and/or different solvers
would be employed on different zones and an appropriate number of processors is chosen
for each computational zone to achieve the best computational balance (minimum waiting
time).

For complex design scenarios, a smart auxiliary virtual unit would also be employed
where Al and ML technologies are mobilized to reduce the number of design cycles in
high resolution zones (e.g., detailed design zones within the main numerical domain).
Figure 4 shows the schematic architecture of the numerical system with its component
units.

/ Finite Zone Framework \

[ Expected Evolution Scenario J

Smart Virtual
System Tool

Employing Al &
ML technologies
for data-driven
optimisation of
design cycles,
controlling
dynamic
interfacings and
running predictor-
corrector loops

>

[ Zone Partitioning & Smart Discretisation

Hybrid Interfacing, Condensation Dynamic Partitioning for
and Mapping Balanced Parallel Computations

K [ Solvers Commissioning | Coupled\Sequential ] /
a
— F

Figure 4. Schematic architecture of finite zone computational system. Al, artificial intelligence;
ML, machine learning.

4.2. Numerical Stability

The discretization of the domain and its multi-zones have to be managed in a numer-
ically efficient manner to avoid numerical instabilities and excessive iteration. For the sim-
ulation of engineering systems with internal zones (i.e., fatigue prone zone), the high res-
olution zonal grid interfacing technique can be employed and zonal discretization with a
dynamic grid-to-grid interface (GGI) can be implemented. The dynamic mapping of zones
into the main domain is performed by considering a void zone (VZ) concept. The new
concept of a VZ creates a virtual zone within the domain, which replaces the actual zone
to exchange the variables at zone boundaries. Different methodologies are used for the
mapping scheme; namely, direct mapping to the zone boundaries or indirect mapping
through overlapping of the zone grid with VZ mesh. Figure 5 shows some partial and full
overlapping grids for simple 2D numerical domains [22].
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(b)
Figure 5. Zonal concepts for (a) partial and (b) full overlapping grids.

The multi-zone simulations are developed within this framework, where physical
phenomena at different scale/resolutions (e.g., micro-cracks and fatigue) can also be han-
dled using continuous and discrete high-resolution zones. For the discrete approach, the
physical phenomena at high resolution are simulated at discrete points (gauss integration
points in FE, among others) using lattice/structured grid and the results correspond to the
higher scale grid. While for the continuous technique, full or partial overlapping zones
can be employed in several layers to bridge the scale/resolution within the numerical do-
mains. In Figure 5b, simple overlapping 2D meshes are outlined, where the concept of VZ
is initially used to define the high-resolution area and its boundaries. The introduction of
a second overlapping high-resolution zone is carried out using the balance material/en-
ergy initiation scheme, where the distribution of material and energy through boundaries
is carried out [22].

5. Fast Solver Technology

The concept of finite zoning and advanced interfacing techniques has already been
presented in the previous sections. However, without a fast and efficient numerical solver
technology that can dramatically reduce the computational time, the proposed virtual de-
sign system would not be able to deliver an optimum mechanical design in a practical
time frame. This section highlights a brief description of the development and adaptation
of the novel spectral-Eigen technique [23-28] for the introduction of a new solver technol-
ogy in design of infrastructure systems. The technique has been developed to accelerate
the computation of damped dynamic responses of large systems.

5.1. Complex Damped Spectral Solver

The frequency-domain damped spectral Eigen element approach, which has already
been developed for vibrational analysis [23-28], benefits from the speed and accuracy of fast
Fourier transform (FFT) and the fractional derivative damping models. The technique has a
fundamental difference from FE method, where exact wave shape functions are used for
element formulation instead of simple approximate shape functions in the FE method.
These exact shape functions are used to formulate spectral elements, which can also be used
to find the natural frequencies and mode shapes of structures. Although many parts of the
technique have been presented extensively in previous publications [23-30], some extended
parts are represented here to elaborate on the efficiency of the method for damped vibrating
systems. Consider a simple case of a beam with pinned joints, as shown in Figure 6.

y

Figure 6. Simply supported beam.
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The spectral solution for the flexural vibration of a beam can be assumed as [23-26]
,(x) = A e n* 4+ B e~*n¥ 4 C,e"nll~%) 4 p e~*n(L=X) (1)

where k is the wavenumber. The boundary conditions at each frequency steps are

x=0,L - @=0 ()
a*a
x=0,L - El—=0=0 ®)
which gives the four conditions in sine and cosine format as
A+C=0
AcoskL + BsinkL + CcoshkL + DsinhxL = 0
A-C=0 @

—AcoskL — BsinkL + CcoshkL + DsinhkL = 0
It can be seen that A=C =0, and

[ sinkL sinhKL] [g] -0 (5)

—sinkL sinhkL
As the hyperbolic term is zero, only when x L =0, then

1

A4
SinKL = 0 Ed KL =Nnmw - 1/0) I:I;_I (6)
2.2 El 1
n-m 2
= = — 7
L=nt > w="7 (pA) @)

which gives the exact solution for the spectral Eigen frequencies of the beam element. An
interesting point here is that, as the spectral solution uses an exact stiffness formulation,
there is no limit on the frequency resolution. This exact solution of the governing differ-
ential equation of motion gives an infinite number of discrete resonant frequencies (n =1,
2, 3...) using a single spectral element. To assess the efficiency of the spectral solution,
consider a conventional FE numerical model of a beam based on an approximate interpo-
lation shape function. The displacement, stiffness, and consistent mass matrices can be
written as

_ [64]. _Elpgz 212
[ul = ez]’ [K]_F[zL 4L2] ®)
PALT 412 32
- 9
Ml =20l 31 4L2] ©)

and for free vibration, the conventional FE Eigen equation of the beam can be written as

Elra 2 oPALr 4 —3116:1]_ 0

_= — w2 = = 10

{L3 S v R ]} [92] ol o)
The approximate natural frequencies can then be obtained by letting the determinant
equal zero, which gives

v120 |EI V2520 |EI
wl = —_— , CUZ = — _— (11)
L2 |pA L? pA

Comparing these two Eigen equations shows that the conventional FE method has
about 10% error for the first natural mode, and about 25% error for the second natural
mode (with a single element) compared with the exact solution (spectral Eigen solution).
It should be noted that, as there are two degrees of freedom for the FE model, only the
first two natural frequencies can be extracted in the conventional method, compared with
the infinite mode numbers/shapes that can be extracted in the spectral method (with a
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single spectral element). This is a basic novel concept for decreasing the number of ele-
ments (as well as CPU time, memory, and data storage) for large structural systems within
the next generation of simulation tools. The interest herein is in transient analyses of 3D
frame structures, which, as a starting point, consider the governing system of equations
for dynamic motion describing undamped free vibration of a three-dimensional structure
as

[K][u] + [M][i] = 0 12)
As the structure is in free vibration mode (harmonic motion),
u(t) = Ae™* - {[K] — w?[M]}u] = 0 (13)

which is a system of algebraic homogeneous equations where the non-trivial solutions
exist when the determinant of the coefficient matrix is zero. The determinant equation can
be written as [28-30]

(WY + 1 (WDVN T+ (N2 4+ ey =0 (14)

where N is the dimension of the system matrices and ci, cz... are constants. The roots of
this polynomial equation are the square of the natural frequencies. There are as many
frequencies as the order of the system equations. The natural frequencies and their corre-
sponding mode shapes (eigenvectors) can then be used to form generalised mass and stiff-
ness matrices for the coordinate transformation as

[K]v] + [M][¥] = [@]"[F] (15)

where[]? ], [1\7], and [F] are generalised stiffness, mass, and force matrices, respectively.
The system would then be uncoupled and each equation would be similar to that for a
single degree of freedom system. As all real structures have some type of damping (vis-
cous, hysteretic, coulomb, and so on) and the damping is usually small, then certain sim-
plifying assumptions can be made in the conventional FE method as [8]

[K1[u] + [C][u] + [M][i] = [F] (16)

where [C] is a damping matrix. The spectral solution for the equation of motion can be
presented as [30]

u(x, t) = Z 0, (x, w,)et@nt (17)

and the spectral representation for the time derivative as

ou 0dYi,e'wnt

—= = Yiw,b,e'nt (18)
ot ot ZiconTh,
Then, the differential equation in spectral format can be rewritten as
. dil di L d*i ) . _ . ai .
Uy + ¢4 d_xn +c d_a: + cyiwylly, + c5 Wzn + ¢, (iwy)?dil, + cs(lw)d—xn+. .. } etont = (19)

After some mathematical manipulations, the equation can be written as

R di, d*i, (20)
Cy (x, wp) Ty, + Co(x, wn)a + C3(x, wn)W+ ...... =0
where coefficients Ci, Cz... are complex values. The summation of # frequency components
reconstructs the time dependency for the dynamic response. For a linear differential equa-
tion with constant coefficients, the spectral solution can have the form C e where k is
called the wavenumber and can be obtained by solving the characteristic equation. The
complete spectral solution of any differential equation can be obtained by the summation
of the modes for each of the frequency values [30], as follows:
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u(x, t) = Z (Cipet™ ™ + Cype™en*+ ... Cppn e Fmn¥ )glent (21)
n

Now, consider the equation of motion for a damped large structural system as [8]
ku + cu + mii = F(t) (22)

The general solution of the homogenous form, F(t) = 0, of this equation can be found [9]
as

u(t) = e~ 9ubt (¢ e7iwat 4 ¢ etivat) (23)

where w, = \/E is the undamped natural frequency, w; = wy/1— {2, and { =c/2mwo. If

m

the general time history dynamic load is written in the spectral decomposition format as
N-1_
F(t) = z Fne+l(unt (24)
n=0
the response of the system can also be decomposed as
N-1 )
u(t) = Z 2, e tiont (25)
n=0

where F, and 1, are the unknown force and displacement amplitude spectrum and N is
the number of frequency components. The governing equation of motion for a dynamic
system can be written in spectral format as

N-1 _ . N-1_
E k,ii,etnt = E E,et@nt (26)
n=0 n=0

where k, is the dynamic stiffness term. As this equation should be true at any frequency
and time, after removing the summation, the equation can be solved using conventional
assembled matrix algebra. A more comprehensive discussion about the fundamentals of
the complex spectral technique can be found in [23-30].

5.2. Numerical Damping Models

This part of the paper presents a methodology to incorporate damping into the exact
spectral-Eigen method. The fractional derivatives damping models have already been de-
veloped [31] to model the material intrinsic damping as well as damping devices in engi-
neering systems. One of the simplest fractional derivates damping models [26] has been
incorporated into the spectral element technique for transient analyses herein. Consider
the governing differential equation of motion for a simple element as

d*a
234 —
W +w i =0 (27)
where A=p/E. The damped form of the equation can be written as [28]
d*a
— + w*A(iw) = 0 (28)
dx
where, in this case, A(iw) = ﬁ. The only change that occurs in the spectral relation for
the damped element is
1 fractional 1
Ke = t0()Z  ————— > Ky = tw[A(iw)]2 (29)

where subscripts ¢ and f represent the conventional and fractional derivative module
cases, respectively. The following spectral relation is given when the fractional derivative
constitutive relation is employed:
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1
1+ a(iow)?)p]?
s = | (LHAUL) (30)
e+ f(iw)¢
and the fractional derivative element shape function can be written as [23,28]
sinks(L — x) sinksx
a0 = (—F—2) o, +(—L )1, @31)
sinksL sinksL

Thus, the dynamic stiffness matrix, which includes the fractional derivative damping
modulus effects, is

[ KfL —KfL
_ 't tan(kyL) sm(ich)|
Bl =1 —L ol | (32)

lsm(KfL) tan(lch)J

An important point here is that the dynamic stiffness matrix includes the damping effects;
therefore, there is no need to assemble an individual numerical damping matrix for the
structure. For the more general case of viscoelastic material damping modelling, a sim-
plest conventional constitutive equation that adequately describes the infinitesimal defor-
mation of a viscoelastic body can be written as [27]

©  dnrg(t) o d™e(t)
o 33
Zn Ou” dtn Zm qu dtm (33)

where u, and g, are constant coefficients. The stress and strain in this form are related
through multiple derivatives in time. One of the advantages of the spectral method is that
time-dependent effects can be easily incorporated into the formulation. The spectral form
of Equation (23) is [30]

[Z:;Oun(iw)n] 6= [Zzzoqm(iw)m ] é (34)

or it can be written in simple form as

o Zhmo (i)™ )
Ln=o Un (i)™
which is the viscoelastic form of the linear-elastic constitutive relation. The more familiar
form of the viscoelastic behavior that adequately describes the infinitesimal deformation
of a viscoelastic engineering systems has been proposed as [27]
do de

= _ 36
a+adt b£+cdt (36)

where g, b, and c are constants. This linear differential equation can be expressed in frac-
tional derivative form as

o) + Z _ aiDM[o(6)] = ee(t) + Z f,Di[(t)] 37)

where a;, b;, ¢j, eo, and fj are model parameters. As previous experimental tests [31,32] indi-
cate that most viscoelastic materials can be accurately modelled using only the first frac-
tional derivative term in each series, the result is a five-parameter model expressed as

o(t) +aD?o(t)] = ee(t) + f D¢[e(t)] (38)
Taking the Fourier transform leads to

G(iw) + a(iw)? 6(iw) = e é(iw) + f(iw)¢ é(iw) (39)
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where the time variational terms are formulated in the frequency domain instead of a
direct formulation in the time domain, and 6(iw) and &(iw) are the stress and strain his-
tories in transform coordinates. The more familiar relationship between stress and strain
can be obtained by rearranging as

nr et flw)
O'(la)) = 1+a—(la))b 8(l0)) (40)
which can also be written as
~ ~ + f(iw)€
50) = B@E), Bw) = L )

which is similar to the conventional o= E¢ for elastic materials. However, in the fractional
derivative model, the modulus is complex; frequency dependent; and, most importantly,
a function of fractional powers of frequency.

6. Mechanical Systems—Case Study Application

The basic concepts of dynamic zone techniques using partitioning, meshing, and in-
terfacing have been briefly presented in the first part of the paper. In this part, the appli-
cation of the technique for the optimum design of road/rail structures is presented. The
real-world case study of a large road gantry design including its vibrational and fatigue
behavior was investigated. Large gantry structures experience cyclic pressure waves un-
der wind gust and vehicle buffeting loads, which have to be taken into account for their
design. The external air flow over HSVs generates aerodynamic pressures, which would
affect the dynamic and fatigue performance of the large highway structures.

6.1. Moving Zones—CFD Application

The CFD technique has been broadly used in the last fifty years for the fluid and
fluid—structure interaction problems. Predictions of the fluid motions around structures
along with the pressure wave generated by moving objects are crucial for the design of
engineering systems (fluid—structure problem) in many branches of engineering. Until re-
cent decades, only the wind tunnel and full-scale field studies could represent the service
life conditions for the fluid-structure interactions and fluid dynamics around large struc-
tures. However, with the rapid developments of advanced numerical techniques, includ-
ing the expansion of computational power and parallelization, sophisticated pre- and
post-processing capabilities, and more efficient algorithms, CFD becomes a viable tool for
making numerical simulations of complex geometric fluid—structure interaction prob-
lems.

Large space structures like road/rail gantries may be subject to vibrational resonance
owing to aerodynamic effects from environmental wind (gust effects) and/or HSV buffet-
ing. In addition to ultimate strength and static/dynamic forces considered for the design
of these vital structures, there are also other dynamic effects like fatigue service life that
need to be considered in the design. These dynamic considerations can be characterized
into two major effects: firstly, it can induce significant fatigue effects through large cyclic
stresses, which have to be considered to avoid premature fatigue failures during expected
life; secondly, it can have excessive vibrational effects and resonance (flexural and tor-
sional), which can either cause structural and equipment damages or prevent/reduce their
service functionalities.

The simulations of moving objects/zones within numerical domains that include
fluid and solid boundaries have always been a challenging task among scientist and prac-
ticing engineers. The motion of a virtual vehicle under a solid/flexible gantry model needs
to be accurately modeled to generate an appropriate dynamic pressure wave for the de-
sign. Some early aspects of the advanced zoning technique have been developed recently
to overcome numerical problems related to continuous motion/generation of objects
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within a numerical domain [19]. The dynamic nature of the numerical domain in these
simulations has conventionally been ignored or modelled through some pseudo-static
techniques. However, using the efficient interfacing technology and the advance grid to
grid interface, the movement of the vehicle zone against the stationary gantry zone (within
the main atmospheric domain) can be simulated for road/rail structure application. The
standard formulation for the conservation of the variable (¢) for a control volume V with
moving boundaries is [33-36]

d
= Vp(pdV + fava(u —uy).dA= [ I'Vp.dA +st¢dV (42)

where p and u are the fluid density and velocity, respectively, and u; is the velocity of
moving interface. The time varying conservation term in Equation (42) can be numerically
calculated using the backward difference method as

d _ (peV)™1-(poV)"
Sy pedV =————— (43)

and the change in the control volume during the simulation can also be written as
- W ope = = f
V=V AL =V ([ U - dA) At =V + (T A7) At (44)

where A; is the face area vector and fis the number of faces on the control volume. More
comprehensive discussions about the conventional moving mesh theory can be found in
[36,37]. Among dynamic mesh methods, the moving finite volume method [10,18] and the
moving finite difference method have attracted considerable interest for dynamic simula-
tion in recent years.

To start the building of a numerical domain, the digital geometry of the gantry struc-
ture (high resolution zone) and part of the road along with the geometry representing the
external vehicle boundaries (moving zone) and its surrounding atmospheric environ-
ments (main domain) can be generated. Figure 7 shows the initial CAD model of a large
portal gantry along with HSV and its track under the gantry.

Figure 7. CAD model of HSV (moving zone), portal gantry (high resolution stationary zone), and
zonal evolution track (lane in a carriageway).

6.2. Buffeting Simulations and Verifications

The size of pressure waves generated by the passage of HSV depends on the size,
speed, and aerodynamic properties of the vehicle, as well as the geometry of the gantry
structure and clearance between the structure and vehicle. The dynamic response of a
gantry structure to a pressure wave can be evaluated using full-scale field measurement.
Alternatively, a carefully-setup downscaled wind tunnel test can also provide data for the
size and trend of dynamic pressure exerted on the gantry structure during the passage.
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Neither of these methods are a financially feasible technique for design data generation
considering a wide variety of vehicle types/sizes (truck, buses, double-decker buses, and
so on), their aerodynamic properties (with/without air deflector, among others), and
speeds.

In addition, after calculating the pressure waves, dynamic and fatigue analyses of the
large gantry structures have to be carried out using solid mechanics techniques. Tradi-
tionally, it has been accomplished using the history-based FE method, where time transi-
ent linear/nonlinear simulation of the structure is carried out at sequential time steps fol-
lowed by a fatigue assessment analyses. Although the application of the FE method to
structural dynamics and fatigue assessment is popular and successful, long computational
times are expected for transient simulation of large structures under pressure-history
loading. Hence, in the research work herein, a software code written based on the complex
damped spectral Eigen technique (CDSET) scheme, which has been presented in the pre-
vious sections, is employed. The technique is concerned with the synthesis of waveforms
from the super-position of many frequency components. It is based on the exact wave
solution of the governing differential equation for the dynamic motion of structures. How-
ever, it differs from the classical FE method because it uses fast Fourier transform for con-
version purposes.

To start the vehicle buffeting investigation using the finite zone technique herein, it
is essential to carry out a verification study to validate the reliability and accuracy of the
results. A 3D verification case study was proposed to verify the results of developed
multi-zone CFD simulation compared with the results of full-scale field studies as well as
basic physical principals of fluid-structure interactions. In the study herein, the reported
measurements for full-scale field study of a HSV under cantilever mast [38] were simu-
lated using the multi-zone CFD technique. A HSV vehicle-zone model along with a model
of a signal box as well as atmospheric environment (main domain) were developed and
exported to the solver for vehicle buffeting analyses. Figure 8 shows the field-study details
including a cantilever mast, signal box, and HSV vehicle.

(©)

Figure 8. (a) Filed study setup (HSV and signal box cantilever gantry, [38]); (b) simplified HSV model with its signal box;
and (c) snapshots of HSV passage simulation under the signal box.
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The identical speed of the vehicle and the positions of measurement points above the
centerline of the vehicle are chosen to simulate the replica of the field study data. A three-
dimensional geometry model of the simulated test is also shown in Figure 8, where the
geometry of the cantilever is neglected because of its minor effects on the generated pres-
sure wave. The overall dimensions of the HSV are taken into account for the 3D geometry
model, although the detailed shape is not identical to the real HSV. The movement of the
HSV within the simulation domain (within atmospheric condition with air at 25 °C) and
its pressure contours variation on signal box are also shown in Figure 8.

The generation of the dynamic pressure wave on the signal box was calculated in the
multi-zone CFD domain using the motion of the HSV zone against the main fluid domain
(atmospheric air), while the signal box zone is assumed to be stationary. The variations of
peak pressure with height above the centerline of the HSV are shown in Figure 9a for
measured field-study and zonal-CFD simulated results. Figure 9b also shows the simu-
lated time-history pressure variations for different points above the centerline of HSV as
it travels under the signal box. The positive pressures increased as the front of the HSV
approached the signal box, while a pronounced suction was generated as the leading edge
of the trailer passed beneath the box. This was followed by a decrease in the suction as the
rest of the trailer passed beneath the box.
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Figure 9. (a) Comparison of average peak pressure results for field study and computational fluid
dynamic (CFD) zonal simulation and (b) calculated time-history pressure records at different
height above the HSV.
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A small negative pressure was then generated by the wake flow bubble behind the
trailer. The amount of peak negative pressure generated during the passage scenario de-
pends on the height of the calculation point above the centerline of HSV, with greater
suctions closer to the vehicle. The comparison of the simulated and real world field-study
results shows a very encouraging trend, where the new multi-zone CFD simulation tech-
nology prompts a real alternative for the expensive filed-study and wind tunnel experi-
ments. In the work herein, a couple more verifications were carried out (not reported
herein because of space limitation) and the simulation results were scrutinized using
available experimental as well as basic fluid-structure theories. The CPU time for the
above-mentioned simulation with three different zones and four available parallel cores
was reported as 11,850 s (over three hours of CPU time) by the solver.

7. Design Applications

Some new algorithms as well as novel computational approaches have already been
developed by scientist and practicing engineers to improve and optimize the design pro-
cess across the board. However, owing to complexity, computational time, and interfacing
obstacles, many of these modelling techniques have not been mobilized within the main-
stream engineering design firms. Hence, with a carefully-designed framework, it is possi-
ble to combine these state-of-the-art technologies (i.e., finite zoning, advance meshing,
novel solver techniques, and so on) to reduce the required design time/cost and accelerate
the use of efficient virtual tools.

7.1. Design Rules Implimentation

To investigate the feasibility of innovative design (and design rules) for new road/rail
structures, a series of comprehensive simulation scenarios were carried out to establish
the dynamic and fatigue design rules. Hence, the environmental wind gust and buffeting
effects of HSV were considered for the design of large portal gantries. Initially, the results
of a comprehensive field-study [39] were used to verify the outcomes of the new simula-
tion system for the large portal gantries. Full-scale field study data were collected using a
full set of measuring devices (pressure and height sensors, ultrasonic anemometer, and
video cameras) to record the physical quantities during the passages of HSVs under a
large portal gantry. Figure 10 shows the real-world gantry structure, where the pressure
waves were measured at different heights above the HSV in the slow lane as well as the

virtual CAD model (vehicle, gantry zones).
s

(a) (b)

Figure 10. (a) Typical passage of an HSV under portal gantry for field study [39] and (b) CAD model of HSV and partial

gantry boom.

For the zonal-CFD technique, the geometry of the HSV was simplified and the gantry
legs were neglected owing to minimal effects on the buffeting results. The far-filed gantry
boom over the opposite traffic lanes was also modeled because of its negligible pressure
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effects (for CFD simulation, not for vibration simulation). The surface geometry of the
simulated HSV developed in earlier stages was imprinted in the moving vehicle zone and
the height of the vehicle was adjusted to 4.4 m. The partial 3D geometry model of the
gantry boom includes the traffic signals and a large traffic sign, which were modelled to
resemble the field study conditions. Both HSV and gantry zones are imported into main
fluid domain (air at 25 °C) using appropriate coordinate system. The discretization of the
main domain as well as moving/stationary zones were carried out using advanced mesh
control routines to create finer mesh zones for the areas of interest in the domain (top of
the HSV and area around the gantry boom).

The numerical simulations of HSV passage under the virtual portal gantry model are
shown in Figure 11a at different time steps. The variations of peak calculated pressure
against the height above the centerline of the HSV and its smoothed design graph are also
shown in Figure 11b.
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Figure 11. (a) Snapshots of HSV passage under gantry boom, (b) calculated time-history pressure results, and (c) calculated
peak pressure and its smoothed design curve.
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7.2. Hybrid Modelling — Genetic Algorithm Regression

New hybrid physical-data driven modelling schemes have steadily been developed
over the last three decades and the use of machine learning (ML) and artificial intelligence
(AI) technologies has increasingly been promoted in engineering analyses and design rou-
tines. The power of hybrid modelling for engineering problem-solving routines is becom-
ing ostensible for many branches of engineering including structural analyses and design
procedures. These modelling and design techniques share the same fundamental propo-
sitions, namely faster and more accurate modelling and the ability to dynamically change
the rules using new data. The source of engineering data for economical and efficient de-
sign is growing broader by the introduction of experimental, field study, and simulation
data along with smart fitting and extrapolation power of data-driven technologies.

For the design of large infrastructural systems, ML and Al are employed as algo-
rithm-based and data-driven schemes, which can be combined with physical analytical
and numerical schemes for better optimization and problem-solving capabilities. For
these applications, the hybrid models can be categorically grouped into different groups;
namely, auxiliary, augmented, full, and dynamic hybrid models, where different optimi-
zation applications can be handled using an appropriate type of a hybrid model. While
for auxiliary hybrid models, parameters in the physical/empirical models are function-
fitted using ML and Al tools, in the case of augmented hybrid models, physical models
are augmented with terms/parts derived by function-fitting features of ML and AlI tools.
For the full hybrid models, data trends from ML and Al can be used along with physical
laws to derive the hybrid model. Finally, in the case of trained (or dynamic) hybrid mod-
els, existing hybrid models can be subjected to further ML and Al tools for improvement
and updating (based on new data).

As these techniques are improving and attracting more research into their effective-
ness, the drive towards greater scrutiny and examination of the scheme for wider appli-
cations in engineering design routines has been raised. These emerging applications can
have a great potential for the future of the design of complex systems and their sub-sys-
tems, where it can save time and efforts during the design process along with more pre-
dictive power for the response of the final engineering system. On the other hand, differ-
ent machine learning schemes have been developed as a part of general data-driven mod-
els, which can handle data classification and pattern recognition. As machine learning al-
gorithms require accurate and reliable data (a sufficient volume of data) to train and learn,
experimental, simulated, and/or mined data should be provided for design purposes.

Genetic Algorithm Symbolic Regression (GASR) characterizes a data processing
scheme where measured or calculated data can be fitted by a suitable mathematical for-
mula (from different family of functions, operators, and so on) using genetic and/or evo-
lutionary algorithms. The GASR technique has been gradually developed for computer
implementation in recent years and some computer tools are already available based on
GASR technologies. HeuristicLab [40] is one of the open/source academic software tools
that have been developed to deal with a variety of data-driven modelling problems. It is
prominently useful for problems where computational simulations are combined with
optimization and design features within structural engineering projects. In the work
herein, the simulation scenario table was set up to define design graphs based on various
vehicle speed and distance between vehicle and gantry for roadside structural design us-
ing optimized data. The simulation-based data optimization procedures were performed
to find symbolic functions for maximum generated pressure during passage. A multi-di-
mensional search space based on two defined variables and HeuristicLab software (based
on genetic algorithm symbolic regression technique) were used to derive appropriate de-
sign functions.

A scenario table was defined for the maximum pressure wave calculations based on
varying vehicle speeds and gap distance between the vehicle and gantry structure. Table
1 shows the scenario table for the numerical simulations, where different scenarios based
on speeds of vehicle passages under the gantry and the minimum distance between the
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top of the vehicle and road gantry structure are defined. For the data handling and post-
processing of the maximum pressure data, the GASR technique was employed. Figure 12
shows the symbolic regression process and its functional results along with design curves
for vehicle velocity and gap distance variables. The resulting data-driven function was
then employed to define the design curve for the maximum pressure exerted on the gantry
boom. The fatigue vehicle setup shown in Figure 2d was finally used to create the possible
vibrational resonance for the whole structural system, where fatigue service life can be
estimated.

Table 1. Scenarios table for different vehicle speeds and distances.

. VelImphl 15 59 30 40 5 6 70 80
Distance [m]
0.2 X x x x x x x x
0.4 X x x x x x x x
0.6 X x x x x x x x
0.8 X x x X x x X X
1.0 X X x X x x X X
1.1 x x x x x X x x
1.3 x x x x x X x x
1.6 x x x x x X x x
1.9 X x x x x x x x
2.25 X X X X x x X X
2.6 X X x X x x X X
3.1 x x x x x x x x
3.6 x x x x x X x x
4.1 x x x x x X x x
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Figure 12. (a) Graphical representation of the calculated scatter plot for genetically-driven function and its derivation tree,
(b) design curves for maximum exerted pressure in terms of speed and gap distance, and (c) resulting functional from
genetical algorithm symbolic regression for maximum pressure in terms of vehicle speed v and distance gap d.

The use of genetic algorithm symbolic regression has opened up opportunities for
generic development of design curves for cyclic loading of gantry structures in main
roads. It would also help to design a better configuration for commercial large vehicles
like trucks and buses based on their aerodynamic performance, which was a subject of the
large European project “Configurable & Adaptable Trucks and Trailer for Optimal
Transport Efficiency (TRANSFORMERS)” [41]. A more comprehensive discussion about
the regression technique and genetic algorithm can be found in [40].

7.3. Fatigue Life Assessment

In addition to ultimate static/dynamic forces considered for the design of highway
structures, there are other dynamic effects like fatigue that need to be considered. To de-
sign these vital structural systems for dynamic and fatigue effects, appropriate design
rules/graphs have to be defined for practicing engineers [42]. In the study herein, a com-
prehensive simulation scenario table was defined to take into account the shapes (truck,
double-decker bus, and so on), conditions (with\out air deflector, among others), and
speeds of HSVs for gantry designs. The results of this comprehensive verified study were
used to verify design rules for vehicle buffeting effects (e.g., British BD94/07 [43] code of
practice as well as interim advice note AN 86/07 [44]).

Different variations of HSV dimensions with different speeds were simulated to take
into account the size and shapes of real-world HSV traffic under the gantry. The variations
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of peak calculated pressure against the height above the centerline of the HSV were cal-
culated and its smoothed design curves are extracted. The dynamic and fatigue simula-
tions (using the spectral Eigen technique) of the gantries are then conducted based on
global and local analyses concept using the prescribed multi-resolution zonal technique.
Figure 13 shows the global spectral Eigen model of two gantry systems with and without
traffic signs/boxes along with their mode shapes.

The global dynamic analyses can initially be performed using the damped spectral
Eigen technique for buffeting and gust pressure wave loading conditions. The calculated
stresses on the gantry members and joints are post-processed to flag out the areas prone
to fatigue failures. The local fatigue analyses were also performed using the high-resolu-
tion zonal technique to calculate the stress cycles and fatigue life, where 3D-detailed shell
models of the members/joints were created using high-resolution mesh. Figure 14 shows
the global CAD geometry model along with the 3D-detailed computational model (high-
resolution zones) of the high-stress zones for the fatigue life assessment.

(d)

Figure 13. Global model of portal gantry (a) without and (b) with signs\signal boxes, and (c) gantry mode shapes without
dynamic effects of traffic signs and (d) with traffic signs effects.
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7.4. Environmental Wind

To add the effect of wind gust to the fatigue calculation and assess the fatigue life of
structural joints based on combined stress ranges from vehicle buffeting and external
wind, the European standard [45] can be used to start the calculation. For structural joints
involving hollow cross sections, hot spot S-N curves from “CIDECT Design Guide 8” [46]
were used to start the fatigue assessment postprocessing routine. The total fatigue damage
due to a combined stress cycles (vehicle and environmental induced cycles) can be as-
sumed to be the sum of the damage due to each cycle. As the fatigue damage due to one
cycle with stress range “S” in most popular design codes is defined as 1/N times the total
fatigue life of the structure at the particular location\joints, the total sum of stress cycles
at different ranges (by linear Miner rules or rain flow counting scheme) can be used to
inspect the fatigue life by estimation of the number of repetitions “N” from the S-N curve.
Figure 14 shows the gantry structural joints and their FE simulations for fatigue hot spot
estimations.

L. .

(c)

Figure 14. (a) Local/detailed CAD model of gantry boom, (b) its high-resolution zonal stress results, (c) fatigue calculation
for baseplate welding, and (d) boom-leg joints.

Some initial assumptions can be made to start the fatigue life calculation under both
environmental wind gust and HSV buffeting; namely,

- For stress cycles below the threshold limit Aop, if all the stress ranges can roughly fall
below the threshold (no large stress cycles), it can be assumed that no fatigue damage
is considered to have been done in the joint zone (European standard [47] can be used
to define the Aop).
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- For the stress cycles with a stress range less than Aot it is assumed that stress cycles
can cause no fatigue damage and can be ignored (Aow can be defined as Ao = 0.549
Aop according to the European standard [47]).

- Forjoints with exposure to stress cycles larger than Aop, the damage from all service
life cycles is summed. The damage from a cycle with stress range Ao is considered to
be 1/N (times the joint failure damage), where N is obtained from the S-N curve for
the joint.

The fatigue life calculation can then be performed for each structural joint based on
its own S-N curve. To account for the number of stress cycles for environmental wind

gust, let us consider the equation [45]

AS/Sk = 0.7 - (log(N,))2 - 17.4 - log(N,) + 100 (45)

where AS/Sk is an effect from gust wind loading as a proportion (generally in percent) of
the effect of the 50-year peak wind loading (the 50 year return period wind gust), while
N, is the number of times that this effect is expected to be exceeded in 50 years of service
life (i.e., number of times a wind gust of each magnitude is expected to occur during 50
years). The pulse transient loading for these wind gust events can be defined using the 10
min wind mean speed according to the European standard [45]. The assumed gust pres-
sure can be a constant multiple of basic wind pressure for the full wind exposure (without
obstacles). A gust pressure factor of 3 can be used [45] for the gantry structure herein,
which implicates the wind gust speed of V3 times the 10 min mean wind speed. Figure 15
shows typical S-N curves [46,47] for the reference stress of Aoc= 100 along with a graph-
ical representation of the wind gust effect [45] and the cumulative 3 s transient pulse load-
ings for excitation scenarios.

The procedure for fatigue life assessment of the gantry systems for combined wind
and vehicle dynamic loadings can be summarized as follows:

»  Create digital geometries for both mechanical and CFD solvers (2D and 3D);

»  Perform the CFD simulations and calculate the resulting pressure histories;

»  Transfer the pressure histories to fast mechanical solver;

»  Perform initial spectral modal analyses to flag out vulnerable natural modes to wind
loading and vehicle buffeting;

»  Perform mechanical simulation for cyclic gust pressure waves (three cycles and three

HSVs) to excite the relevant modes;

»  Calculate vehicle buffeting stress cycles from ML-fitted design graphs for HSVs with
various speed/height and projected traffic data;

»  Inspect critical joints/locations, and calculate local “stress ranges” from transient me-
chanical simulations;

»  Calculate the number of cycles for wind gust from appropriate code of practice;

»  Use the relevant code of practice to find the “reference stress, Aoc”, a measure of the
fatigue strength, at each critical location;

»  Calculate the fatigue damage and fatigue lifetime at each critical location.
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Figure 15. (a) Typical S-N curves for fatigue calculation based on the European Standard [47] and
Cidect guide [46]; (b) transient factors for pulse loading pattern representing wind gust loading.

For large gantry systems herein, at each structural joint, the detail weld category
should be determined by looking up the relevant junction and weld type according to the
European standard [47]. In some joints, the detail category can be different on the two
sides of the weld and each welded edge shall get its own detail category. As the European
standard [47] suggests that loading conditions other than those defined in [45] may be
used, provided that an extra factor yr is applied to the stresses obtained, the factor can be
used to stresses resulting from vehicle buffeting. If the detailed category is divided by ywmt
= 1.1 according to [47] to obtain the reference stress Aoc at a joint location, an automated
fatigue calculation [42] can be performed by creating a joint specific S-N curve using as-
sumptions as [47]

. Aop = 0.737 Aoc ; Aor = 0.549 Aop;
e Starting point of graph as N = 1x10¢, Aor = 200 x Acc.

By introducing the alterative presentation of the S-N curve (in Figure 16a), the fatigue
damage can be calculated based on the stresses from the numerical simulation runs. The
detailed mathematical manipulation and automation processes for the calculation of fa-
tigue life are not presented here owing to the excessive paper length, and the research
work would be presented in a separate paper. Figure 16 also shows the in-house graphical
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postprocessing tool for the fatigue calculation, which were used for final fatigue life as-
sessment of large gantries.

1.0x10°

1.0x10*

1.0%10%

L.0=10° |

10x107

L.0x10%

Fataigue damage per cycle

1.0%107 |

o 1 2

3
Ac R / Aoc
@
DEFINING WELDS

Weld type Key Conventional Colour Map
Butt (full tration) [butt] Red
Coverplate (two parallel surfaces) [coverplate] Cyan

2-sided fillet | [fillet] | Blue

1-sided fillet [fillet1] Purple

(b)

Figure 16. (a) Fatigue damage alternative mathematical representation for detailed stress cycles;
(b) transient gust pressure loading pattern with structural response and results of graphical post-
processing tool [48].

8. Conclusions

The integration of design and simulation has been a long-standing open challenge
for scientist and practicing engineers in the area of complex engineering systems. In the
research work herein, conventional simulation techniques and their discretization meth-
ods were scrutinized and the application of the new dynamic zone method for the large
engineering systems was investigated. The technique has already made some design im-
pacts in which design rules were extracted from the large simulation scenario tables using
verified numerical results.

While in the conventional numerical techniques, it is hard to taken into account the
effect of dynamic changes and their propagation within the domain, an alternative dy-
namic zone technique can be employed. The introduction of virtual boundaries, mathe-
matical void zones, and genetic algorithm symbolic regression concepts can facilitate the
formulation of the next generation of numerical techniques for practical design applica-
tions. In the research work herein, it is intended to identify and formulate the necessary
vibrational aspects of the engineering system design and employ an innovative numerical
solver technique using the full-parallel processing scheme.
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In the first part of the paper, the basic concepts of the finite zoning technique and its
discretization/interfacing schemes were briefly presented, while in the later sections, the
faster spectral solver technology along with design-data handling using genetic algorithm
for the dynamic design of large gantry systems were shown graphically. As results of this
initiative research work, the combination of increasing available computational power
along with more efficient discretization and solver technologies and smart data-driven
and hybrid modelling can facilitate the future design of complex large systems under var-
ious external loadings. It can also be stated that, owing to extensive efforts required for
modelling and design of large systems, to enable a faster and more systematic design pro-
cedure, more advanced numerical simulation tools are required (e.g., digital twin and vir-
tual simulation-design tool).

On the other hand, the integration of the proposed simulation and design tools into
mainstream engineering design offices has to be taken into account when developing so-
phisticated numerical schemes. It is preferable to set up a stepwise scheme where every
step of the development can be customized/verified for more general application of me-
chanical design. The opportunity to investigate the consequences of the fatigue, obtained
using the multi-resolution zoning technique, on the design of road/rail systems will be
taken, and this will be the subject of a subsequent paper.
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