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Abstract

A minimal statistical equivalent for virtual public roads is developed for durability
simulation. The road is a primary excitation source for vehicle loads and fatigue,
but measured public roads are long, spatially uneven, and costly to use directly in
repeated simulation workflows. The central question is therefore how far measured
road data can be reduced while still remaining statistically equivalent to the original
road environment for the intended vehicle response application.

Statistical equivalence is interpreted as more than agreement in visual road shape
or in a single roughness descriptor. It requires preservation of the road statistics
that govern excitation relevant to response, including spectral content, nonstation-
ary roughness variation, localized transient events, and lateral surface structure.
Two modelling routes are compared. The Nonstationary Laplace route, denoted
NSL, represents nonstationarity implicitly through a compact stochastic descrip-
tion of road severity. The Wavelet Multi Component Reconstruction route, denoted
WMCR, separates and reconstructs topography, background roughness, transients,
and two dimensional surface content more explicitly.

The methods are evaluated through road statistics, reduced quarter car response,
and nonlinear full vehicle simulation in Adams Car. The results show that compact
statistical descriptors are useful for efficient virtual road generation, while localized
transient structure must be treated carefully when fatigue relevant response is the
target. A minimal statistical equivalent for virtual public roads should therefore be
defined jointly by road statistics and vehicle response equivalence, rather than by
compression, appearance, or average roughness alone.

Keywords: virtual road, road roughness, transient, wavelet, full vehicle simulation,
durability.
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IQR
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RMS
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List of Acronyms

First-order autoregressive model

Curved Regular Grid road format
Interquartile Range

International Roughness Index
International Organization for Standardization
Nonstationary Laplace

Power Spectral Density

Quarter Car

Root Mean Square

Stationary Wavelet Transform

Wavelet Multi Component Reconstruction
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Nomenclature

Road and Frequency Variables

U, v Longitudinal and lateral road coordinates

zi(u) One dimensional profile for road ¢

Z;i(u,vg) Measured surface at lateral track vy

2(u), Z(u,v) Reconstructed profile and surface

A, 1, Ng Wavelength, spatial frequency, and reference frequency

Compact Road Models

Q;, Pi Compact NSL and WMCR, parameter sets for road i
Cj, C Segment roughness coefficient and mean roughness level
wj, W Segment waviness exponent and mean waviness

T, UV, Gy Roughness intensity, variability, and persistence

Lse, Lt g Source length, target length, and compression ratio

WMCR Components

gi(u), ri(u), t;(u) Topography, roughness, and transient components
0%, Or, o} Geometry, roughness, and transient parameter sets
Wins Ay U Width, amplitude, and waveform of event m
Chg,ms Um Event background roughness and target position

Response Quantities

Dqc Quarter-car pseudo damage

Dror Total counted damage measure

f55 Total axial load in the front suspension strut
f6 Longitudinal load at the lower ball joint

f63 Axial load in the front anti-roll bar drop link
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1. Introduction

1

Introduction

1.1 Background

Virtual durability development increasingly relies on simulation rather than repeated
physical testing. In such a workflow, the road cannot be treated as a secondary input
or merely as a geometric boundary condition. It is one of the principal excitation
sources governing suspension motion, transmission of wheel forces, body vibration,
and the load histories that ultimately drive fatigue damage in structural compo-
nents [1]. The credibility of virtual durability assessment therefore depends not
only on the quality of the vehicle model, but also on how well the simulated road
environment captures the excitation characteristics of real customer usage.

Real public road use is broad, heterogeneous, and spatially uneven. During its ser-
vice life, a production vehicle may encounter highways, urban streets, repaired seg-
ments, coarse rural roads, joints, potholes, and other localized harsh events. These
conditions vary across markets, customers, seasons, speeds, and route compositions.
Even within a single road, excitation severity may change substantially with dis-
tance. Bogsjo shows that some road sections can dominate fatigue relevance despite
occupying only a limited part of the travelled distance [1]. Charles’ work on test
severity supports the same engineering concern from the perspective of measured
road environments [2]. The engineering challenge is therefore not to reproduce the
visible shape of a road, but to represent the excitation mechanisms that matter for
dynamics and damage.

From this perspective, the objective of virtual road modelling is not to generate a
synthetic curve that merely looks like a road, but to construct a minimal statistical
equivalent of the measured road environment. A statistically equivalent virtual road
is defined here as a compact representation that is efficient enough for repeated
simulation while still preserving the excitation characteristics of the measured envi-
ronment that matter for vehicle response.
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1.2 The Problem of Road Nonstationarity

Before introducing a compact road model, it is useful to clarify what is meant by
the road profile considered here. Figure 1.1 presents a conceptual decomposition
of a measured road centreline into topography, roughness, and texture. Topogra-
phy describes the slowly varying road shape. Roughness or unevenness denotes the
part of the longitudinal profile most directly connected to vehicle excitation and
is formalised in ISO 8608, Mechanical Vibration — Road Surface Profiles — Re-
porting of Measured Data [3]. Texture represents finer pavement surface features.
ISO 13473-1, Characterization of Pavement Texture by Use of Surface Profiles —
Part 1: Determination of Mean Profile Depth, defines macrotexture measures such
as mean profile depth [4]. ISO 13473-3, Characterization of Pavement Texture by
Use of Surface Profiles — Part 3: Specification and Classification of Profilometers,
specifies profiler requirements for pavement texture measurement [5]. The figure
is therefore used as a conceptual guide to the road content considered here, rather
than as a strict filtering procedure.

Road profile decomposition by scale

road profile measured centerline
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Figure 1.1: Conceptual road profile decomposition.

Within the roughness component of this decomposition, the longitudinal road profile
is commonly described through a spatial power spectral density of the form

n

Ga(n) = Galno) () , (1.1)
o

where G4(n) is the displacement PSD at spatial frequency n, G4(ng) is the roughness

coefficient at the reference spatial frequency ng, and w is the waviness exponent.

Figure 1.1 defines the conceptual road components used in the discussion, while
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Equation 1.1 and the schematic PSD in Figure 1.2 describe how the roughness
component is represented spectrally.

1ISO 8608 PSD
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Figure 1.2: ISO 8608 PSD representation for road roughness.

For virtual roads intended for durability analysis, the main difficulty arises in the
roughness range because real profiles are not spatially uniform. Measured roads
contain localized events such as joints, repaired patches, potholes, and other short
but severe departures from the background profile that are naturally interpreted as
transients. Bruscella, Rouillard, and Sek show that road profiles contain components
that should be separated before interpretation [6]. Johannesson, Podgérski, and
Rychlik provide the probabilistic modelling background for such nonstationary road
content [7]. For this reason, long measured roads are better viewed as nonstationary
processes: the local roughness level changes along the road, and so does the response
relevance of the excitation [1].

The literature also shows how road description has moved from stationary rough-
ness models toward response oriented and damage oriented representations. Early
random road studies established stationary Gaussian processes and PSD descrip-
tions as the standard language for roughness representation [8]. That line of work
was later consolidated in ISO 8608, which provided a common spectral framework
for reporting and classifying measured road unevenness [3]. Andrén then showed
how practical PSD approximations could support efficient engineering use of that
framework for longitudinal profiles [9]. In parallel, response linked indices such as
IRI became important because they reduce profile severity to compact measures
connected to ride response [10]. Rouillard likewise argued for using predicted ride
quality as a practical means of characterizing pavement roughness, reinforcing the
engineering appeal of reduced scalar indicators [11].

As attention shifted from classification toward durability relevance, the limitations
of purely stationary descriptions became clearer. Charles showed early on that de-
scriptions of the road environment for testing cannot be reduced to average severity
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alone when severe events govern loading exposure [2]. Bruscella, Rouillard and Sek
emphasized that measured road profiles contain localized features whose analysis re-
quires more than a single global roughness description [6]. Rouillard later proposed
decomposition of pavement profiles into a Gaussian sequence, which can be under-
stood as part of the broader effort to separate background roughness from localized
or non Gaussian content [12]. In work focused on durability, Bogsjo made the same
issue particularly concrete by showing that irregular sections may dominate fatigue
damage out of proportion to their road length [1]. Johannesson, Podgérski and
Rychlik then placed these observations in a unified probabilistic setting by compar-
ing stationary Gaussian, nonstationary Gaussian, and nonstationary Laplace road
models within one modelling family [7].

Taken together, these strands point to the main gap addressed here: compact rough-
ness descriptors and nonstationary modelling theory are well established, but prac-
tical methods for generating compact virtual roads that preserve localized structure
and are validated in a full vehicle durability setting remain less fully developed.

The usefulness and limitation of IRI can then be stated more precisely. As shown
in Fig. 1.3, IRI is defined from a standardised linear quarter car reference model
travelling at 80 km /h, so it is already a measure weighted by vehicle response rather
than a purely geometric profile statistic [10]. This feature makes IRI attractive in
pavement management and roughness screening. The vehicle model used in durabil-
ity simulation, however, is not a linear quarter car. Even within quarter car analysis,
nonlinear suspension and tyre elements improve response prediction relative to the
linear approximation, particularly for sprung mass motion [13]. IRI is therefore in-
formative, but it remains a heavily compressed scalar tied to one idealised reference
system.

m; = Sprung mass

m, — Unsprung mass

Kt — tyre spring rate

ks — suspension spring rate
¢s~ suspension damping rate
2(x) - longitudinal profile

mJm, =015 4
Kfm, = 853 [1/5] z
kJdm, = 63.3 [1/s7)
c/m, = 6 [1/s)

Figure 1.3: Linear quarter-car model used for IRI.



1. Introduction

Quarter-car damage filter gain
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Figure 1.4: Quarter-car force and damage weighting at 50 km /h.

The example frequency weighting for suspension force and damage using a quarter
car in Figure 1.4 explains why scalar roughness measures can be useful for screen-
ing: they do not treat all wavelengths equally, but emphasize the part of the road
spectrum that excites the quarter car response and contributes most strongly to the
damage proxy. At the same time, this filtering also shows why such measures cannot
solve the synthesis problem by themselves. They compress the road into a response
weighted indicator and therefore cannot describe where severe local events occur
along the road or how that severity should be retained in a reduced representation.

ISO 8608 goes further than IRI by preserving the spectral description of the pro-
file. This remains connected to the stationary random road tradition established
by Dodds and Robson [8]. ISO 8608 makes that spectral description a reporting
and classification standard [3]. However, a global PSD or roughness class does not
state where isolated severe events occur along the road. The texture standards
in ISO 13473 are not intended to solve that problem either. ISO 13473-1 focuses
on macrotexture depth and is explicitly insensitive to microtexture and unevenness
characteristics [4]. ISO 13473-3 addresses instruments for microtexture, macrotex-
ture, and megatexture and excludes road unevenness from its scope [5]. Conse-
quently, neither IRI, nor ISO 8608, nor texture descriptors by themselves ensure
that transient content is retained in a reduced road representation.

1.3 Implicit Modeling vs. Explicit Reconstruction

Once the nonstationary nature of road excitation is acknowledged, two broad techni-
cal routes emerge. The first is an implicit stochastic route, in which nonstationarity
is carried by the probability model itself rather than by explicitly listing every local
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defect. This is the viewpoint emphasized in Johannesson, Podgérski and Rychlik’s
paper on Laplace distributions, where stationary Gaussian, nonstationary Gaussian,
and nonstationary Laplace formulations are treated within one modelling family for
road topography and roughness [7]. In this route, the key modelling decision con-
cerns how the local variance or roughness level evolves as a random process. Be-
haviour that looks transient then appears through the stochastic structure rather
than being inserted one event at a time.

The second is an explicit route, in which transient content is added by construction.
In Bogsjo’s work on fatigue, irregular sections are first identified from measured
roads and then incorporated into new road models as explicitly inserted irregular
sections at random locations, precisely because those sections dominate damage
more than their road length would suggest [1]. Fauriat’s framework for simulation
differs in objective but is similar in spirit. Instead of relying only on a compact global
roughness description, it builds loads induced by the road from mathematically
constructed stochastic inputs for road topography and operating conditions, so that
variability is generated through explicit scenario construction and then propagated
through vehicle simulation [14].

These routes correspond to different modelling philosophies. The implicit route is
attractive when the objective is a compact stochastic description with a small set
of interpretable parameters. The explicit route is attractive when transient content,
localization, or constructed load scenarios must remain visible in the reduced rep-
resentation. Both aim at statistical equivalence, but they preserve different aspects
of the measured road and therefore lead to different synthesis strategies.

1.4 Scope and Contributions

The title phrase “minimal statistical equivalent” is interpreted as an engineering
target rather than as a purely mathematical identity. Minimal means that the mea-
sured road is reduced to the information needed for efficient virtual road generation.
Statistical equivalent means that the reduced road must preserve the road statistics
and response-relevant excitation needed for durability simulation, such that results
from a shorter simulation can be scaled to represent the full measured driving dis-
tance. Two methodological directions are considered for this purpose.

Throughout this work, road slope and curvature are not treated as modelling targets.
The measured roads are used after these large scale alignment components have been
removed, so the analysis focuses on the roughness and localized excitation content
relevant to the durability simulations.

The first contribution is an enhanced Nonstationary Laplace (NSL) framework. It
builds on the Laplace road profile modelling line of Johannesson and Rychlik, whose
work introduces Laplace processes for road profile description and connects this mod-
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elling line to practical roughness-based road identification [15, 16]. Bogsjo, Podgérski
and Rychlik further showed that Laplace excitation can represent road roughness
with stronger transient content than the classical Gaussian description [17]. Here,
NSL is developed into a complete synthesis pipeline with two baselines based on
IRI and a direct spectral roughness coefficient route. The comparison asks whether
compact descriptor statistics are sufficient when scanned road profiles are available,
or whether local structure critical to response is lost when the road is represented
mainly by segment statistics [3].

The second contribution is Wavelet Multi Component Reconstruction (WMCR).
WMCR represents the explicit route and is developed as a dedicated reconstruction
strategy for nonstationary roads. Oijer and Edlund identify transient road obstacle
distributions and link them to durability and comfort, which supports treating local-
ized obstacles explicitly [18]. Continuous wavelet analysis of pavement profiles shows
how local pavement features can be studied across scale, which supports the use of
wavelets for the separation step [19]. WMCR is formulated so that the generated
profiles remain interpretable within the ISO 8608 roughness setting [3]. Its central
idea is to keep the physical origin of the road content visible: long wavelength to-
pography, background roughness, localized transients, and lateral surface structure
are handled as separate components before being recombined for simulation. Rather
than allowing localized severity to be absorbed mainly into the parameter evolution
of a random model, WMCR seeks to preserve how such structure appears along
the road, at different scales, and in a form that remains accessible for engineering
interpretation.

The third contribution is the common validation framework used to compare the
two routes. The question is not only whether a synthetic road can reproduce overall
statistical levels, but also whether localized structure at different scales remains
present when the end use is durability simulation. The workflow therefore combines
road diagnostics, quarter car pseudo damage, and full vehicle response metrics. The
final benchmark applies this framework to Adams Car simulations over the 30, 50, 70,
and 100 km/h speed bins using monitored force channels that separate vertical strut
loading, longitudinal lower ball joint loading, and axial loading in the stabilizer-bar
drop link.

The work is therefore both methodological and comparative. It develops NSL as an
implicit stochastic pipeline, develops WMCR as an explicit reconstruction pipeline,
and evaluates both within the same identification, generation, and validation work-
flow. The intended conclusion is not a universal proof that one generated road is
equivalent for all vehicles and operating conditions. It is a benchmarked assessment
of which road features must remain explicit when compact virtual roads are used
as durability inputs. Figure 1.5 summarizes this structure before the individual
modelling chapters are introduced. The baseline branch keeps the measured road as
the reference for comparison, the NSL branch compresses the road through stochas-
tic roughness descriptors, and the WMCR branch keeps topography, background
roughness, transients, and lateral structure as separate reconstruction components
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before the common response evaluation.

Baseline | NSL+ WMCR
Measured Road Measured Road | Measured Road ‘
(curvature & slope removed) (curvature & slope removed) (curvature & slope removed) |
L ; . S
= ) Component analysis
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' ) v v
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3 T
Peli . CFRC e 2D base surface ,
| i J Transient
L 2D surface 1 injection
l 2D surface
Full-vehicle simulation Full-vehicle simulation 15 <2
(Adams Car) (Adams Car) Full-vehicle simulation

(Adams Car)

)

Figure 1.5: Overall comparison pipeline.

1.5 Overall Road Compression Concept

The compression problem addressed in this thesis starts from a practical simulation
constraint. A measured public-road database may contain hundreds or thousands
of kilometres of road data. Running all measured roads directly in full vehicle
durability simulation would be too expensive and too slow. A compact virtual
road is therefore needed, but the aim is not simply to make the road as short as
possible. For durability, what matters is not total damage accumulated over the
original distance, but the damage intensity per unit distance, for example damage
per kilometre.

The compression target is therefore to transform a long measured source road of
length L, into a shorter virtual road of length Ly,,, with a compression ratio x > 1

such that
LSI'C

Ligy = — (1.2)
This reduction should preserve the durability-relevant excitation rate of the source
road. Low-importance sections that contribute little to response damage may be rep-
resented more compactly, while severe sections and transient events that dominate
fatigue damage must remain present in the reduced road. In this sense, compression
means preserving equivalent durability intensity, not preserving total road length or
visual similarity.

This concept also explains why two complementary modelling routes are developed.
NSL performs the reduction mainly through compact stochastic parameters that
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describe the evolution of road severity. WMCR performs the reduction through
an explicit component representation in which topography, background roughness,
transient events, and lateral surface structure are separated before reconstruction.
Both routes therefore follow the same compression objective: to produce the shortest
practical virtual road that still preserves equivalent response-relevant severity, such
as damage per kilometre, for the target simulation workflow.

1.6 Measured Roads and Data Preparation

The empirical basis is a set of high resolution scanned roads. In total, the data set
contains 26 measured road sections with a combined length of approximately 26 km.
The surface data are available at a spatial resolution of 5 x 5 mm, which makes it
possible to retain both the broad roughness organization of the road and the localized
features that are important for response analysis in durability work. Figure 1.6 shows
one representative measured CRG surface in the Adams environment.

Figure 1.6: Measured CRG road visualised in Adams.

For identification and comparison, the measured roads are organized into four speed
bins: 30, 50, 70, and 100 km/h. This grouping by speed is not introduced merely as a
reporting convenience. Vehicle response is speed dependent, so the same road profile
can lead to different excitation and damage relevance at different operating speeds.
Higher-speed roads are generally smoother in terms of roughness level, although
vehicle response characteristics may still differ due to speed-dependent dynamic
effects. The speed bins should therefore be understood as operational categories
that also reflect differences in road type, rather than as interchangeable samples
from one pooled road population. The bins are kept separate so that road severity
and response effects are compared within internally consistent operating conditions
rather than pooled indiscriminately across all cases.

Before modelling, the measured roads are prepared for statistical identification, syn-
thesis, and simulation through a common preprocessing workflow. That workflow
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includes road selection within each speed bin, harmonization of longitudinal sam-
pling, separation of left and right tracks where required, and conversion into formats
suitable for both reduced road analysis and full vehicle simulation. The prepared
data set is therefore used as the common basis for both NSL. and WMCR. The
speed bins support parameter identification and road comparison, while the final
full vehicle response assessment is reported across the four speed-bin benchmark
cases. This distinction is important methodologically, because it helps separate dif-
ferences caused by the modelling route from differences caused by inconsistent road
preparation or overly general validation claims.

1.7 Evaluation Framework

Proposing new modelling methods is not meaningful without a benchmark operating
at the same level as the intended application. If comparison is limited to profile
statistics or compact roughness indicators, important differences in load relevance
may remain hidden. For road modelling aimed at durability analysis, the decisive
question is whether the generated road preserves the excitation features that matter
for vehicle response.

For that reason, the evaluation does not rely on profile descriptors alone. Road in-
duced fatigue damage provides a direct response oriented validation perspective [20],
and stochastic road descriptions can be combined with response relevant valida-
tion [17, 15, 16]. Reduced indicators remain useful as first screens, but their limita-
tions must be kept in view. IRI is tied to a linear quarter car reference system [10],
and even quarter car analysis can change when nonlinear suspension and tyre ele-
ments are included [13]. Fatigue evaluation therefore requires a further step from
reduced indicators toward load histories and cycle counting, using the Palmgren—
Miner framework as the common engineering basis for cumulative damage [21, 22].
Bogsjo’s study on durability likewise shows that road models should ultimately be
judged by their consequences for vehicle response relevant to fatigue rather than by
profile appearance alone [1].

The evaluation framework adopted here is therefore deliberately broader. Model
quality is assessed through both statistical agreement in the road description and
equivalence in simulation metrics relevant to durability. The final assessment is not
based only on a linear quarter car proxy, but on full vehicle simulation in Adams
Car, where nonlinear subsystems and multiple response channels can be represented
simultaneously. The final benchmark evaluates damage and range metrics for three
force channels: f55 for vertical strut loading, f6 for gradient sensitive longitudinal
lower ball joint loading, and f63 for left-right differential excitation through the
front drop link. The evaluation framework therefore serves as the common basis on
which the NSL and WMCR routes are assessed, while also making the scope of the
final conclusion explicitly tied to the tested benchmark.

10
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2

NSL Modeling

2.1 NSL Pipeline for Virtual Road Synthesis

The NSL road modelling strategy follows the Laplace road framework introduced
by Johannesson and Rychlik [15] and [16], and its later extensions by Johannesson,
Podgorski, and Rychlik and by Bogsjo, Podgérski, and Rychlik [7] and [17], where a
Gaussian spectral road model is extended by random variance modulation between
segments. Here, NSL is developed as a complete virtual road synthesis pipeline.

The pipeline operates on measured road profiles stored in the CRG format. For
each measured road i, the left and right wheel-track profiles are extracted from
the measured surface Z;(u,v), where u is the longitudinal road coordinate and v is
the lateral coordinate. The wheel-track sampling positions are defined relative to a
reference path centreline as

vt = —0.75m, V" = 40.75 m, (2.1)
corresponding to a representative track width of approximately 1.5 m.

To increase the number of available realizations from each measured road, additional
paths are generated by laterally shifting the reference path relative to the CRG
centreline. For a path offset v,, the extracted profiles are

2 W) = Zi(u, v+ o), 2 () = Zi(u, v, + of). (2.2)
Five offsets,
v, € {—0.6,-0.3,0,0.3,0.6} m, (2.3)

are used throughout this work. The offsets are chosen to provide multiple lateral
realizations while remaining within the valid lateral extent of the measured CRG
data. After ramp trimming at both ends, each extracted left—right track pair forms
an input realization for the NSL parameterisation stage.

Two parameterisation routes are considered. The first route starts from roughness
characterisation based on IRI and then maps the local IRI values to NSL parame-
ters. The second route bypasses IRI and starts directly from roughness coefficients
estimated from road profile spectra in each segment. The first route is closer to a
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2. NSL Modeling

response oriented proxy description of roughness, while the second route is more
directly tied to the road itself. This distinction addresses a deeper methodologi-
cal question: when scanned road profiles are available, is it still necessary to pass
through IRI, or can one construct a statistically equivalent virtual road directly from
spectral road statistics?

Figure 2.1 summarises the three pipeline variants. Pipeline A (IRI-1m) and Pipeline B
(IRI-20m) follow the IRI route at two different segment resolutions. Pipeline C fol-

lows the Direct C route and carries the main methodological weight. All three

pipelines share the same synthesis and road surface generation backend, but differ

in how the input road statistics are estimated and compressed.

1 m segments 20 m segments C;at20m

{ Input CRG J
Extract wheel tracks ]
-~ Roughness metric estimation ------------------- { ffffffffffffffffffffffffffffffffffffffffffffffff )
| Pipeline A Pipeline B Pipeline C i
' (IRI-1m) (IRI-20m) (Direct C) i

; IRI roughness ’ ‘ IRI roughness ’ ‘ PSD roughness ‘

__________________________________

A,

Severity sequence

]

Tail & persistence calibration ]

[ 1D stochastic road synthesis

!

Bogsjo lateral coherence
2D surface ‘

!

Full-vehicle simulation
(Adams Car)

Figure 2.1: Parallel NSL workflows.

For each measured road i, the NSL pipeline produces a compact parameter set
Qi = (Cza Via a'r‘,i; wi, Odif,hp,i) IRIrefJ), (24)

where C' is the mean roughness coefficient, v is the nonstationary variability pa-
rameter, a, is the AR(1) persistence coefficient, w is the mean spectral waviness,
Caitnp is the high frequency differential roughness variance used for anti roll bar
calibration, and IRl is the measured IRI vector by segment used as the low fre-
quency calibration target. This parameter set is passed from the parameterisation
stage to the synthesis stage. Unlike the WMCR parameter set, it does not retain
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2. NSL Modeling

explicit topography or transient event templates; instead, it captures the statistical
character of the road through a compact stochastic description.

2.2 From Segment Statistics to NSL Parameters

The NSL formulation is based on the idea that a road can be viewed as locally
stationary but globally nonstationary. Within each segment, the road roughness is
represented by a Gaussian spectral model. Across segments, the roughness intensity
is allowed to vary through a random amplitude process. If the variance factors in the
segments are gamma distributed, the resulting process becomes Laplace distributed
rather than purely Gaussian. This enables the model to reproduce roughness fields
with stronger intermittency and heavier tails than a stationary Gaussian model.

Let the local variance of segment j be written as

sz =r; 0%, (2.5)

where o2 is the variance implied by the mean road roughness level and r; is a nor-
malised local intensity factor. In the stochastic Laplace interpretation, r; is replaced
by a gamma random variable with mean one and variance v. The parameter v there-
fore governs how strongly roughness intensity fluctuates between segments. Large
values of v produce a more visibly nonstationary road with stronger alternation
between harsh and smooth sections.

The sequence of segment intensities is not assumed to be independent in general.
Real road quality often varies gradually, which means that rough segments tend
to persist over multiple neighbouring blocks rather than appear as isolated single
events. To account for this, the roughness evolution by segment is modelled using
an AR(1) persistence description. The associated parameter a, controls the spatial
memory of roughness intensity. This addition is important because two roads with
similar marginal roughness distributions may still differ strongly in durability rele-
vance if one has isolated harsh segments while the other contains persistent rough
regions.

The practical challenge is therefore not simply to estimate the mean roughness
level, but to estimate the whole structure of roughness variation by segment in a

way that remains useful for synthetic road generation. Two distinct but related
parameterisation routes are used for this purpose.

2.3 IRI Based NSL

The route based on IRI uses IRI by segment as a compact descriptor of road severity.
This route is convenient because IRI is widely available in road databases and has a
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2. NSL Modeling

direct engineering interpretation. It is evaluated at two segment resolutions, referred
to as Pipeline A (1 m segments) and Pipeline B (20 m segments).

2.3.1 Roughness Coefficient Estimation

Following Johannesson and Rychlik [16], with IRI itself based on the standard
quarter-car roughness definition [23] and [10], the segment-wise roughness coeffi-
cient is estimated from the local IRI value by

2

R I,
C;=10"° <J> , (2.6)

for the commonly used waviness case w = 2, where I ; is the local IRI estimate in
mm/m and C; is the corresponding roughness coefficient.

The two IRI-based routes are retained for different methodological reasons. Pipeline B
uses IRI on 20 m segments, which corresponds to a stable and widely available
roughness descriptor in road databases and therefore provides an industry-standard
benchmark for the NSL workflow. Its limitation is that local transients and short
severe roughness variations may be smoothed by the segment averaging. Pipeline A
uses IRI on 1 m segments to test whether a finer IRI entry point can better pre-
serve severe roughness sections that may be important for durability. This route
has higher local sensitivity, but it is also more sensitive to noise and less statistically
stable. The comparison is therefore not intended to determine which IRI resolu-
tion is universally more accurate, but to evaluate whether shorter IRI segmentation
improves retention of durability-relevant roughness content before the later tail pro-
tection and synthesis stages.

2.3.2 NSL Parameter Estimation

Once the local coefficients have been estimated, the global mean roughness and the
Laplace variability parameter are obtained as

A M A

(2.8)

U= A

M-1 C?

The waviness exponent is fixed at w = 2.0 for the IRI-based route, consistent with

the conversion formula. A normalised roughness intensity sequence r; = C;/C' is
then formed as the input to the persistence calibration stage.
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2.3.3 Persistence Calibration

The persistence coefficient a, is calibrated from the normalised sequence r; = éj / C
using a multi-objective grid search. Let p; denote the measured lag-one autocorre-
lation of r;, 5, the standard deviation of logr;, & the kurtosis, and Qp the p-th
quantile. For each candidate value a,, a long synthetic intensity sequence is gener-
ated and the following weighted absolute-error objective is minimised,

syn

g, s frd,

pe{0.90,0.95} Q@p

syn A
Slog — Slog

T(ar) = o™ = pr|+0.5 L (2.9)

|§log|

where all statistics are evaluated from the respective normalised intensity sequences.
The log-standard deviation sj,s is used rather than the linear standard deviation,
so that the objective is insensitive to scale and gives equal weight to proportional
deviations across a wide dynamic range. The value of a, that minimises J is retained
as the fitted persistence coefficient. The search is performed first on a coarse grid and
then refined on a fine grid centred on the coarse minimum. This route is therefore
not a simple IRI fit. It is an NSL reconstruction pipeline in which IRI acts only as
the entry point to a richer stochastic description.

2.4 Direct C NSL

The second route, which is central to the contribution of this thesis, bypasses IRI
entirely and starts directly from the road spectrum. If full scanned road profiles are
available, it is natural to ask whether one can estimate the segment-wise roughness
level directly from the profile itself rather than first condensing it into IRI. The
Direct C route answers this question positively.

2.4.1 Segmentwise PSD Fitting

In this approach, the left and right wheel track profiles are first extracted from the
measured CRG road. Each track is then divided into fixed-length blocks, typically
20 m, corresponding to the NSL segment length used in the synthesis stage. For
every segment, the local power spectral density is estimated using a Welch-type PSD
procedure. The local spectrum is then fitted in log-log space by a power-law model
of the form commonly used for road-profile PSD descriptions [8], [9], and [3]

S(Q) = C (&) N (2.10)

where S(£2) is the spatial PSD, C'is the roughness level, w is the waviness or spectral
slope, and 2 is the reference spatial frequency. The result of this fitting step is
therefore a pair of segment-wise statistics (C;, w;) for each road block.
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This is the key conceptual difference from the IRI-based route. Instead of estimating
a vehicle-filtered roughness proxy and then converting it back into a road parameter,
the Direct C route stays in the road-statistics domain from the beginning. As a
consequence, it retains not only information about roughness intensity, but also
information about spectral slope. This makes the method more closely tied to the
physical road profile and less dependent on a specific intermediary roughness index.

2.4.2 Parameter Estimation

The segment-wise C; values are then treated as the central roughness intensity
sequence for NSL modelling. The mean roughness is estimated by

1 M
Omean = 75 C', (211)
2 2=

and the non-stationary variability parameter is estimated by

var(C})
V=g (2.12)
A normalised roughness intensity sequence is formed as
O
r; = an (2.13)

This normalised sequence is then used in the same persistence calibration framework
as the IRI-based method. In other words, the Direct C route preserves the NSL
structure of the model but changes the statistical entry point from IRI space to
PSD-C-space.

An additional consequence of this route is that the mean waviness can be estimated
directly from the measured road. The w; values are estimated together with C; for
each segment, and a representative mean waviness is used in the synthesis stage.
This is a deliberate engineering simplification. It preserves the dominant spectral
slope of the measured road while avoiding the complexity of allowing waviness to
vary independently from segment to segment in the final synthetic generation.

2.5 Tail Analysis and Calibration

A major extension is that the NSL pipeline does not fit all segments as one homo-
geneous population. Instead, after the roughness descriptors have been extracted
for each segment, the method performs an explicit tail analysis. The result is an
NSL parameterisation with explicit persistence and tail treatment, which is a central
engineering contribution.
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2.5.1 Tail Detection

In the Direct C route, tail analysis is performed on the pooled sequence of left
and right track roughness coefficients C;. A Tukey IQR fence is applied to identify
segments whose roughness level is unusually large relative to the bulk of the road [24].
A segment is labelled a tail segment if

C; > Qo1 + 0igr - IQR, (2.14)

where Qg 75 is the upper quartile, IQR = Q.75 — Qo.25 is the interquartile range, and
Jiqr is a tunable multiplier set to 1.5 here. Segments that exceed this threshold are
labelled tail segments, while the rest form the normal set.

This step is important because road behaviour sensitive to fatigue is often dom-
inated by relatively rare but severe segments [18] and [20]. If all segments were
forced into a single fitted population, the tail would tend to be smoothed away. By
treating normal and tail segments separately, the method preserves the asymmetry
between common roughness and rare harsh roughness. This is not only a statistical
improvement, but also a durability oriented one.

Figure 2.2 illustrates this tail-detection step by showing how the Tukey fence sepa-
rates the normal roughness population from the high-severity tail segments.

Segment-wise Roughness Coefficient with Tukey Tail Detection (50 km/h, Direct C pipeline)
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Figure 2.2: Direct C tail detection using the Tukey IQR fence.

2.5.2 AR(1) Persistence Calibration

After the tail split, persistence is calibrated separately for the normal and tail pop-
ulations using the same multi-objective grid search described in Equation 2.9. In
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the Direct C route, the target sequence is based on r; = C;/Ciean, and the AR(1)
coefficient a, is selected so that the simulated sequence reproduces multiple features
of the measured one: lag-one correlation, standard deviation, kurtosis, and high
quantiles at the 90th and 95th percentiles. This is a crucial part of the method
because it ensures that the fitted NSL model preserves the way roughness severity
evolves in space, not merely its overall level.

The underlying Laplace model from Johannesson and Rychlik [15] and [16] provides
the stochastic mechanism, and the calibration procedure adapts it explicitly for road
synthesis and later durability assessment.

2.5.3 Hybrid Fitting Strategy

Once the normal and tail populations have been defined and the persistence coeffi-
cient has been calibrated, the Direct C route fits NSL models separately for the two
regimes. The fitting strategy is intentionally low-dimensional. The physically inter-
pretable parameters are fixed directly from the data: the mean roughness level C,
the variability parameter v, and the persistence coefficient a,. In addition, the mean
spectral slope w is estimated from the measured segment spectra. The numerical
search is then restricted to a small set of remaining shaping parameters, primarily
an amplitude scale factor and a lower bound on the local roughness factor.

This design is important for both stability and interpretability. A high-dimensional
black-box optimisation could in principle be used, but it would be much harder to
interpret and more sensitive to local minima. By separating analytical estimation
from low-dimensional search, the Direct C pipeline remains transparent. The final
fitted model still reflects measured road statistics rather than hidden numerical
artefacts.

The fitting objective is also defined in the same statistical space as the model input.
For each candidate parameter set, synthetic left and right tracks are generated, and
new segment-wise C; values are extracted from the synthetic profiles using the same
PSD fitting procedure applied to the measured road. The synthetic and measured C;
distributions are then compared in terms of logarithmic mean, logarithmic spread,
and upper quantiles. In this way, the method forms a closed loop entirely in C-space.
This is one of the most conceptually important differences from the IRI-based route:
the Direct C route does not merely start from Cj; it also evaluates itself in the same
space.

18



2. NSL Modeling

2.6 Two-Track Synthesis and Road Surface Gen-
eration

The NSL pipeline generates synthetic roads in two stages. The first stage produces
a pair of one dimensional longitudinal profiles for the left and right wheel tracks.
The second stage expands these profiles into a laterally coherent two dimensional
surface suitable for export as an OpenCRG file and for import into Adams Car.

2.6.1 One-Dimensional Profile Synthesis

Synthesis begins by drawing a segment-wise intensity sequence {r;} from the fitted
AR(1)-gamma NSL model. The normal regime and the tail regime each contribute
blocks in proportion to their fitted occupancy fractions. The intensity r; of each
block scales the local spectral amplitude before the profile samples are generated.

Within each segment, a stationary Gaussian profile is synthesised from a power-
law spectral shape governed by the fitted mean roughness coefficient C' and mean
waviness w. The local spectral amplitude is then scaled by ,/r; so that the vari-
ance of each synthesised segment reflects the drawn intensity. Adjacent segments
are stitched with a smooth height-continuity transition so that discontinuities in
elevation and slope do not create artificial transients at block boundaries. Extreme
local amplitudes are clipped to avoid unrealistic spikes that would be numerically
problematic in vehicle simulation.

The synthesis is performed for left and right tracks using the same intensity se-
quence {r;}, which ensures that both tracks experience the same pattern of rough
and smooth regions along the road. The spectral noise draws within each segment
are treated differently depending on spatial frequency, as described in the next sub-
section.

2.6.2 Lateral Coherence and Two-Dimensional Surface

The left and right track profiles are generated through a frequency-band decom-
position. At a cutoff wavelength of A\, = 3.3 m, each track profile is split into a
low-frequency band (A > A.) and a high-frequency band (A < A.). The two bands
are treated differently because measured roads show distinct lateral coherence be-
haviour at different spatial scales.

In the low-frequency band, the left and right profiles share a common roughness
component. Following Bogsjo [1], and consistent with later two-track roughness
modelling work [17], the lateral coherence at spatial frequency n and track separation
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d is modelled as
72(n, d) = exp(=26, dn), (2.15)

where (3, is the coherence decay parameter identified from measured roads and
d = |vp, —vg| = 1.5 m is the lateral track separation. In this work, the Bogsjo
coherence parameter is not treated as a single global constant; instead, it is esti-
mated separately for each measured road and each CRG file before the corresponding
synthetic road is generated. The left and right low-frequency profiles are written as

ZLlp = Zcom T+ Zdif, ZR,J]p = Zcom — Zdif, (216>

where z.om is @ common roughness component shared between the two tracks and zg;¢
is a differential component. The ratio of common to differential spectral amplitude
is set to reproduce the Bogsjo coherence target at each frequency. In the high-
frequency band, statistically independent noise draws are used for the left and right
tracks, consistent with the rapid coherence decay observed in measured roads at
short spatial wavelengths.

The one-dimensional left and right profiles serve as conditioning signals for the two-
dimensional surface generation. The road surface is expanded over a lateral grid
spanning from v, — Av to vg + Av, with Av = 0.65 m as the lateral margin beyond
the wheel tracks. Five lateral anchor positions are defined: the two margins, the two
wheel track positions, and the road centre. The elevation at the centre anchor is set
as the arithmetic mean of the two wheel track profiles. Between anchors, the surface
elevation is obtained by piecewise linear blending of the anchor values, supplemented
by a small stochastic conditioning component that introduces spatially correlated
lateral texture consistent with the measured differential roughness between adjacent
anchors. The assembled two-dimensional surface is

A

Z(u,v) = Zip(u,v) 4+ Znp(u, v), (2.17)

where le and th are the low-frequency surface and the high-frequency surface,
respectively. Before export, ramps are added at both ends of the road to allow
Adams Car to initialise the suspension. The final surface is converted to OpenCRG
format for vehicle simulation.

Figure 2.3 shows the resulting synthesised two-dimensional road surface, including
the longitudinal road texture and the lateral structure produced from the condi-
tioned wheel-track profiles.

2.6.3 Post-synthesis Excitation-Level Calibration

After the NSL fitting and stochastic road synthesis steps, an optional post-synthesis
gain calibration is applied to correct systematic deviations in road-input excitation
level. This calibration is not based on Adams full-vehicle response results, nor is
it intended to force agreement with the final validation channels. Instead, it uses
road-based and quarter-car-based proxy quantities computed from the measured
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Synthesised two-dimensional NSL road surface (Pipeline C, 400 m segment)
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Figure 2.3: Synthesised two-dimensional NSL road surface.

and synthetic wheel-track profiles. The purpose is to preserve durability-relevant
excitation levels after stochastic reconstruction while keeping the segment-level NSL
structure fixed. The Adams Car force channels are not used as calibration targets
in this step; they are reserved for the final independent validation.

The calibration is needed because the NSL parameters control the statistical struc-
ture of the road, whereas stochastic synthesis can still introduce systematic ampli-
tude differences. The gain factors therefore quantify how much the synthesised road
is modified after generation. They should be interpreted as road-input corrections
rather than fitted vehicle-response parameters.

Low-frequency scalar calibration. The first calibration level corrects the over-
all low-frequency excitation level. Two complementary gain estimates are used. The
first is based on a quarter-car damage proxy derived from the International Rough-
ness Index. Both measured and synthetic profiles are passed through the Golden
Car quarter-car model at the standard reference speed of 80 km/h [23, 10], and the
segment-wise IRI values are accumulated using a fourth-power damage proxy. This

gives
—\ 1/4
IRI4
gD:(IRIZef) ’ (218)

syn

where the overbar denotes the mean over all segments. The fourth-power weighting
is used as a durability-oriented proxy consistent with Palmgren—Miner fatigue accu-
mulation [21, 22]. The second estimate is based on the mean roughness coefficient,

C1ref
= . 2.19
gc Csyn ( )

The final low-frequency scalar gain is obtained as a weighted geometric average in

the log domain,

wirr log gp + we log go
WiR1 + Wo '

This gain compensates for systematic amplitude bias in the low-frequency band

without changing the fitted NSL intensity sequence.

10g air = (220)
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Low-frequency common—differential calibration. A single low-frequency scalar
gain cannot independently control the excitation shared by the two wheel tracks and
the left-right imbalance between them. Therefore, the low-pass filtered left and right
road inputs are decomposed into common and differential modes,

Zrlp + 2R} ZLlp — ZR]
Zcom,lp — %7 Zdiflp = % (221)
The common component represents excitation shared by both tracks, while the
differential component represents left-right road-input imbalance. These are not
Adams response quantities; they are road-input modes used as physically inter-
pretable calibration targets.

Separate low-frequency gains are then applied to the common and differential com-

ponents,
- Ccom,lp,ref o Cdif,lp,ref 9 99
Gecom,lp = C ) gdif,lp = C ) ( . )
com,lp,syn dif,1p,syn
where Ceomp and Cgie1p, denote the low-frequency variances of the common and

differential road-input modes, respectively. This step preserves the measured balance
between shared low-frequency excitation and left-right low-frequency imbalance.

High-frequency common—differential calibration. The high-frequency cali-
bration is introduced because left—right coherence is especially important for anti-
roll-bar excitation. If the high-frequency left and right components are generated
independently, the resulting differential variance is determined mainly by the ran-
dom synthesis procedure rather than by the measured road. Therefore, the high-pass
filtered left and right road inputs are also decomposed into common and differential

modes,
ZLhp T ZRhp ZLhp — ZRhp
Zcom,hp = — 5 Zdif,hp = — 5 (2.23)
The measured high-frequency differential variance is used as an explicit calibration
target,

ZLhp — “Rbp Z’“‘") . (2.24)

Cit php = Var< 5

The corresponding high-frequency gains are defined as

- C’v:om,hp,ref o Cdif,hp,ref
ghp,com - C ) ghp,dif — C . (225>
com,hp,syn dif hp,syn

By calibrating these two quantities separately, the method preserves the total high-
frequency energy while also controlling the left-right differential content produced
by the Bogsjo coherence model and the stochastic high-frequency synthesis assump-
tions.

Reconstruction of calibrated wheel tracks. The final calibrated left and right
wheel-track profiles are reconstructed by combining the calibrated low-frequency and
high-frequency common—differential components,

,out — Ycom,lp~<com,lp if Ip~dif,1p p,com~com,hp p,di if,hp> .
zr Goom,lpZcom,lp + Gdif,IpZdif,lp + Jhp,com Zcom,hp + Jhp,dif Zdif,h (2.26)

ZR,out = Yeom,lpZcom,lp — Jdif IpZdif,lp + Jhp,comZcom,hp — Fhp,dif Zdif hp- 2.27)
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In this formulation, the calibration changes only the amplitude of selected road-
input modes. It does not re-estimate the NSL segment sequence, tail classification,
or persistence structure.

Although the calibration does not use Adams response channels directly, the se-
lected proxy quantities are physically related to the later validation responses: low-
frequency common excitation is relevant for strut loading, longitudinal roughness
content is relevant for lower ball joint loading, and differential excitation is rele-
vant for anti-roll-bar link loading. The final Adams Car force channels are therefore
used only to assess whether these road-input proxy calibrations lead to equivalent
durability response, not to tune the generated roads.

2.7 Summary

The NSL virtual road synthesis framework consists of three pipeline variants. All
three pipelines share the same tail detection, AR(1) persistence calibration, two
track synthesis, lateral coherence model, and gain calibration backend. They differ
only in the statistical entry point used to estimate the roughness intensity sequence.
Table 2.1 summarises the key characteristics of each variant.

Table 2.1: Comparison of NSL pipeline variants.

Pipeline A Pipeline B Pipeline C
IRI-1m IRI-20m Direct C

Roughness descriptor IRI at 1 m IRT at 20 m PSD Cj at 20 m
Waviness Fixed (w =2) Fixed (w =2) Estimated from PSD
Domain Vehicle filtered Vehicle filtered Road native
Transient sensitivity High Moderate Moderate
Spectral fidelity Moderate Moderate High
Closed loop C space eval. No No Yes

The routes based on IRI (Pipelines A and B) provide a convenient link to estab-
lished roughness databases and serve as engineering baselines. The Direct C route
(Pipeline C) is the central methodological contribution: it estimates road roughness
natively in the spectral domain, preserves information about spectral slope, and
evaluates the fitted model through a closed loop in C space. Together, the three
pipelines allow a direct experimental comparison between proxy based and road
native parameterisation in the vehicle simulation results.
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3

Wavelet Multi Component
Reconstruction

3.1 Road Component Model

Wavelet Multi Component Reconstruction (WMCR) is the explicit reconstruction
route for compact virtual road generation. It complements the NSL route by starting
from the measured profile and keeping a structured record of the features that are
expected to matter for vehicle response. The method is therefore less abstract than
a purely statistical road model: it deliberately separates the road into components
that have different physical roles in the simulation.

The motivation for this separation is that the dynamic effect of a road is not de-
scribed well by a single roughness level. Long wavelength topography affects body
motion and suspension stroke at low spatial frequencies. Distributed background
roughness controls the continuous vibration environment. Localized events, such
as joints, patches, pothole like depressions, or sharp bumps, can dominate short
response intervals and fatigue relevant load cycles even if they occupy only a small
part of the road length. If these mechanisms are compressed into one profile descrip-
tor, the generated road may look statistically plausible but still fail to reproduce
the content that drives the measured response.

WMCR addresses this problem by decomposing a measured road into physically
distinct components and reconstructing them in a controlled sequence. The purpose
is not to reproduce the exact measured profile point by point. Instead, the method
preserves the road features that govern vehicle excitation while allowing a shorter
road surface to represent the measured population. This makes the generated road
compact enough for repeated durability oriented simulation, while still retaining
explicit information about the origin of each part of the surface.

Figure 3.1 summarizes the component logic of the method. The measured profile is
first separated into a low frequency topography baseline and a residual. The residual
is then divided into background roughness and localized transient events. Roughness
is described through local spectral parameters, while transient events are retained
as explicit features with position, shape, amplitude, and context information. The
reconstruction follows the same order: topography is generated first, roughness is
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laid on top of it, transients are inserted into the one-dimensional profile, and the
result is finally expanded into a laterally coherent two dimensional surface.

parameterization
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Figure 3.1: WMCR component decomposition workflow.

Let u denote longitudinal position and v denote lateral position. For a measured
road 7, the aligned surface is denoted by

ZZ‘(U,?}k), k= 17...,KZ‘, (31)

where v, are the available lateral track offsets. A representative track is selected for
the one-dimensional component analysis,

zi(u) = Zi(u, vp), (3.2)
where v is the selected lateral offset. On this track, WMCR uses the additive model
zi(u) = gi(u) +ri(u) + ti(u) + € (u). (3.3)

Here g; is the long wavelength topography, r; is the background roughness, ¢; is the
transient content, and ¢; contains residual measurement noise and small modelling
eITors.

The component representation associated with a measured road can be written as

where O% stores topography controls, © stores roughness parameters, O! stores
transient events, and O] stores lateral surface information. This parameter set is
the compact representation passed from the measurement stage to the synthesis
stage. It is intentionally modular: topography, roughness, transients, and lateral
structure can be inspected independently, but they are recombined into one road
surface before simulation. For a measured source length L** and a compression
ratio k, the compact target length is

src

pe o EE o (3.5)

K
The following sections describe this pipeline in the order in which it is used: topog-
raphy extraction, wavelet-based residual separation, roughness parameterization,
transient event reconstruction, and final two dimensional surface generation.
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3. Wavelet Multi Component Reconstruction

3.2 Topography

3.2.1 Topography Extraction

Road topography represents the long wavelength topographic baseline of the mea-
sured profile. It is separated before roughness and transient analysis so that grade,
large scale waviness, and elevation drift are not incorrectly interpreted as road tex-
ture. For simplicity, this work removes macroscopic slope and curvature from the
residual used for roughness and transient modelling. These terms are therefore not
treated as separate roughness or event features; the topography component is the
part of WMCR intended to handle such slowly varying road shape in the final road
surface. With the profile expressed on the longitudinal grid, a low-pass separation
operator £, extracts the topography baseline g(u),

g(u) = Ly, {z(w)},
w(u) = z(u) = g(u).

The cutoff is specified as a wavelength. Unless otherwise stated, A\, = 50 m, so the
cutoff spatial frequency is n, = 1/A, = 0.02 m~*. Components with n < n, form
the topography, while the residual x(u) is passed to roughness fitting and transient
detection.

(3.6)

This split is a practical modelling choice rather than a claim that road content has a
sharp physical boundary at exactly 50 m. The cutoff is chosen to remove grade and
slow geometric drift from the texture analysis while leaving the wavelengths that
excite suspension response in the residual. This is important for the later steps: if
the baseline is too short, genuine roughness is absorbed into the topography layer;
if it is too long, slow elevation drift contaminates the roughness spectrum and the
transient detector. The topography extraction is therefore the first step that protects
the physical meaning of the subsequent components.

3.2.2 Spline Reconstruction

The extracted topography is not stored as a dense signal. Instead, it is approximated
by a smooth spline on a normalized longitudinal coordinate,

08 = {(&, he)} 0, (3.7)

where & € [0, 1] are normalized control locations and hy are the corresponding low
frequency elevation values. The number of control points grows with road length,
using approximately one support point per 15 m. This spacing is chosen as a com-
promise for the baseline representation. It gives several control points over the 50 m
topography cutoff wavelength, so grade changes, curvature, and long wavelength
undulations can be followed smoothly, but it is still coarse enough to avoid reintro-
ducing roughness and transient content into the topography layer. Lower and upper
limits keep the spline representation stable for very short or very long roads.
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The normalized coordinate makes the stored topography independent of the original
road length. In the synthesis stage, the same type of control set can be mapped to
a shorter target interval without copying the measured elevation samples. This is
the mechanism by which WMCR, compresses the slowly varying road shape while
still retaining realistic grade changes and long wavelength undulations. Figure 3.2
illustrates this process: the measured topography is reduced to spline control points,
stored as a compact topography description, and then evaluated again to reconstruct
the smooth baseline on the target road.

Geometry B-spline parameterization and compressed synthesis
A. Geometry track B. control_u / control_z C. Synthetic segment at 1/4 length

S WAN2NA

— spline —— target spline
—15{ e control_u/control.z ¥ —15{ e sampled control points Vg

geometry z [mm]

0 50 100 150 200 250 0 50 100 150 200 250 0 10 20 30 40 50 60 70
road position u [m] road position u [m] synthetic segment u [m)
Sparse control points -> sampled parameters -> smooth synthetic geometry

Figure 3.2: B-spline topography compression and reconstruction.

For the compact road, the spline controls are rescaled to the target interval and
evaluated as a continuous topography baseline. Adjacent reconstructed intervals
are joined with smooth transitions to avoid artificial discontinuities. If several mea-
sured lateral tracks are available, their topography traces act as anchors and are
interpolated across the target width. Otherwise the centre topography is reused
across offsets. The centreline of the reconstructed topography layer becomes the
one-dimensional topography component §(u).

At this point the reconstruction contains only the smooth road shape. The next
step operates on the residual z(u), where the task is to separate continuous texture
from localized events before either component is parameterized.

3.3 Wavelet Separation

Wavelet analysis is used here because the residual road profile is neither purely
stationary nor purely impulsive. A PSD or Fourier description is effective for showing
how variance is distributed over spatial frequency, but it averages over longitudinal
position. It cannot say whether a short wavelength contribution is spread over the
whole road or concentrated in a single joint, patch edge, pothole like depression, or
bump. WMCR needs this positional information because a short localized feature
can create a large vehicle response even when its contribution to the total profile
energy is small.

The mathematical reason for using wavelets is that they analyse a signal in both
position and scale. Mallat’s multiresolution framework gives the standard signal
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processing basis for separating a signal into coarse approximations and detail bands
at successive scales [25]. The use of compact wavelet basis functions with finite filters
and vanishing moments follows the same multiresolution setting and the construction
of Daubechies type wavelets, which is important for local road profile operations [25,
26]. In a road context, continuous wavelet analysis has also been used to reveal
localized features in pavement profiles that are not described by a single global PSD
curve [19].

Conceptually, a wavelet coefficient is the local similarity between the residual profile
and a shifted, scaled wavelet,

Wj,k = <{L‘, wj,k>- (38)

Here j denotes scale, k& denotes longitudinal location on the sampled grid, and 1;, is
the wavelet at that scale and location. A large coefficient means that the residual lo-
cally resembles the wavelet shape. Distributed roughness tends to produce moderate
coefficients across many locations, whereas a localized event produces concentrated
coefficients over a limited support. This is the property used by WMCR to separate
background texture from transient content.

Different wavelet families emphasize different trade-offs. Haar wavelets are very com-
pact, but their discontinuous step shape is too block-like for road events that are
smoothed by pavement shape and tyre contact. Higher order Daubechies and Coiflet
wavelets have more vanishing moments and reject smooth trends more strongly,
but their longer filters can spread a short event over a wider interval. Continuous
wavelets such as Morlet-type wavelets are useful for visual scale maps, but they
are unnecessarily redundant for the compact component split used here. WMCR
therefore uses a Symlet 4 wavelet. Symlet 4 is an orthogonal discrete wavelet basis
function from the nearly symmetric Symlet family; the order four gives four vanish-
ing moments and an eight coefficient compact filter. This makes it short enough to
localize road events, while still smooth enough to avoid the block-like shape of the
Haar basis. Its near symmetric filter shape also reduces phase distortion, which is
important because the detected support must remain aligned with the position at
which the vehicle encounters the road event.

3.3.1 SWT Decomposition

After the long wavelength topography has been extracted, the residual z(u) = z(u)—
g(u) still contains two different types of content. The background roughness is
distributed along the road, whereas potholes, joints, and similar features appear
as localized departures from that background. WMCR uses a stationary wavelet
transform (SWT) with the Symlet 4 wavelet to identify these localized departures
without shifting their longitudinal position.

The choice of an undecimated transform is deliberate. In a conventional decimated
discrete wavelet transform, filtering is followed by downsampling. This is compact,
but it makes the coefficients shift-sensitive: a small translation of the road profile
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can move energy between neighbouring coefficients and between levels. The SWT
removes the downsampling step. The filters are instead dilated from level to level,
and every detail band remains on the original longitudinal grid. The residual is
represented in the aligned multiresolution form

J
x(u) ~ ay(u) + Z:dj(u), (3.9)

where a; is the coarse approximation and d; is the detail band at level j. Since
all d; are evaluated at the same road positions, a large detail coefficient can be
interpreted as evidence for a local event at the same position where the vehicle will
later encounter it.

The decomposition depth is chosen so that the coarsest analysed scale reaches the
same wavelength range as the topography cutoff. For a longitudinal sample spacing
Au, level j represents wavelengths on the order of

A~ 27 A, (3.10)

This relation is approximate because each wavelet detail band covers an octave
rather than one exact wavelength. Its role is to connect the discrete wavelet levels
to the physical road wavelengths used elsewhere in the work. At least six levels are
used, and the residual is padded only to satisfy the SWT length requirement. After
the decomposition, all signals are trimmed back to the measured road grid.

The wavelet stage is used only to guide the component split. It is not used to
replace the measured residual by a smoothed wavelet reconstruction. This keeps
the method conservative: the transform identifies candidate event supports, while
the final roughness and transient signals are still formed in the original road profile
domain.

3.3.2 Event Detection and Split

The detection rule treats each wavelet detail band as a scale specific residual signal.
The working null hypothesis is that, after topography removal and away from rare
local events, the background contribution within a band is centred, symmetric, and
approximately Gaussian. The reason is local rather than global: a detail coefficient
in one band combines many small background texture contributions after filtering,
whereas a transient event appears as a sparse departure from that local background.
The Gaussian approximation is used only to set a robust background scale for event
detection in each band. Under the background-only model,

dj(u) = om;(u),  nj(u) ~ N(0,1), (3.11)

except at event locations. The centring is handled by the robust median estimate
used below.

The scale o; must be estimated robustly because the same detail band is used to
detect events. A standard deviation would be inflated by the large coefficients that
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should be detected. Tukey’s robust exploratory data analysis motivates using the
median absolute deviation as a scale estimate when outliers are present [24]. Donoho
and Johnstone’s wavelet shrinkage work supports the related idea that sparse de-
partures can be identified by thresholding wavelet coefficients against a background
scale [27]. WMCR therefore uses

MAD, = median,, |d;(u) — median(d;)],
S MAD, T — oo (3.12)
706745 T

The constant 0.6745 is not tuned. If 7 is standard normal, then median(|n|) =
®~1(0.75) ~ 0.6745, where ® is the standard normal cumulative distribution. Di-
viding by this value makes o; consistent with the Gaussian standard deviation when
the band contains only background texture. The multiplier &« = 0.72 is the cali-
brated detection sensitivity used in the present WMCR configuration. It is used
as an event support detector, not as a final denoising threshold. This is important
because a candidate support can still be rejected or adjusted by later context checks,
whereas a missed severe event cannot be recovered after the split.

The thresholding is performed in two passes. The first pass marks unusually large
coefficients and forms a preliminary transient estimate. This estimate is then re-
moved before the background scale is recomputed, so that strong local events do
not inflate the threshold used to detect themselves. This two-pass structure is a
practical implementation of the background-only assumption in Equation 3.11: the
background scale should be estimated from the part of the signal that is not already
dominated by sparse localized departures.

The thresholded coefficients locate event supports rather than define the final event
waveform directly. A local robust envelope, evaluated over a moving local window
and bounded by a global noise floor, identifies intervals where the residual is dom-
inated by localized content. The window is chosen to compare an event with its
surrounding texture without treating slowly varying road severity as one stationary
population over the whole route. Short inactive gaps are closed, supports are ex-
panded to follow the event envelope, and compound supports can be split at valleys
between dominant positive or negative peaks. The result is a set of event intervals

I = u,,ult], (3.13)

m’ 'm

rather than isolated peak samples. This support-based definition is important be-
cause vehicle response depends on event width and local slope, not only on the
largest sample value.

The component split is then made on the original residual rather than on the thresh-
olded wavelet coefficients. Inside the detected supports, the transient component
is the local departure from a baseline estimated from neighbouring clean context.
Outside those supports, the transient component is set to zero. The roughness com-
ponent is the complementary background signal, with event gaps bridged by the
same local baseline before spectral fitting. At the profile level,

x(u) = r(u) + t(u), (3.14)
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where ¢(u) contains compact localized departures and r(u) is a background roughness
signal with transient gaps filled. The event shape is therefore preserved in the road
domain, while the roughness estimator is protected from the large local departures.

This construction gives the roughness and transient components different roles. The
roughness signal is made suitable for local PSD fitting by removing the strongest
localized departures, whereas the transient signal preserves those departures explic-
itly for later placement. Without this separation, severe events would either distort
the fitted background roughness level or be lost when the roughness is regenerated
stochastically.

3.4 Roughness

3.4.1 PSD Parameterization

The roughness component r(u) represents the background texture after topography
removal and transient support removal. It is parameterized locally, rather than
stored as a measured waveform. The road is divided into fixed length segments of
20 m. For each segment ¢, WMCR estimates a one sided spatial power spectral
density using Welch’s method with constant detrending. The spectrum is then fit
in logarithmic space with the power law model

n\ ~Wa

Sq(n) = 4 <) , (3.15)
o

where n is spatial frequency, ng = 0.1 cycle/m is the reference frequency, C, is the

spectral level, and w, is the waviness exponent. The fit starts at the long wavelength

floor, currently 1/50 cycle/m, and extends to the resolvable high frequency range of

the sampled signal.

The 20 m segment length is chosen as a compromise between local adaptation and
statistical stability. Shorter windows would follow rapid changes more closely, but
the PSD estimates would become noisy and sensitive to individual samples. Longer
windows would produce smoother parameter histories, but they would hide changes
in roughness severity that are relevant for vehicle loading. The local pair (C,, w,)
therefore acts as a compact descriptor of both amplitude level and spectral shape
over a distance scale that remains meaningful for simulation.

The local roughness descriptor is therefore

O, = (Cy, wy). (3.16)
Unstable edge estimates are filled from the interior parameter statistics, and w, is
constrained to a physically reasonable range. Additional scale measures, such as the
local RMS, can be retained for calibration, but the core roughness parameterization
remains the pair (C, w).
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3.4.2 Parameter Sampling and Reconstruction

The roughness reconstruction is driven by the distribution of the fitted parameters
rather than by copied profile samples. Figure 3.3 shows the parameter comparison
for the bin 50 case. The two panels compare the marginal distributions of log,, C
and waviness w between the measured parameter pool and the generated segments.
These are the two core parameters used to control the local roughness spectrum: C'
sets the roughness level, while w sets the spectral slope. The generated curves follow
the main peaks of the measured distributions, which indicates that the compact
road keeps both the dominant roughness level and the dominant spectral slope.
Small differences remain in the tails, especially for high roughness levels, where the
measured pool contains fewer but more severe segments. The comparison is therefore
a marginal distribution check rather than a full joint-support diagnostic.

loglo C w

—— reference parameter pool
— generated

Figure 3.3: Bin 50 distributions of log,, C' and waviness w.

During reconstruction, the selected segment parameters are converted into continu-
ous fields of roughness level C'(u), waviness w(u), and local amplitude scale. Rather
than reusing measured roughness samples directly, these fields define a local target
spectrum,

n \ —w(u)

S(niu) = Cu) () . (3.17)

o
A new stochastic signal 7(u) is synthesized over logarithmic frequency bands. The
power law fit controls the spectral shape, while the local amplitude scale controls the
absolute level. A soft calibration then aligns RMS, slope, and damage related tar-
gets, but this calibration only adjusts the generated realization; the main mechanism
remains parameter-driven synthesis.

Figure 3.4 visualizes this reconstruction step. The sampled roughness level C' and
waviness w define the local target PSD rather than a fixed waveform. A random
phase realization is then drawn from that target spectrum and transformed back into
the spatial domain, giving a roughness signal whose local amplitude and spectral
slope remain traceable to the compact parameter pair.

This design is deliberately different from copying roughness samples from the mea-
sured road. Copying would preserve local details but would also limit the compact
road to a rearrangement of measured snippets. Parameter-driven synthesis allows a
new realization to be generated while retaining the measured roughness statistics.
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Figure 3.4: WMCR roughness reconstruction from sampled C' and w fields.

The calibration step is kept secondary so that the reconstructed roughness remains
traceable to the fitted PSD parameters rather than becoming a black-box response
fit.

3.5 Transient Events

3.5.1 Event Library

The transient component ¢(u) is represented as a library of compact localized events.
For each detected support interval I,,,, WMCR extracts the event waveform from
the transient signal and records its peak, width, polarity, damage contribution, and
local background condition. The compact descriptor used during synthesis is

@:n = (Wma Am7 1/1m7 Cbg,m); (318)

where W, is the event support width, A,, is the signed peak amplitude, 1, is the
normalized longitudinal event shape, and Clg ,, is the roughness level of the segment
in which the source event was found. When a measured waveform is available, v, is
a peak preserving event template. A half sine family is used as a fallback template
representation.

The background term is not only auxiliary metadata. It records that a transient is
defined relative to its local road context. The same waveform may stand out as a
localized event on a smooth road section, but be absorbed into ordinary texture on
a rough section. The value Cy,g,, therefore prevents the event library from treating
amplitude and shape as absolute properties independent of the background on which
the event was observed.
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The event library is intentionally more explicit than the roughness parameterization.
Localized events are rare, and their influence is often carried by their shape, polarity,
and surrounding context rather than by their average spectral contribution. Storing
them as templates avoids diluting them into the background PSD. At the same
time, using normalized templates and separate amplitude and width parameters
makes it possible to place events in a compact road without requiring the original
event samples to be copied verbatim.

Template reconstruction is therefore sufficient only in a response-oriented sense, not
as an exact reproduction of every measured defect. It is adequate when the template
preserves the event properties that dominate the vehicle input: peak amplitude,
support width, polarity, edge shape, and the background roughness context in which
the event was observed. A measured event template is preferred because it retains
asymmetry and multi-peak details that a simple analytic shape may miss. The half-
sine fallback should be read as a regularized approximation for cases where only
compact event descriptors are available. It can preserve the main amplitude and
width effect, but it is less reliable for channels that are sensitive to local slopes
and edge sharpness, especially the longitudinal f6 load path. The sufficiency of the
template representation is therefore checked by the subsequent response validation
rather than assumed from the road profile alone.

3.5.2 Event Placement and Assembly

Transient reconstruction is conditioned on the generated roughness context. Can-
didate events are drawn from the event library, but they are not placed arbitrarily.
The sampler prefers events whose source background roughness is compatible with
the target segment, preserves measured event density through a conservative density
floor, and avoids unrealistic clustering through spacing constraints. During place-
ment, each selected event receives a new target position ,,, its width is scaled to
the target segment, and its waveform is blended with the surrounding roughness so
that it behaves as a localized road feature rather than an isolated numerical spike,

« u—1u
tm(u) = A ¥ . 3.19
() = A (5522 3.19)
The complete transient signal is the sum of all inserted events,
tw) = > tn(u), (3.20)
m=1

where M, is the number of events in the compact road.

The compression step changes the available road length, but it should not change
what an event represents. WMCR therefore does not simply copy every event from
the measured road into the shorter target profile. Doing so would increase the event
density and create an unrealistically severe compact road. Conversely, discarding
events only because the target road is shorter would remove rare features that may
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dominate durability loads. The event sampler therefore treats compression as a
density and severity preservation problem: the compact road keeps a representative
number of localized features, keeps severe events as explicit inserts rather than
averaging them into the roughness, and leaves enough spacing for each event to
remain distinguishable from its neighbours.

The context condition prevents a common failure mode in compact reconstruction:
placing severe events on unrealistically smooth background sections, or grouping
many events so closely that the generated road contains an artificial obstacle cluster.
WMCR therefore treats event placement as a constrained sampling problem. The
event density controls how many severe features remain in the compact road, while
the context and spacing controls determine where they can be inserted without
breaking the statistical character of the source road bin.

This also makes transient insertion one of the most sensitive parts of WMCR. The
roughness field is generated first, the event candidates are then matched to that
realized local background, and only after that are the event waveforms blended into
the profile. Changing this order, the local blend, or the spacing between events can
change local slopes and pulse shapes, and therefore change the vehicle response even
when the stored event template is unchanged.

The final one dimensional profile is assembled as the sum of reconstructed topogra-
phy, generated roughness, and placed transients,

2(u) = §(u) + 7(u) + H(u). (3.21)
This signal is the conditioning profile for the 2D surface stage.

The one-dimensional assembly is a useful intermediate result because it can be
checked before lateral expansion. It contains the three longitudinal components that
dominate the road input: smooth topography, stochastic roughness, and explicit
events. The remaining task is to convert this profile into a road surface that can
excite left and right wheel paths with realistic lateral correlation.

3.6 2D Road Surface

The one dimensional reconstruction in Equation 3.21 is used as a conditioning signal
for the 2D stage. Here, “one dimensional” means a univariate elevation signal over
longitudinal distance, Z(u). Such a signal is often plotted as a two-axis road profile,
with distance on one axis and elevation on the other, but its spatial domain contains
only one coordinate. In contrast, the exported WMCR road is a height field 7 (u,v)
over longitudinal and lateral position. It may be visualized as a three-dimensional
surface plot because elevation is drawn vertically, but the modelled road domain is
two dimensional: (u,v).

This terminology matters for the vehicle simulation. The vehicle model does not
travel on a single centreline signal. The left and right tyres sample different lateral
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positions, and suspension loads depend on both common vertical excitation and
differential input between the wheel paths. The 2D stage therefore preserves the
component logic of the 1D reconstruction while adding a lateral coherence model
and explicit transient footprints.

3.6.1 Lateral Coherence

The continuous base surface is the sum of the topography and roughness layers,
Zbase(uy U) = Ztopography(ua U) + Zroughness(ua U)- (322)

It is conditioned by the non-transient part of the one dimensional reconstruction,
so that the representative lateral position satisfies Zpase(u,v9) = g(u) + 7(u). The
transient term t(u) is deliberately excluded from this background expansion.

Measured roads with multiple lateral tracks show correlation across lateral offsets.
Nearby tracks share much of the long wavelength content, while shorter wavelengths
decorrelate more quickly as the lateral distance increases. The functional form fol-
lows Bogsjoé’s treatment of road-profile statistics for laterally separated tracks [1].
Its use here is also consistent with the later two-track roughness modelling in Bogsjo,
Podgorski, and Rychlik [17]. The numerical decay parameter, however, is not im-
ported as a literature constant. WMCR estimates the Bogsjo-type coherence con-
stant from the measured lateral track pairs in the road data used for each speed
bin,

v*(n,d) = exp[—23,(d)n], d = |v, — vp). (3.23)

Here ~%(n, d) is the target magnitude-squared coherence at spatial frequency n and
lateral separation d, while /3, (d) is the effective coherence decay parameter for that
separation. The distance dependence is therefore carried by the fitted parameter
B, (d): larger values represent faster lateral decorrelation.

For each available pair of detrended tracks, the measured magnitude-squared coher-
ence is estimated from Welch spectra,

~2 . |‘§ab(n)|2
A d) = Soa(1)S(n)

Numerically unreliable points, including the zero-frequency value and coherence
estimates close to the limits zero and one, are excluded before fitting. Taking the
logarithm of Equation 3.23 gives the through-origin linear relation

(3.24)

. 3 >imlog 47, (i, d
log e d) = —28, (), By ) = —ELE Tmte D)

Estimates from all valid track pairs are aggregated robustly by lateral separation to
form a speed-bin-specific, distance-dependent decay table. During surface synthesis,
the decay parameter for an anchor separation is obtained by interpolating within this
measured table. Thus the reported WMCR surfaces use a coherence constant derived

(3.25)

36



3. Wavelet Multi Component Reconstruction

from the measured road data in the corresponding bin, not a generic default value.
The magnitude-squared target is then converted to an amplitude coherence before
conditional anchor sampling. This calibration keeps long wavelength content shared
across the road width while allowing shorter wavelength texture and differential
excitation to vary between wheel paths.

3.6.2 Surface Generation

The 2D road is generated by expanding the non-transient 1D reconstruction to a
small set of lateral anchors, interpolating these anchors to the dense surface grid,
and finally adding transient increments. The final surface is written as

Z(u7 U) - 2topography<u7 U) + Zroughness(ua U) + T(U,, U)7 (326>

where Ztopography is the long wavelength surface topography, Zroughness is the laterally
coherent background roughness, and T is the 2D transient increment field.

For a standard wheel track layout, the anchor set is
A={-14,-08,0,0.8, 1.4}. (3.27)

The coordinates are expressed in metres, giving a road width of 2.8 m. The centre
anchor is conditioned on §(u) + #(u), while the remaining anchors are sampled so
that their cross spectra follow the coherence target in Equation 3.23. Topography
anchors provide the low frequency lateral shape, and roughness anchors provide
correlated stochastic texture.

The dense lateral grid is then obtained by piecewise linear interpolation between
neighbouring anchors at each longitudinal sample. If v, < v < v, are the two
anchors surrounding a grid point v, the background surface value is

Ebase(u’ U) = (1 - O‘)Zbase(ua Ua) + OéZbase(ua 'Ub)a a = b .

p— (3.28)
This interpolation is only the geometric expansion from sparse anchors to the CRG
surface grid. The lateral coherence is already imposed when the anchor signals are
sampled; it is not created afterwards by smoothing the dense grid. The background
grid is then combined with the transient field and exported as the 2D road sur-
face. The coherence target is used during conditional anchor sampling, not as a
post-processing filter; the magnitude-squared target is converted to an amplitude
correlation before sampling.
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Figure 3.5: Staged generation of the 2D WMCR surface.

The decomposition in Equation 3.26 is maintained during surface generation. The
topography layer is smooth in v and v and stores the long wavelength road shape.
The roughness layer is generated around the topography layer as a zero mean back-
ground texture whose spectral level and waviness are inherited from the WMCR
roughness parameters. Their sum forms the base surface in Equation 3.22. This
surface is laterally coherent and continuous, but it contains no explicit transient
events.

Keeping the layers separate avoids hiding localized events inside the background co-
herence model. It also makes the topography, roughness, and transient contributions
easy to inspect before the final surface is exported.

Figure 3.5 illustrates this staged construction. The point is not only to obtain a
dense grid, but to keep the origin of the grid values interpretable. A later response
mismatch can then be traced back to topography, background roughness, transient
placement, or lateral coherence rather than to an undifferentiated road surface.

3.6.3 Transient Injection and Export

Before injection, the compact-road compression has already determined how many
transient events should be retained. The selected transient density is scaled to
the target length while preserving the measured event rate and retaining severe
localized features as explicit inserts. This avoids two opposite errors: filling the
shorter road with too many copied events, or smoothing rare high-severity events
into the background roughness because the road has been compressed.

Transient events are injected only after the base surface has been generated. They
do not participate in the lateral coherence expansion of the background surface. The
longitudinal part is the placed event in Equation 3.19; the lateral part is an envelope
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Bm(v). The 2D event is therefore

o, 0) = At (“V_V:m> By (v). (3.29)

When measurements from multiple lateral tracks provide a lateral footprint, §,,(v)
is estimated from those tracks. Otherwise, it is sampled from a bounded envelope
family. The full transient surface is obtained by summing the inserted 2D events,

Tu, v) = E_fl Ty, 0). (3.30)

The exported object then contains the dense surface grid, axis definitions, grid
spacing, and minimal generation metadata. Before export, the grid is checked for
finite values, regular axes, reasonable spacing, and plausible lateral coherence. The
same surface can be saved as a MATLAB .mat payload or converted to OpenCRG
for vehicle simulation.

The validation checks at export are practical but important. They ensure that the
road surface is numerically well formed before it is passed to Adams Car, and they
separate file format errors from modelling errors. After export, the WMCR road
can be evaluated in the same way as the NSL road and the measured reference: first
through road diagnostics and then through vehicle response metrics.

Figure 3.6 shows one generated WMCR surface example before export. It provides
a visual check that the reconstructed road field is well formed before the road is
used in the vehicle simulation.
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Figure 3.6: Generated 2D WMCR surface before export.
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3. Wavelet Multi Component Reconstruction

In summary, WMCR stores topography, roughness, transient events, and lateral
surface information as separate component parameters. These parameters are sam-
pled within a measured road bin, reconstructed as a one dimensional road, and
expanded into a laterally coherent 2D surface for simulation. The method is there-
fore a route for component preserving compression. It reduces the amount of road
data that must be simulated, but it retains the distinctions needed to interpret why
a generated road does or does not reproduce the measured vehicle response.
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4. Simulation and Response Results

4

Simulation and Response Results

The validation moves from road profile comparison to vehicle response simulation.
A compact road is suitable for durability work only if the simplified representation
preserves the excitation mechanisms that drive component forces, not only the statis-
tical appearance of the measured profile. The resulting test is whether the generated
roads remain equivalent after they are used as inputs to the vehicle model.

The validation chain is intentionally progressive and is applied to the 30, 50, 70,
and 100 km/h speed bins. The preliminary analysis first checks spectral content
and quarter car pseudo damage, which gives a reduced vertical response screen. The
non-linear Adams Car benchmark then evaluates the same roads in a full multibody
vehicle model, where tyre contact, suspension kinematics, load transfer, and left—
right coupling can amplify differences that are partly hidden in profile descriptors.

This focus follows the durability road motivation used throughout the work: mea-
sured local irregularities can be more important for fatigue than their share of
average roughness suggests. Bogsjo’s road-profile statistics emphasize the fatigue
relevance of local unevenness [1], and Charles’ test-severity work supports deriving
durability input from measured road events rather than from average roughness
alone [2].

4.1 Preliminary Analysis

The preliminary analysis provides an intermediate check between road synthesis and
vehicle response simulation. It evaluates whether the generated roads preserve the
measured road spectrum and whether the remaining differences affect a reduced
vehicle response measure before the Adams Car benchmark is interpreted.

The comparison is organized in two steps and is applied consistently to the 30, 50,
70, and 100 km/h speed bins. The PSD check first compares how the measured
road, the external NSL roads, and the WMCR road distribute elevation energy
over spatial frequency. Quarter car pseudo damage and suspension force RMS then
convert the same road inputs into compact response severity measures. The two
checks are interpreted together: the PSD shows where the road descriptions differ,
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4. Simulation and Response Results

while the quarter car result indicates whether those differences are likely to influence
durability simulation. The figures shown in this section are representative Bin50
validation views from the screening workflow rather than a complete set of all speed
bin diagnostics.

4.1.1 PSD

Power spectral density describes how profile variance is distributed over spatial
frequency. Dodds and Robson give the classical spectral description of road rough-
ness [8]. ISO 8608 then standardizes how road-profile PSD content is reported [3].
Andrén discusses practical PSD approximations for longitudinal road profiles [9].
Figure 4.1 shows the Bin50 mean surface PSD comparison. It compares the mea-
sured reference with WMCR, the C route NSL surface, and the IRI 1m and IRI
20m NSL surfaces. The PSD is evaluated across the surface and reported as a mean
curve, so the figure should be read as a Bin50 surface comparison rather than a sin-
gle track example. The shaded band marks +3 dB around the measured reference.
In this discussion, low spatial frequency or long wavelength means approximately
n < 0.1 cycle/m, corresponding to wavelengths A 2 10 m.

Bin50 Mean Surface PSD Across Surface
1072 Ref +3 dB
N — Ref
X = WMCR
e NSL-C
NSL-IRI1
= NSL-IRI20
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o
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Figure 4.1: Bin 50 mean surface PSD comparison.

The displayed curves follow the same overall decay as spatial frequency increases,
which indicates that the generated roads reproduce the main roughness trend of the
measured surface to different degrees. This agreement is important, but it should be
read as a spectral check rather than as evidence that nonstationary transient events
are preserved. Bruscella and co-workers show that road profiles can require sepa-
ration beyond a single global spectrum [6]. Johannesson, Podgérski, and Rychlik
motivate nonstationary variance descriptions for road roughness [7]. Wavelet-based
pavement analysis also demonstrates the need for spatially sensitive profile diagnos-
tics [19].
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The main differences are in spectral level and in the high frequency roll off. In the
low and middle spatial frequency range, WMCR stays close to the reference envelope
and generally remains inside or near the +3 dB band. At higher spatial frequencies,
especially above about 0.1 cycle/m, WMCR still falls below the reference and does
not reproduce every narrow peak. The three NSL external roads lose high frequency
energy more clearly. The C route NSL surface retains more of this content than the
IRI based alternatives, while the IRI 1m and IRI 20m routes show the strongest
downward separation from the reference.

The PSD result is therefore useful as a first check, but it is not sufficient on its own.
A generated road can match the global spectral trend while still missing where
transient energy occurs along the road, how sharp a local event is, and how that
event is placed across the vehicle track width. These details affect wheel travel,
suspension velocity, and fatigue relevant cycle amplitudes. The PSD comparison is
therefore followed by a reduced response measure.

4.1.2 Quarter Car Pseudo Damage

Quarter car pseudo damage and suspension force RMS provide the response contin-
uation of the PSD check. They recall the same reduced vehicle idea used by IRI. The
International Road Roughness Experiment established the standardized quarter-car
basis for IRI interpretation [10]. Sayers’ work explains how IRI is computed from
longitudinal road profiles [23]. Each road profile is evaluated with the same quarter
car model, while the speed is selected from the corresponding road bin. The 30, 50,
70, and 100 km/h road bins are therefore simulated at 30, 50, 70, and 100 km /h,
respectively. The spatial road profile is converted to a temporal input by

4(t) = z(vt),  t= % (4.1)
where z, is the spatial road elevation, z; is the temporal road input, x is longitudinal
distance, and v is the bin speed.

The quarter car response history is reduced to relative damage and RMS measures.
After cycle counting [28], each response cycle is represented by a cycle count n; and
an amplitude or range 5;. Pseudo damage is accumulated as

Ne
DQC = Z n; Slm, (42)
i=1
where N, is the number of counted cycle levels and m is a fixed fatigue exponent.
Material constants are omitted because only relative comparison is required. The
same suspension force history is also reduced to RMS, so the comparison can separate
fatigue sensitive cycle content from average force level.

Figure 4.2 applies this check to the Bin50 road set. Both panels are normalized by
the measured reference, so a value of one indicates agreement with the reference
road.
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Bin50 Quarter-Car Validation
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Figure 4.2: Bin 50 quarter-car validation.

WMCR gives a pseudo damage ratio close to the reference, about 0.97, while its
suspension force RMS is higher, about 1.38. The three NSL external roads recover
less pseudo damage than the reference. The C route NSL surface is the strongest of
them at about 0.66, while the IRI 1m and IRI 20m routes are lower at about 0.36
and 0.34. The RMS panel gives a different view: the C route NSL surface is slightly
below the reference, the IRI 1m route is moderately above it, and the IRI 20m route
is close to one. This reduced model is valuable for ranking vertical severity, but it
remains a simplified response path; nonlinear suspension and tyre effects can change
the accuracy of quarter car predictions [13].

Across the speed bins, the quarter car trend should be interpreted through the
speed mapping rather than through roughness alone. Increasing speed shifts a fixed
spatial wavelength to a higher temporal excitation frequency, so pseudo damage and
RMS can change when road content moves closer to or farther from the quarter car
response bands. The Binb0 result shows why both metrics are needed. A road can
have a reasonable RMS level while still losing fatigue relevant cycles, and a road can
retain the pseudo damage level while remaining high in RMS. The 50 km/h plot is
therefore a representative detailed view of the mechanism, not the only basis for the
preliminary conclusion.

The measured component split gives the reduced-response explanation for this trend.
The transient statistics are computed at profile level rather than by pooling all road
samples. In the Chapter 4 screening set, one centreline WMCR profile is analysed
for each speed bin, giving N = 4 profile-level observations for the 30, 50, 70, and
100 km/h bins. For each profile, the transient RMS share is computed as the RMS
of the transient component divided by the RMS of the full profile. The response
contribution is computed from the same profile before and after transient injection
using quarter car pseudo damage. Figure 4.3 compares these two shares directly.
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Transient Energy vs Pseudo-Damage Share
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Figure 4.3: Transient energy and pseudo-damage shares.

The transient RMS share is 8.22% + 2.89%, while the before-after quarter car com-
parison attributes 36.27% =+ 6.69% of the pseudo-damage increment to the same
component. A small energy share can therefore carry a much larger fatigue share,
which supports using the full Adams benchmark after the reduced vertical screen.

4.2 Benchmark and Simulation Setup

The quarter car model provides a reduced screen because it connects road input
to vertical response through a compact reference system. It does not, however,
represent suspension geometry, nonlinear component behaviour, multi axle coupling,
or load transfer between the two sides of the vehicle. For that reason, the generated
roads are also checked in a full vehicle benchmark before they are judged suitable
for durability simulation.

The benchmark is run as a non-linear Adams Car full-vehicle simulation with the
same multibody vehicle model for all road inputs. The manoeuvre is a straight,
constant-speed road run over the imported CRG surface. The speed is assigned
by road bin, so the 30, 50, 70, and 100 km/h bins are simulated at 30, 50, 70,
and 100 km/h, respectively. The reference response is obtained from the original
scanned road, and the NSL and WMCR roads are prepared as compact CRG road
files and applied through the same road input format; CRG is a dedicated road
surface format for vehicle simulation workflows [29].

The tyre and road-contact model are kept fixed between the measured, NSL, and
WMCR simulations. No method-specific tyre parameters, contact settings, solver
settings, or output sampling settings are retuned for one road representation. Where
solver tolerances, integration options, and contact parameters enter the Adams
model, they are treated as controlled benchmark settings rather than as calibration
variables. The road surface is therefore the intended variable in the comparison,
so differences in the monitored responses can be interpreted as consequences of the
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road representation rather than changes in the simulation setup.

The post-processing workflow is also fixed. For each simulation, the left and right
response histories for the monitored channels are extracted over the common travel
interval, processed with the same filtering and cycle-counting procedure, and reduced
to Damage, response range, maximum, and minimum diagnostics. The figures use
Damage and range as the primary pair. Each bar is normalized by the corresponding
measured-road value for the same speed bin, side, and response channel, so a value
of one means agreement with the measured reference.

4.3 Response Results

The Adams Car response comparison is where road similarity is converted into
response equivalence. The preliminary PSD and quarter car checks show whether
the compact roads contain plausible spectral content and reduced vertical severity.
The vehicle simulation then tests whether that content produces comparable force
responses to the measured road. The result is therefore not judged from one scalar
roughness descriptor. A compact road must recover fatigue relevant damage while
also keeping the response amplitude realistic in several monitored force channels.

The response results are therefore organised by channel rather than by modelling
method. Figures 4.5-4.7 show f55, f6, and f63 separately. Each figure contains
the four speed bins and all four compact-road methods: NSL IRI-1m, NSL IRI-
20m, Direct C, and WMCR. This layout makes the comparison speed-bin aware
while keeping the methods in the same plot. The analysis can still distinguish the
behaviour of the NSL routes and WMCR, but the evidence is read through the
physical load path first.

4.3.1 Monitored Response Channels

The notation f55, f6, and f63 refers to three output channels from the Adams Car
post processing. Here, a channel means a force response at a specific suspension or
body connection. The channels are selected because they react to different physical
aspects of the same road input. Damage, labelled as Fatigue Damage or DTOT
k = 4 in the figures, is the primary durability quantity because large response cycles
receive a high weight in cycle based fatigue evaluation. DTOT is the total rainflow-
based pseudo damage accumulated over the processed response history. ASTM
E1049 defines the cycle-counting practice used to reduce a response history to fatigue
relevant cycles [28]. Palmgren’s bearing fatigue work provides the early cumulative-
damage basis [21]. Miner’s later rule gives the linear damage accumulation principle
used in many fatigue calculations [22]. Figure 4.4 identifies the three monitored
channels before the channel-specific response plots are interpreted.

46



4. Simulation and Response Results
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Figure 4.4: Monitored Adams force channels.

The exponent k = 4 is used as a representative fatigue-damage slope rather than
as a material-specific calibration. In a Basquin-type relation N = C'S™*, the dam-
age contribution of a counted response cycle is proportional to S* after constants
common to all compared roads are removed. Choosing k = 4 therefore emphasizes
large response cycles while keeping the comparison as a relative road-severity metric.
Range is used beside damage as an amplitude check, so a method does not appear
successful only because it creates a few unrealistic peaks. In all response figures,
a ratio of one indicates agreement with the measured-road reference for the same
speed bin and channel.

Strut force sum f55. This channel represents vertical loading through the front
strut assembly. In the post processing, f55 is the force sum along the strut direction,
including the spring, damper, jounce bumper, and rebound stop force contributions.
Physically, it is closely related to wheel vertical motion, damper velocity, spring
compression, and the transfer of suspension force into the vehicle body. It therefore
continues the quarter car screen at component level: if a compact road loses the
roughness or localized events that drive suspension motion, the f55 damage usually
decreases. If the road is made globally too severe, the f55 damage and range increase
together.

Lower ball joint longitudinal force f6. This channel represents the longitudinal
force at the lower ball joint. It is not controlled only by the vertical roughness
level. Local slopes, event edges, tyre contact filtering, and suspension kinematics
convert road elevation into longitudinal force. A short edge, bump, or depression
can therefore produce a large f6 pulse even if it is not dominant in the road PSD.

47



4. Simulation and Response Results

This makes f6 a diagnostic check of whether the reconstructed road has realistic
local event shapes.

Front drop link force f63. This channel represents the front anti roll bar link
force. It is driven by the difference between the left and right front wheel excitations,
so it tests the lateral meaning of the road surface. A road can match the roughness
of each individual wheel track and still fail in f63 if the two tracks are too coherent,
too independent, or if localized events have an unrealistic lateral footprint. The
f63 channel therefore checks whether the compact road remains plausible as a two
dimensional surface rather than as two separate longitudinal profiles.

4.3.2 Channel-Based Adams Results

Figure 4.5 compares the vertical strut-loading channel. At 30 km/h the descriptor-
based routes under-recover f55 damage, while WMCR is conservative in damage but
remains below the measured range. At 50 km/h, WMCR is close to the measured
damage level, whereas Direct C strongly over-predicts f55 fatigue damage. At
70 km/h the NSL IRI variants become highly severe in f55, and Direct C and
WMCR also exceed the reference damage level, although WMCR keeps the range
lower. At 100 km/h, WMCR returns close to unity in damage and remains controlled
in range, while the IRI variants remain too severe. The f55 evidence therefore
supports the main WMCR mechanism for vertical loading, but it also shows that
compression can still redistribute local peak content between damage and range.
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Figure 4.5: Adams f55 response over the four speed bins.

The large error of the IRI-based NSL routes in the 70 km/h bin can be explained
by the conversion from IRI to the roughness coefficient C'. For both the IRI-1m and
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IRI-20m routes, the segment roughness coefficient is estimated as

A _ 106 J
C; =10 (2‘21>, (4.3)

which relies on the empirical IRI-C' relation under the assumption of a fixed waviness
exponent w = 2.0. This assumption is reasonable for a broad road class, but it
becomes problematic when the roads inside one speed bin are not homogeneous.

This effect is especially visible in the 70 km/h bin. Although roads in this speed
class are normally expected to be relatively smooth, one road in this bin contains
substantially rougher sections and also accounts for more than 70% of the total
concatenated road length in the bin. As a result, this road dominates the fitted
IRI-based NSL statistics. Because the IRI routes still impose a fixed w = 2.0,
the conversion from IRI to C' cannot represent the actual spectral shape of this
dominant road. The generated road can therefore receive an incorrect roughness-
energy distribution, which is then amplified in the full-vehicle response and leads to
excessive fatigue damage.

The Direct C route does not show the same level of amplification because it estimates
the PSD-based parameters directly from the measured profiles. In particular, the
waviness exponent is evaluated segment by segment rather than being fixed to w =
2.0 for the whole road class. This allows the Direct C' route to adapt to the unusual
spectral characteristics of the dominant 70 km/h road and explains why its Adams
response does not exhibit the same damage explosion as the IRI-based routes.

Figure 4.6 shows the longitudinal lower ball joint channel. This is the most gradient-
sensitive response path. At 30 km/h all methods under-recover f6, indicating that
small local slopes and event edges are difficult to preserve in the lowest-speed bin.
At 50 km/h, Direct C and WMCR recover the damage level more clearly than the
IRI variants, but WMCR still has a lower range ratio, which means that some peak
amplitude is not fully recovered. At 70 and 100 km/h the damage ratios become
method dependent: Direct C and WMCR can over-predict f6 damage, while the
range values remain closer to the reference than the damage values. This confirms
that matching the longitudinal load path is not only a roughness-level problem.
Event width, edge shape, event placement, and tyre-contact filtering all affect the
counted damage cycles.
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Figure 4.6: Adams f6 response over the four speed bins.

Figure 4.7 presents the front anti-roll-bar drop-link channel. The f63 result sep-
arates lateral surface plausibility from single-track roughness matching. The IRI-
based NSL routes can become very severe in this channel, especially in the 50, 70,
and 100 km/h bins, which indicates excessive or poorly balanced left-right differen-
tial excitation. Direct C is generally less extreme than the IRI variants, but it still
over-predicts f63 damage in some bins and under-predicts it in the 100 km/h bin.
WMCR is more controlled: its f63 damage and range are generally conservative
rather than amplified. This is not a perfect match, especially at 100 km/h, but
it supports the interpretation that the WMCR lateral reconstruction avoids broad
artificial anti-roll-bar excitation.
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Figure 4.7: Adams f63 response over the four speed bins.

Taken together, the channel plots show why the methods should not be judged by
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a single 50 km/h comparison or by a single scalar road descriptor. The IRI variants
can be too smooth in some low-speed cases and too severe in high-speed response
channels. Direct C is the strongest NSL baseline in several range comparisons and
in some damage channels, but it can also recover damage through channel-specific
over-prediction. WMCR does not reproduce every channel exactly, but it gives a
more balanced response pattern: it tends to keep the vertical strut path and the
left—right differential path controlled, while the remaining difficulty is concentrated
in the gradient-sensitive f6 path.

4.3.3 Overall Accuracy and Cross-Bin Robustness

The channel plots provide the physical interpretation, but an aggregate view is
needed to compare methods over all bins and channels. Here, the full Adams re-
sponse set does not mean every output signal available from Adams Car. It means
the six selected monitored force histories used in this validation: left and right f55
strut force, left and right f6 lower ball joint longitudinal force, and left and right
f63 anti-roll-bar drop-link force. These six channels are chosen because they cover
the main response mechanisms targeted by the compact-road validation: vertical
suspension loading, gradient-sensitive longitudinal loading, and left-right differen-
tial excitation. FEach channel is evaluated in the four speed bins using both fatigue
damage and range. Figure 4.8 condenses this selected response set into a median
absolute error relative to the measured reference.
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Figure 4.8: Overall Adams response error across methods.

WMCR gives the lowest fatigue-damage error among the compared methods and
remains competitive in range error. Direct C has the lowest overall range error, but
its fatigue-damage error is substantially larger than WMCR’s. Figure 4.9 keeps the
same error definition but separates the result by speed bin, so it shows whether the
same method remains robust when road input is mapped into different temporal
excitation ranges by vehicle speed.
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Figure 4.9: Cross-bin Adams response error.

Taken together, the aggregate figures show that the IRI variants have the largest
overall damage errors and the strongest speed-bin sensitivity. This confirms that
a compact scalar roughness route can miss or over-amplify fatigue relevant cycles
when all speed bins and channels are considered together.

4.4 Summary

The compact roads are validated through a progressive chain applied to the four
speed bins: PSD checks the spectral roughness content, quarter car pseudo damage
adds a reduced vertical response screen, and the non-linear Adams Car benchmark
tests component load paths in the full vehicle model. This progression is necessary
because profile similarity and reduced vertical severity do not guarantee durability
response equivalence.

The final response evidence is channel based. In f55, WMCR generally preserves
the vertical strut-loading regime more consistently than the descriptor-based NSL
routes, although some bins still show conservative or elevated damage. In f6, all
methods remain sensitive to local event geometry, confirming that longitudinal force
is the most difficult path for compact road reconstruction. In f63, WMCR is gener-
ally controlled rather than over-amplified, which supports the left-right coherence
treatment but also shows some conservative under-recovery in high-speed bins.

The aggregate evidence supports the same interpretation. WMCR gives the lowest
overall Adams fatigue-damage error and more stable cross-bin damage behaviour,
while Direct C remains a strong NSL baseline for range but is less reliable in fatigue
damage. The preliminary transient and quarter-car evidence explains why explicit
localized content matters: transients account for a small share of surface energy
but a much larger share of pseudo damage, and WMCR remains close to the mea-
sured quarter-car damage level before full vehicle validation. The main conclusion
is therefore that durability validation must be channel-based and speed-bin aware,
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and that preserving localized transient structure explicitly improves the robustness
of compact-road response equivalence.
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Discussion and Conclusions

5.1 Discussion

The main implication is that compact road models need to be evaluated by the
excitation they preserve, not only by the amount of compression they achieve. In
the validation cases reported here, the compact roads are generated with a com-
pression ratio of k = 4, so the target road length is L*" = L*¢/4. This corresponds
to a four-to-one length compression, or a 75% reduction in simulated road length
relative to the measured source road. The transient content introduced in the road
nonstationarity discussion remains central to assessing whether this compression is
acceptable. Long road sections can be relatively mild, while short local events can
dominate fatigue response. The practical difference between a road that matches
an average roughness level and a road that can replace measured input in durabil-
ity simulation is whether the severe cycles produced by localized structure remain
present after compression.

NSL and WMCR therefore represent two complementary responses to road non-
stationarity. NSL makes nonstationarity compact by describing the evolution of
road severity statistically. This is suitable when large road populations need to be
summarized or when overall roughness variability is the main target. Its limitation
is that transient location, shape, and lateral footprint are retained only indirectly.
WMCR lowers the level of abstraction by carrying more of this information explic-
itly. This provides direct engineering control over the road features that are most
relevant to response: local severity, event shape, and left-right coherence.

The results also refine the meaning of compression. In this context, compression is
not only a reduction in road length, storage size, or number of parameters. It is
a modelling decision about which features remain explicit and which features are
represented statistically. For relatively homogeneous roads, a compact stochastic
description may be sufficient. For roads whose durability effect is governed by lo-
calized severe events, the reduced representation needs to preserve enough transient
information for cycles critical to response to survive the modelling process. This
is illustrated by the Chapter 4 component split, where N = 4 speed-bin centreline
WMCR profiles are analysed for the 30, 50, 70, and 100 km/h bins. In that screen-
ing calculation, the transient RMS share is computed from the centreline elevation
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profile, and the response contribution is computed from quarter car pseudo dam-
age before and after transient injection. Transients contribute only 8.22% + 2.89%
of RMS elevation energy, but the before-after quarter car comparison attributes
36.27% + 6.69% of the damage increment to the same component. A small energy
share can therefore carry a much larger fatigue share.

The channel-based interpretation provides a practical diagnostic link between road
representation errors and vehicle response mechanisms. A mismatch in f55 primarily
indicates an error in vertical roughness content or in the suspension loading produced
by localized vertical excitation. A mismatch in f6 indicates insufficient preservation
of local event shape, edge sharpness, slope, event width, or tyre-contact-relevant
geometry. A mismatch in f63 indicates an error in left—right coherence or in the
lateral construction of the surface, including differential roughness and the lateral
footprint of localized events. The Adams Car benchmark is therefore not only a
final comparison plot; it is also a tool for identifying which part of the compact road
representation needs refinement.

This interpretation supports an iterative road design workflow. PSD and quarter car
pseudo damage provide efficient early filters for spectral and reduced response errors.
The full vehicle benchmark then determines whether those errors affect component
loads. If the generated road agrees in PSD and quarter car severity but deviates in
55, the vertical roughness content or vertical transient severity requires attention.
If the deviation is concentrated in f6, the local event geometry, edge shape, and
slope require refinement. If the deviation appears in f63, the two dimensional
surface construction and left-right coherence require further checking. The goal of
the workflow is not to reproduce every visible detail of the measured profile, but to
preserve the road excitation mechanisms that govern vehicle dynamics and fatigue.

5.2 Limitations

Several limitations define the scope of the conclusions. First, the final response
benchmark is based on one vehicle model, one simulation environment, one manoeu-
vre setting, and a limited set of monitored force channels. The selected channels
cover important but incomplete load paths: f55 is mainly a single-wheel vertical
strut-loading channel, f6 is a longitudinal lower-ball-joint loading channel, and f63
is a left-right differential loading channel through the front drop link. They do
not provide a dedicated pure lateral response channel. The conclusion therefore ap-
plies to the tested benchmark rather than to all vehicle architectures, components,
payload conditions, speeds, manoeuvres, or durability targets.

The channel scope also means that additional response outputs could change or refine
the method ranking. Relevant extensions include steering or lateral tyre force, yaw
and roll response, rear axle channels, body acceleration, and wheel load variation.
These channels could reveal response mechanisms that are not fully represented by
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the present f55, f6, and f63 set, especially for manoeuvres or vehicles where lateral
dynamics and rear-axle loading are more important.

Second, the measured road database defines the domain in which the compression
methods can be calibrated and evaluated. This is not a shortcoming of the com-
pression objective itself: NSL and WMCR are intended to preserve response-relevant
information from the available measured roads, not to invent road states that are
absent from the source population. The practical consequence is a scope bound-
ary. Rare events, seasonal effects, regional pavement types, maintenance states,
and very long route compositions should be represented in the source database, or
treated as additional calibration bins, before the generated compact roads are used
as population-general durability inputs.

Third, compression necessarily removes information. The objective is to remove
redundant or response-irrelevant detail, but some combinations of roughness, tran-
sient shape, topography, and lateral structure can still be lost. This is visible in
the WMCR range and peak behaviour, where some local response amplitudes re-
main lower than the measured reference. The f6 channel is the clearest example:
even when the overall road representation is response relevant, longitudinal suspen-
sion forces remain sensitive to local event geometry that is difficult to preserve in a
compact reconstruction.

Fourth, the transient definition is context dependent. A waveform that is clearly
transient on a smooth background can be ordinary texture on a rough background, so
transient selection depends on the local roughness condition represented in WMCR
by Chgm. During synthesis, the local background, event ordering, spacing, and
blending determine how inserted events couple to the generated road surface. These
choices can change the vehicle response even when the stored event shapes are
unchanged.

Finally, response equivalence is interpreted through selected metrics rather than
through formal acceptance limits. Damage, range, maximum, and minimum values
make the comparison physically meaningful, but they do not define universal toler-
ance bands for accepting or rejecting a generated road. The Adams Car benchmark
is more representative than a reduced quarter car model, but it remains a simulation
benchmark. Tyre-road contact assumptions, model parameters, channel selection,
and post-processing choices all affect the response comparison. The thesis conclu-
sion is therefore best interpreted as a benchmarked engineering assessment of NSL
and WMCR, not as a complete proof of equivalence for all durability applications.

5.3 Conclusions

The investigation addressed how long measured public roads can be represented by
compact virtual roads without losing the excitation mechanisms that govern vehicle
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loads and fatigue. The durability motivation follows Charles’ work on deriving test
severity from measured road data [2]. Tt is also consistent with Bogsjo’s road-profile
statistics, which emphasize the fatigue relevance of local road irregularities [1], and
with the fatigue study by Bogsjé and Rychlik, where local road content is shown to
affect vehicle damage [20]. The results support the same principle: road equivalence
cannot be defined by visual similarity, global PSD agreement, or a single roughness
descriptor alone. A compact road can be statistically plausible as a profile while
still being incomplete as a durability input if local content critical to response is
removed.

Two modelling strategies were compared. NSL represents an implicit stochastic
route, where local severity is absorbed into a compact parameter process and the
road is regenerated from that description. This gives an efficient and interpretable
representation of population-level roughness variation. WMCR represents an ex-
plicit reconstruction route, where topography, background roughness, localized tran-
sients, and lateral surface structure are separated and then recombined. This keeps
severe local content visible in the reduced road representation. The comparison
therefore addresses the main modelling question: whether localized road structure
can be represented adequately through compact severity statistics, or whether it
needs to be retained explicitly when the end use is durability simulation.

The validation chain shows why both road-based and response-based checks are
needed. The preliminary PSD comparison confirms that the compact roads repro-
duce the broad spectral decay of the measured road, but it also shows that local
spectral peaks and short-wavelength content are not preserved equally. The quarter
car pseudo damage comparison converts these differences into a reduced vertical
response measure. NSL generally under-recovers severity where localized content is
important, while WMCR retains more severe response content and can be conser-
vative at some lateral positions. These checks are informative early filters, but they
do not include suspension geometry, tyre contact filtering, multibody load transfer,
or left—right coupling. The full vehicle benchmark is therefore required to assess
durability response equivalence.

The Adams Car benchmark provides the component-level response assessment. The
final response screening is organised over the 30, 50, 70, and 100 km/h speed bins,
and the response chapter presents the results directly by monitored channel rather
than as separate NSL and WMCR case studies. The monitored force channels sep-
arate three physical load paths: f55 represents vertical strut loading, f6 represents
longitudinal lower ball joint loading driven by local gradients and event shape, and
f63 represents left-right differential excitation through the front drop link. This
channel interpretation makes it possible to distinguish a general roughness error
from a local event-shape error or a lateral surface-construction error.

The NSL baselines reveal two limitations of descriptor-based compact roads. The IRI

variants can miss fatigue relevant cycles in some bins and become too severe in others
because a scalar roughness descriptor does not preserve enough localized transient
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structure. Direct C is the strongest NSL baseline in several range comparisons and
reduces some of the IRI-route errors, but the all-bin response figures show that it can
still recover damage through channel-specific over-prediction. The range response
therefore shows that recovered damage is not automatically equivalent to recovered
load behaviour. A damage match is meaningful only when the response envelope
and the channel balance remain physically plausible.

WMCR gives the more balanced response reconstruction within the investigated
benchmark and monitored channels. The overall Adams error summary shows the
lowest fatigue-damage error for WMCR, while the range checks indicate that this
agreement is not obtained through broad artificial amplification. The channel results
explain the mechanism. In f55, WMCR generally retains the main vertical strut
loading through the combination of background roughness and explicit transient
content. In f63, the response remains controlled, supporting the two dimensional
surface reconstruction and left-right coherence treatment. The clearest remaining
limitation is f6, where local gradients, event width, event placement, and tyre con-
tact filtering make the longitudinal force sensitive to small errors in transient shape.

With these scope boundaries in mind, the central conclusion is limited to the inves-
tigated four-bin Adams Car response screening and the monitored force channels.
Within this scope, WMCR better satisfies the modelling objective: it provides a
compact road representation that preserves fatigue relevant response more consis-
tently across the selected vehicle force channels while maintaining controlled am-
plitude behaviour. NSL remains a valuable stochastic route when the target is
compact representation of population-level roughness variation. However, when lo-
calized events, transient geometry, and lateral surface structure are important for
the tested durability responses, the WMCR component representation provides the
stronger engineering basis.
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