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Abstract. Repeated pedestrian loading produces measurable wear on stone staircase treads, but its mechanical
interpretation remains challenging because present surface morphology results from coupled contact loading,
material loss, environmental aging, and measurement uncertainty. This study proposes a mechanically informed,
non-destructive framework for three-dimensional wear analysis and service age inversion of stone stair treads.
The framework integrates point-cloud-based surface reconstruction, polynomial profile fitting, finite-element
(FE) contact simulation, and an environment-adaptive Archard wear model. Three-dimensional tread morphol-
ogy is first reconstructed from field scanning data and converted into wear depth profiles. FE analysis is then used
to evaluate stress concentration and loading-path differences during ascent, descent, and multi-person use. The
improved Archard model incorporates time-dependent material degradation and environmental correction terms
to relate accumulated wear to pedestrian loading and service duration. The method is evaluated using four stone
staircases with different ages and traffic intensities. The results show that the framework captures spatial wear
morphology, explains the mechanical origin of localized tread depressions, and distinguishes loading signatures
associated with different movement modes. The inverse wear model estimates service ages with a mean accuracy
of 94.4 %, while sensitivity and Monte Carlo tests indicate low sensitivity to material-aging perturbations and
robust performance under 5 % point cloud noise. This work provides an applied mechanics approach for linking
measured surface morphology, contact stress, and time-dependent wear evolution in stone stair structures.

1 Introduction

Stone stair treads subjected to repeated pedestrian loading
provide a field-scale example of long-term contact-driven
wear. During stair use, foot-tread interaction involves cyclic
normal forces, tangential friction, local impact, sliding, and
abrasion (McFadyen and Winter, 1988; Karaca et al., 2012;
Harper et al., 2018; Sousa, 2019). These mechanical pro-
cesses gradually transform initially planar tread surfaces into
concave, rounded, and locally irregular morphologies. Al-

though worn stone staircases are frequently encountered in
historic buildings and public spaces, their surface evolution
is essentially a contact wear problem governed by pedestrian
loading, material removal, environmental aging, and service
duration (Karaca et al., 2012; Sousa, 2019; Gireson et al.,
2023). Understanding this process is therefore relevant not
only to the assessment of stone-built structures but also to the
broader mechanics of natural stone flooring and pedestrian-
induced surface degradation.
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Previous studies on stone flooring and building stones in-
dicate that abrasion resistance and surface deterioration are
influenced by contact load, mineral composition, pore struc-
ture, roughness, moisture, salt crystallization, and freeze–
thaw action (Vazquez-Calvo et al., 2012; Karaca et al., 2012;
Alves et al., 2021; Oguchi and Yu, 2021; Gireson et al.,
2023). Concurrently, biomechanical studies further demon-
strate that these foot–tread interactions differ markedly be-
tween ascent and descent in terms of foot placement, loading
sequence, joint kinetics, and ground reaction forces (Riener
et al., 2002; Protopapadaki et al., 2007; Harper et al., 2018;
Reznick et al., 2021). These differences suggest that pedes-
trian movement modes may leave distinct mechanical sig-
natures on tread surfaces. The observed wear morphology
should therefore be regarded not as a simple geometric de-
fect or visual deterioration but as the accumulated outcome
of a coupled loading–wear process that records the spatial
distribution of contact stress and material loss over time.

Tribological wear modeling provides a theoretical basis
for relating contact loading to material loss. The Archard
law and its modified forms have been widely applied to es-
timate cumulative wear under repeated contact, while finite-
element (FE) approaches enable the simulation of local pres-
sure, stress concentration, and surface evolution in three-
dimensional contact problems (Archard, 1953; McColl et al.,
2004; Hegadekatte et al., 2005, 2008; Schmidt et al., 2018;
Bastola et al., 2022). Recent FE-based wear studies have
further improved wear prediction by considering transient
surface updating, extrapolation schemes, thermal–plastic ef-
fects, fretting wear behavior, and numerical implementation
in commercial FE platforms (Gan et al., 2021; Cai et al.,
2023; Yan et al., 2024). Meanwhile, recent work also indi-
cates that constant wear coefficients may be insufficient for
complex contact conditions because wear depends on con-
tact pressure, deformation energy, surface state, and mate-
rial degradation (Hu et al., 2022; Choudhry et al., 2024).
These developments provide a useful foundation for analyz-
ing worn stone stair treads. However, most existing wear sim-
ulations are designed for controlled engineering components
or laboratory tribometers, whereas field staircases involve ir-
regular geometry, variable pedestrian loading, environmental
aging, and incomplete measurement data.

Non-contact three-dimensional measurement provides an
effective means to address this challenge by capturing the
detailed surface morphology of worn treads. Techniques
such as terrestrial laser scanning, depth sensing, close-
range photogrammetry, and point cloud reconstruction have
been widely applied for geometric documentation, deforma-
tion monitoring, and surface analysis (Remondino, 2011;
Soudarissanane et al., 2011; Kazhdan and Hoppe, 2013;
Cheng et al., 2018; Adamopoulos et al., 2021; Yang et al.,
2023). Recent studies have also emphasized the importance
of point cloud registration, learned feature extraction, and
missing-region completion for improving the reliability of
three-dimensional surface data in complex field environ-

ments (Dong et al., 2020; Markiewicz et al., 2023; Li et
al., 2024). In mechanical assessment, however, scanned mor-
phology is often treated as a descriptive output rather than as
the final state of a time-dependent wear process. For worn
stair treads, the key challenge is to translate point-cloud-
derived geometry into mechanically meaningful information.
This involves identifying stress-related wear zones; distin-
guishing loading paths associated with ascent, descent, or
multi-person use; and estimating service age from accumu-
lated material loss. Meeting this challenge requires an inte-
grated framework that combines surface reconstruction, con-
tact mechanics, and inverse wear modeling.

The application of such a non-destructive framework must
also address uncertainties in field data and material param-
eters. Surface scans may contain noise, missing regions,
and registration errors arising from scanning geometry, oc-
clusion, surface roughness, and environmental conditions
(Soudarissanane et al., 2011; Cheng et al., 2018; Dong et al.,
2020; Markiewicz et al., 2023; Li et al., 2024). Over long
service periods, stone hardness and wear resistance can also
be altered by environmental weathering, biological activity,
and cumulative mechanical damage (Oguchi and Yu, 2021;
Sesana et al., 2021; Nastou and Zerefos, 2024). These fac-
tors can alter the relationship between contact loading and
observed wear depth. A mechanically interpretable model for
stone stair treads should therefore incorporate contact stress
simulation, time-dependent material degradation, and robust-
ness evaluation under measurement uncertainty rather than
relying solely on static geometric indicators.

Based on these considerations, this study presents a non-
destructive computational framework for three-dimensional
inverse wear analysis of stone staircase treads under pedes-
trian contact loading. By integrating point cloud acquisi-
tion, polynomial profile fitting, FE contact simulation, and an
environment-adaptive Archard wear model, the framework
establishes a unified procedure for mechanically interpreting
long-term tread wear from present surface conditions. Unlike
previous studies that have mainly focused on geometric doc-
umentation of worn surfaces or forward wear simulation un-
der prescribed loading conditions, the present study treats the
observed tread morphology as the accumulated outcome of a
long-term loading–wear process and uses it as the basis for
inverse mechanical interpretation. This approach therefore
bridges descriptive geometric characterization and conven-
tional forward wear modeling, extending surface wear anal-
ysis from documentation or prediction toward reconstruction
of past use from the present wear state. The specific objec-
tives are to quantify spatial wear morphology from irregular
tread surfaces, to examine the mechanical relationship be-
tween wear distribution and pedestrian movement modes, to
identify wear evolution deviations that may indicate material
or intervention-related anomalies, and to evaluate the feasi-
bility of service age inversion from present surface condi-
tions. Through this work, worn stair treads are regarded not
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merely as deteriorated surfaces but as measurable mechani-
cal records of long-term contact loading and wear evolution.

2 Materials and methods

2.1 Data acquisition and preprocessing

2.1.1 Three-dimensional scanning and point cloud data
acquisition

Long-term pedestrian use transforms staircase treads from
regular planar surfaces into concave, rounded, and locally ir-
regular morphologies. To accurately capture these wear pat-
terns, a non-destructive 3D point cloud scanning framework
using an Intel RealSense D455 depth camera was adopted.
Field investigations were conducted at Guangji Temple (a
historic Buddhist sanctuary), Wuhu Ancient City (a Ming
Dynasty architectural complex), and Zheshan Park (a high-
traffic modern public space) in Wuhu, Anhui Province,
China. Four representative staircases were selected to cover
different construction dates, usage intensities, and preserva-
tion conditions.

The standardized scanning workflow is illustrated in
Fig. 1. Raw point clouds were denoised, cropped by region
of interest, and aligned to a unified coordinate system. Sur-
face normals were estimated for reconstruction, and sparse or
occluded regions were interpolated where necessary. Tread
width, height, depth, and wear-related deformation were then
extracted. To reduce local noise, each tread was divided into
transverse sampling intervals, and depth values within each
interval were averaged to generate stable longitudinal pro-
files for contour fitting and wear depth calculation.

Photographic documentation and the corresponding point
cloud reconstructions for the four staircases are presented in
Fig. 2. These examples illustrate the diversity of tread geom-
etry, material condition, and surface disturbance encountered
in heritage and urban environments. The point cloud recon-
structions provide the geometric foundation for identifying
spatial wear patterns, comparing traffic-related deformation,
and detecting local anomalies associated with repair or se-
vere material loss.

In addition to geometric data, historical and contextual pa-
rameters were compiled to support wear interpretation and
service-age inversion. Staircase no. 1 from Guangji Temple
was associated with approximately 200 daily pedestrian tran-
sits and an estimated construction date of 1065 CE. Staircase
no. 2 from Wuhu Ancient City experienced approximately 50
daily pedestrian transits and was dated to around 1575 CE.
Staircase no. 3 and staircase no. 4 from Zheshan Park were
both constructed in 2005 but showed markedly different use
intensities, with approximately 800 and 30 transits per day,
respectively. Notably, the reported daily pedestrian frequen-
cies represent present-day, short-term field observations and
are therefore used as approximate descriptors of current traf-
fic intensity rather than as exact reconstructions of long-term

historical pedestrian flow. These traffic and chronological pa-
rameters served as essential inputs for the subsequent wear
evolution analysis, while the known construction dates pro-
vided validation benchmarks for the age inversion model.

2.1.2 Coordinate system and wear depth definition

To enable comparable quantification of tread wear among
staircases with different dimensions and preservation states,
a unified orthogonal coordinate system was established after
point cloud alignment. As shown in Fig. 3, the origin was
placed at the lower-left corner of each tread surface. The
x axis was defined along the walking direction, the y axis
was defined along the transverse width of the step, and the z
axis represented vertical surface elevation. Within this coor-
dinate system, the wear depth function D(x,y) was defined
as the vertical depression of the present tread surface rela-
tive to an estimated unworn reference plane. Larger D(x,y)
values indicate stronger material loss, whereas anomalously
small values within otherwise worn areas may suggest pre-
served geometry, local repair, or material heterogeneity. This
standardized definition provides the geometric basis for sub-
sequent profile fitting, mechanical interpretation, traffic pat-
tern recognition, and service age inversion.

2.2 Model construction

The proposed framework converts three-dimensional tread
morphology into mechanically interpretable evidence of
long-term use by combining polynomial profile fitting, FE
contact analysis, and an improved Archard wear model.
Polynomial fitting extracts continuous geometric features
from point cloud profiles. FE simulation explains the stress
concentration under pedestrian loading. The wear model
links accumulated tread loss with traffic, material aging, and
environmental variation.

2.2.1 Polynomial fitting model of the outer contour

Based on the preprocessed point cloud data, polynomial fit-
ting was applied to characterize the outer contour of each
tread profile. Since the point cloud had been segmented along
the transverse y axis, each profile line could be treated as a
longitudinal cross-section in the x–z plane at a fixed y coor-
dinate. For each profile, the vertical surface elevation Z was
approximated by an nth-degree polynomial:

Z =

n∑
k=0

akx
k, (1)

where ak denotes the polynomial coefficient to be deter-
mined. The polynomial function provides a continuous ap-
proximation of the scanned profile and reduces the influence
of isolated point cloud fluctuations while preserving the main
geometric characteristics of tread concavity, edge rounding,
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Figure 1. Schematic diagram of the standardized 3D point cloud data acquisition protocol for non-destructive documentation of historical
staircase surface morphology.

Figure 2. Original visual documentation and corresponding 3D point cloud reconstruction results for the four representative staircases
investigated in this study.
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Figure 3. Standardized coordinate system and wear depth defini-
tion for staircase tread morphology.

and local deformation. The coefficients were estimated us-
ing the least-squares method by minimizing the residual sum
of squares between the measured point cloud elevations and
the fitted profile, yielding the corresponding positive definite
system of equations.

RSS=
m∑
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k=0

akxi
k
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In the above, Zi is the measured elevation at sampling point
xi , and m is the number of sampled points in the profile. The
solution vector is obtained by inverting the positive-definite
system, ensuring numerical stability. This compact least-
squares formulation avoids the need for manually solving the
expanded normal equation system and improves the clarity of
the modeling procedure. The polynomial degree was objec-
tively selected using the Akaike Information Criterion (AIC)
rather than being prescribed empirically to account for both
fitting performance and model complexity (Akaike, 1974).
The criterion helps avoid unnecessarily complex polynomial
representations while preserving the principal morphological
features of the tread profiles, thereby reducing the risks of
underfitting broad concave wear features and overfitting lo-

cal scanning noise. Simultaneously, the derivative-based in-
dicators can provide the geometric basis for distinguishing
different traffic-induced wear patterns.

2.2.2 FE mechanical analysis and contact modeling

To interpret the mechanical origin of tread deformation, FE
contact analysis was conducted to simulate the stress distri-
bution generated by pedestrian loading. The staircase tread
was discretized into cubic finite elements. Each element was
connected through nodal points, allowing the step body to
be represented as a continuous elastic system. Based on the
virtual work principle, the relationship between nodal dis-
placement vector {δ}e and nodal force {F }e is defined by the
element stiffness matrix [k]:

{F }e = [k]{δ}e. (4)

The corresponding strain and stress fields were calculated
from the displacement solution using {ε} = [B]{δ}e and
{σ } = [D]{ε}, where [B] is the strain–displacement matrix,
and [D] is the elastic constitutive matrix. Through this proce-
dure, the spatial distribution of stress and deformation on the
tread surface could be estimated under representative pedes-
trian loading conditions.

Because staircase wear is produced through repeated inter-
action between the human foot and the tread surface, contact
mechanics was introduced to link pedestrian loading with lo-
cal material loss. As shown in Fig. 4a, the foot–tread interac-
tion was simplified as an elastic contact problem under com-
bined vertical load and local bending moment. The contact
pressure distribution under a vertical load P and bending mo-
mentM can be expressed as p(y)= [P +2My/a2

]/[π (a2−
y2)1/2

], where a is the semi-width of the contact region,
and y is the local coordinate within the contact zone. Ac-
cordingly, a three-dimensional FE model of the staircase
was established and discretized using regular hexahedral ele-
ments, as shown in Fig. 4b. The stone material was simplified
as a homogeneous isotropic elastic medium, with Young’s
modulus E = 60 GPa, Poisson’s ratio ν = 0.22, and density
ρ = 2700 kg m−3. These values were adopted as represen-
tative elastic parameters for comparative mechanical analy-
sis rather than as site-specific calibrated properties for each
staircase. Accordingly, the FE simulations are primarily used
to interpret relative stress concentration and stress migra-
tion characteristics. Boundary constraints were applied at the
lower supporting regions of the stair body to prevent rigid-
body displacement, while pedestrian loading was introduced
through a simplified foot–tread contact area on the tread sur-
face.

The contact model enables the conversion of pedestrian-
induced loads into local stress and deformation fields. In the
simulations, different loading positions and directions were
assigned to represent ascending and descending movements
because stair ascent and descent differ in terms of foot place-
ment, body posture, and load transfer characteristics. The FE

https://doi.org/10.5194/ms-17-951-2026 Mech. Sci., 17, 951–965, 2026



956 J. Yao et al.: Mechanically informed three-dimensional wear inversion of stone stair treads

Figure 4. Mechanical model of contact between human feet and stairs (a) and FE model configuration for foot–tread contact simulation (b).

results were therefore used to interpret mechanically mean-
ingful differences in wear localization rather than to directly
determine service age.

2.2.3 Improved Archard wear modeling

To describe the time-dependent evolution of staircase tread
wear, this study adopted an improved Archard-type wear
model. The classical Archard model provides a widely used
theoretical basis for relating wear volume to contact load,
sliding distance, material hardness, and wear coefficient (Ar-
chard, 1953). However, heritage staircases experience long
service periods under variable temperature, humidity, weath-
ering, and material aging. Therefore, the classical model was
extended by incorporating time-dependent material degrada-
tion and environmental correction factors, and the basic wear
formulation can be expressed as follows:

W =K(T ) ·
1

H (T )

∫
pvdt, (5)

where W represents the wear amount, K(T ) is the material
characteristic function,H (T ) is the step hardness function, T
denotes tread temperature, p is the dynamic contact pressure,
and v is the material plastic flow velocity. To represent the in-
fluence of environmental fluctuation, a correction factor was
introduced as follows:

δ(T ,h)=K0

(
1+A ·

T − Tr

1T
+B ·

h−hr

1h

)
, (6)

where Tr and hr are the reference environmental parameters
for temperature and humidity; 1T and 1h are the varia-
tion ranges of temperature and humidity; and A and B are
the influence coefficients of temperature and humidity on the
correction factor, respectively. On long timescales, temper-
ature and humidity were approximated as periodic environ-
mental variables, expressed as T = Tr+1T · sin(2πt) and

h= hr+1h ·sin(2πt). To account for long-term material ag-
ing, the material property coefficient and hardness were fur-
ther expressed as decay functions, namely kH (t)= k1e

−k2t

and k(t)= e−λ·t ·lnk0 , where λ is the material property de-
cay factor; k2 is the hardness decay factor; and k0 and k1
are the material property and step hardness at the initial
temperature, respectively. The final time-dependent material
coefficient and hardness function were therefore defined as
K(t)= k(t) · δ(T ,h) and H (t)= kH (t) · δ(T ,h). These two
functions allow the model to represent both cumulative ma-
terial aging and environmental fluctuation.

During pedestrian movement, the contact pressure on the
tread varies dynamically rather than remaining constant. The
pressure generated by a single pedestrian can be approxi-
mated as

p(t)=
mg

A
[1+ a sin(ωt)] , (7)

where m is body mass, g is gravitational acceleration, A is
the effective contact area, a is the dynamic load amplification
coefficient, and ω is the walking-related angular frequency.
The effective contact area was estimated using Hertzian con-
tact theory because the real contact area between the shoe
sole and the rough stone surface is usually smaller than the
apparent contact area. Considering cumulative wear and spa-
tial diffusion of local material loss, the wear evolution equa-
tion can be written as follows:

dW
dt
=K(t) ·p(t) · v(t)+D∇2W, (8)

where D is the diffusion coefficient representing the ten-
dency of localized wear to spread to adjacent surface re-
gions. The Laplace term was discretized by a central differ-
ence scheme, expressed as follows:

∇
2Wi,j ≈

Wi+1,j +Wi−1,j +Wi,j+1+Wi,j−1− 4Wi,j

1x2 , (9)
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where Wi,j is the wear depth at grid point (i,j ), and 1x is
the spatial iteration step size. To improve computational effi-
ciency and ensure numerical stability, an adaptive time step
strategy is employed, subject to the following conditions:
1t =min

[
C1x2

2DK(t)·|p(t)·v(t)|

]
max
i,j

∣∣∣hn+1
i,j −h

n
i,j

∣∣∣< ε
∂W
∂n

∣∣
i=0 or j=0,6 = 0

, (10)

where C is the Courant number, typically taken to be 0.5,
and ε is a preset convergence threshold. Through this formu-
lation, the wear model links present tread morphology with
cumulative pedestrian use, material aging, and environmen-
tal variation. By back-extrapolating the simulated wear evo-
lution from the observed tread morphology to the initial un-
worn state, the service age of each staircase can be estimated.

2.3 Experimental design

The experimental design was intended to evaluate whether
three-dimensional tread wear morphology can be used for
mechanically interpretable loading-path identification and
inverse service age estimation. First, derivative features ex-
tracted from the fitted tread profiles were used to identify
spatially coherent wear gradient patterns. Second, FE sim-
ulations were used to interpret the mechanical significance
of these patterns under different pedestrian loading modes,
including ascent, descent, and multi-person use. Third, the
improved Archard wear model was applied to estimate the
service age of the stair treads and to test the stability of the
inversion results under material-aging uncertainty and point
cloud measurement noise.

2.3.1 Loading-path clustering analysis

Loading-path recognition was based on the assumption that
repeated pedestrian contact produces organized wear gradi-
ent fields rather than random surface loss. The first derivative
of the fitted tread profiles was used to characterize local slope
variation, which reflects transitions among concave, convex,
and relatively flat regions of the worn surface. For each tread,
derivative values were assembled into a feature matrix, in
which each element represents the local wear gradient feature
at a given longitudinal and transverse sampling position. The
K-means clustering algorithm identifies spatial wear patterns
by minimizing the sum of squared Euclidean distances within
clusters. The procedure comprises the following:

1. Randomly initialize K cluster centers from the sample
data c(1)

1 , c(1)
2 , c(1)

3 , where (1) represents the number of
iterations.

2. According to the principle of minimum Euclidean dis-
tance, all samples are assigned to the cluster with the

nearest cluster center. For sample xp in the rth iteration,
if the following condition is satisfied, namely

d(xp,crj )=min
[
d(xp,crj )

]
, i = 1,2, . . .,k, (11)

where d(xp,crj )= |xp−crj | is the Euclidean distance be-
tween sample xp and cluster center crj , then xp is as-
signed to cluster crj .

3. Recalculate cluster centers with the formula

Cr+1
j =

1
nrj

∑
xp∈C

r
j

xp, j = 1,2, . . .,k, (12)

where nrj is the number of sample points in cluster Crj
at the rth iteration.

4. Check whether the cluster centers have converged. If
Cr+1
j = Crj holds for all j values, the clustering process

ends; otherwise, return to step 2 to continue the itera-
tion.

The clustered regions were interpreted according to their
spatial distribution on the tread surface. Centrally concen-
trated clusters were associated with dominant middle-route
loading, lateral clusters indicated side-biased loading, and
broadly dispersed clusters suggested multi-person or less di-
rectionally constrained use. Discontinuous or isolated clus-
ters were interpreted cautiously because they may also arise
from material heterogeneity, local damage, surface distur-
bance, or incomplete point-cloud reconstruction.

2.3.2 Service age inversion and robustness verification

Service age inversion was formulated as an inverse wear
problem based on the improved Archard model. The ob-
served wear field obtained from point-cloud reconstruction
and polynomial fitting was compared with the simulated
wear field generated under known or estimated traffic and
material parameters. The optimal service time was deter-
mined by minimizing the difference between the measured
and simulated wear fields and was used as the estimated ser-
vice age of the stair tread.

The overall wear state was described using a wear degree
coefficient α = V/V0, where V is the actual volume of the
staircase after wear, and V0 is the original unworn volume.
Sensitivity analysis was conducted by perturbing the mate-
rial degradation coefficient as λi = λ+ 0.05i, where i = 1,
2, 3, and 4, representing increasingly accelerated material
aging. Additionally, robustness against point cloud measure-
ment uncertainty was evaluated by adding random perturba-
tions to the observed wear depth matrix. The noisy wear field
was defined as follows:

D(x,y)∗ =D(x,y)×
[
1+ η · εrand(x,y)

]
, (13)
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where D(x,y)∗ is the disturbed wear depth, D(x,y) is the
original measured wear depth, η = 0.05 is the noise ampli-
tude, and εrand(x,y) is a uniformly distributed random vari-
able between −1 and 1. By comparing the inversion results
before and after parameter perturbation and artificial noise
addition, the stability of the proposed inverse wear analysis
framework was evaluated.

3 Results and discussion

3.1 Three-dimensional profile fitting and contact stress
response

3.1.1 Polynomial fitting results for the outer contour

According to the objective AIC-based model selection proce-
dure, a 20th-degree polynomial was selected as the preferred
compromise between fitting accuracy and model complex-
ity. As shown in Fig. 5, the representative fitting result of
staircase no. 1 captures the main morphological characteris-
tics of tread wear, including central concavity, edge round-
ing, and asymmetric surface deformation. This morphology
indicates that the tread surface has experienced long-term lo-
calized contact and repeated pedestrian loading along a rela-
tively stable central path, which is consistent with long-term
concentrated pedestrian use at the entrance of a religious site.

The fitted profiles convert irregular point cloud morphol-
ogy into continuous and comparable geometric curves. This
enables slope, curvature, and local depth variation to be
extracted as quantitative indicators for subsequent contact-
mechanical interpretation and loading-path identification.
Minor oscillations appear near some boundary regions, es-
pecially where the point cloud is sparse or where the tread
edge is affected by spalling or local loss (Jarząbek-Rychard
and Maas, 2023). These oscillations have limited influence
on the interpretation of the central wear zone, but they may
affect local curvature estimation near damaged edges. There-
fore, the fitted profiles should be interpreted together with
point-cloud quality and field observations.

3.1.2 FE contact response

FE simulation was used to examine whether the observed
tread morphology could be explained by pedestrian-induced
contact stress. The static foot–tread contact model shows that
stress is not uniformly distributed across the tread surface.
As illustrated in Fig. 6a, the maximum stress occurs in the
central contact region and decreases toward the lateral areas.
This stress field is consistent with the bowl-shaped depres-
sion observed in the fitted tread profiles, indicating that long-
term material loss is mainly associated with repeated local-
ized contact rather than uniform surface degradation.

The static model produced a single-step wear index of
4.29× 10−7. Based on this index and the known reference
ages, daily pedestrian frequencies were inversely estimated
and compared with field-observed values in Fig. 6b. The

model captured the general order of loading intensity, but it
did not reproduce the observed pedestrian flow consistently
for all staircases. Staircase no. 2 showed the closest agree-
ment, while larger deviations appeared in the other cases.
The deviation between estimated and observed pedestrian
frequency should not be interpreted simply as numerical fail-
ure. This difference is reasonable because the field-observed
pedestrian count reflects a short-term measurement, whereas
tread wear accumulates over much longer periods under vari-
able loading intensity, environmental exposure, material ag-
ing, and changes in use conditions. Therefore, the static
model is better regarded as a mechanical plausibility test.
Its main role is to verify whether the spatial concentration
of contact stress is compatible with the measured wear mor-
phology.

Dynamic simulations further reveal the directional differ-
ence between stair ascent and descent. As shown in Fig. 7,
the stress concentration migrates differently under the two
movement modes. During ascent, foot contact and push-off
concentrate stress near the anterior region and nosing of the
tread. During descent, the downward and forward motion of
the body shifts loading toward the posterior and middle re-
gions. These different stress migration paths provide a me-
chanical basis for using wear morphology to infer dominant
pedestrian loading direction.

3.2 Loading-path identification from wear gradient
clustering

The contact simulations demonstrate that different pedestrian
movement modes generate distinct stress signatures on the
tread surface. To represent multi-person loading, FE sim-
ulation was combined with Monte Carlo sampling of foot
contact locations. In this model, contact points were ran-
domly generated over the tread surface, and individual stress
fields were superimposed. As shown in Fig. 8a, multi-person
loading produces a more dispersed stress field than single-
person directional loading. Instead of a narrow central load-
ing corridor, the tread surface exhibits broader and less lo-
calized stress zones. This result provides a mechanical dis-
tinction between directional single-person loading and more
distributed multi-person loading.

Based on this mechanical distinction, derivative-based K-
means clustering was applied to the fitted tread profiles. Fig-
ure 8b shows the clustered wear depth distribution of the
representative staircase. The strongest wear zones are con-
centrated in the central and anterior parts of the tread, which
corresponds well to the ascent-induced stress pattern. This
indicates that the representative tread was dominated by up-
ward single-person loading, consistently with the observed
functional use of the staircase.

The classification results for the four staircases are sum-
marized in Table 1. Staircase no. 1 and staircase no. 3 were
classified as upward single-person loading cases. Staircase
no. 2 was classified as a downward single-person loading
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Figure 5. Polynomial-fitted longitudinal tread profiles reconstructed from 3D point clouds for demonstrating the spatial morphology of
staircase wear.

Figure 6. Static FE stress distribution of a stone stair tread under representative foot–tread contact loading (a) and comparison between
model-estimated and field-observed daily pedestrian frequency (b).

case. Staircase no. 4 was classified as a universal multi-
person loading case. The predicted loading modes agree with
field-observed use patterns in all four cases.

The clustering results indicate that derivative features ex-
tracted from three-dimensional wear morphology encode
useful information about pedestrian loading paths. The
agreement across the four cases supports the mechanical rel-
evance of the proposed feature set. However, the sample size
remains limited, and the result should be considered to be a
field validation of feasibility rather than a universal accuracy

estimate. In practical applications, mixed circulation, tempo-
rary route changes, crowding effects, local material hetero-
geneity, and surface damage may all modify the wear gra-
dient field. Therefore, loading-path classification should be
interpreted together with mechanical simulation, site obser-
vation, and data quality assessment.
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Figure 7. Simulated dynamic stress migration during stair descent and ascent: descent sequence with posterior-to-midspan loading and
ascent sequence with anterior push-off loading.

Table 1. Identification of loading paths based on derivative-feature clustering.

Number Cluster-based loading-path judgment Field-observed use pattern Judgment result

1 Upward single-person loading Upward single-person traffic Correct
2 Downward single-person loading Downward single-person traffic Correct
3 Upward single-person loading Upward single-person traffic Correct
4 Universal multi-person loading Universal multi-person traffic Correct

Figure 8. Mechanical basis and clustering-based loading-path iden-
tification: (a) distributed stress field under multi-person loading and
(b) clustered wear depth distribution used to infer dominant loading
direction.

3.3 Wear evolution and service age inversion

The time-dependent wear of a stone stair tread can be divided
into three conceptual stages: initial surface adaptation, stable

operational wear, and later-stage accelerated deterioration.
As shown in Fig. 9, surface asperities and sharp edges are
rapidly smoothed during the initial stage. In the stable stage,
material loss accumulates at a relatively steady rate under
repeated pedestrian loading. In the later stage, wear may ac-
celerate due to cracking, spalling, moisture-induced weaken-
ing, freeze–thaw damage, or other deterioration mechanisms.
This staged evolution provides a useful basis for interpreting
tread wear as a time-dependent mechanical process.

Figure 10 compares the stress strain responses of the four
staircases under static, dynamic, and multi-person loading
models. The multi-person model generally produces broader
strain development and higher stress plateaus, while the
static model shows a shorter response range. The dynamic
model lies between these two conditions and better repre-
sents direction-dependent foot–tread interaction. These dif-
ferences indicate that the mechanical response of a worn
tread is controlled not only by service age but also by loading
mode, traffic intensity, surface condition, and stone integrity.

The improved Archard model can also be used to screen
anomalous wear behavior. If one step or local tread region
shows a wear stage feature or inferred wear time that clearly
deviates from adjacent regions under comparable loading and
environmental conditions, the deviation may indicate ma-
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Figure 9. Conceptual three-stage wear evolution curve for stone
stair treads, including initial adaptation, stable operational wear and
accelerated deterioration.

terial heterogeneity, local damage, replacement, repair, or
measurement incompleteness. Such anomalies should be re-
garded as mechanical screening indicators rather than direct
evidence of intervention. Their interpretation requires addi-
tional information such as material comparison, surface in-
spection, and historical or maintenance records.

To evaluate whether present tread morphology can support
service age estimation, the fitted wear depth profiles were
used in the inverse wear model. The inversion estimates the
service time required for the simulated wear field to approach
the observed surface morphology under assumed traffic and
material parameters. To quantify the agreement between the
inverted and reference service ages, the relative accuracy for
each staircase was calculated as Accuracy= (1−|testimated−

treference|/treference), where testimated and treference denote the
estimated and reference service ages of the investigated stair-
case, respectively. Figure 11 compares the model-inverted
service ages with the reference ages of the four staircases.

The inverse wear model achieved a mean relative accuracy
of approximately 94.4 %. The two modern staircases showed
particularly strong agreement, with errors of less than 0.3
years, because their service time, traffic intensity, and sur-
face condition are relatively well constrained. Larger devia-
tions occurred in the ancient cases, especially for staircase
no. 1, where the model underestimated the reference age by
approximately 136.5 years. This deviation is reasonable be-
cause loading frequency, environmental exposure, material
condition, and use history may vary substantially over long
service periods. Therefore, the inverted service age should
be interpreted as a probabilistic mechanical estimate rather
than deterministic dating. Its value lies in providing an inde-
pendent quantitative indicator derived from measured wear
morphology.

3.4 Sensitivity to material aging and point cloud noise

Because the wear behavior of stone treads is affected by time-
dependent material degradation, the sensitivity of the inverse
model to the material decay coefficient was evaluated. Fig-
ure 12 shows the influence of different decay factors un-
der two wear regimes: long-term gradual (LTG) wear and
short-term extreme (STE) wear. LTG wear represents nor-
mal pedestrian loading under moderate environmental condi-
tions, whereas STE wear represents accelerated deterioration
under severe moisture, freeze–thaw action, intense loading,
or material weakening.

The predicted service ages remained within a variation
range of less than 5 % under the tested decay factor pertur-
bations. This indicates that the inverse model is not overly
dependent on a single assumed material degradation coeffi-
cient. The relative stability is related to the environmental
correction term, which adjusts the wear coefficient and hard-
ness function according to temperature and humidity effects.
However, this result should not be generalized to all stone
types. Highly porous stones, strongly anisotropic stones, or
salt-affected surfaces may show stronger sensitivity to degra-
dation parameters. Further calibration using laboratory abra-
sion tests and site-specific environmental monitoring would
improve parameter reliability.

Robustness against point cloud measurement uncertainty
was evaluated by adding 5 % random disturbance noise to
the measured wear depth field. The 5 % disturbance level was
adopted as a representative moderate perturbation for evalu-
ating the stability of the inversion procedure rather than as
a complete characterization of all field measurement errors.
This perturbation accounts for and simulates possible errors
associated with depth camera uncertainty, surface roughness,
local occlusion, and incomplete reconstruction. As shown in
Fig. 13, 200 Monte Carlo simulations show that most service
age errors are concentrated near zero and that the overall er-
ror remains below 4 %. The compact distribution indicates
that the proposed inverse wear framework is robust to mod-
erate random point cloud disturbance.

These results support the applicability of the method under
field measurement conditions. Nevertheless, the test mainly
represents random measurement disturbance and does not
fully capture systematic errors such as biased depth mea-
surement, poor registration, structured missing regions, or
large-scale surface loss. Future work should therefore in-
clude additional uncertainty scenarios and combine repeated
scans, multi-resolution point clouds, or complementary mea-
surement methods to improve the robustness of inverse wear
analysis.

4 Conclusion

This study developed a mechanically informed framework
for three-dimensional inverse wear analysis of stone stair-
case treads under pedestrian contact loading. By integrat-
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Figure 10. Stress strain responses of the four staircases under static, dynamic and multi-person loading models: (a) staircase no. 1, (b)
staircase no. 2, (c) staircase no. 3, and (d) staircase no. 4.

Figure 11. Service age inversion results for the four investigated
staircases.

Figure 12. Sensitivity of service age inversion to the material decay
factor under LTG and STE wear regimes.
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Figure 13. Monte Carlo robustness test of service age inversion under 5 % artificial point cloud noise.

ing point-cloud surface reconstruction, polynomial profile
fitting, FE contact simulation, and an environment-adaptive
Archard wear model, the method links measured tread mor-
phology with contact stress distribution and time-dependent
material loss. The FE results showed that pedestrian loading
produces non-uniform stress fields that are consistent with lo-
calized tread depressions observed in the reconstructed pro-
files. Dynamic simulations further distinguished the stress
migration characteristics of ascent and descent, providing
a mechanical basis for identifying dominant loading paths
from wear morphology. Derivative-based clustering of fitted
tread profiles correctly classified ascent, descent, and multi-
person use patterns in the four field cases. The improved
Archard model enabled service-age inversion from observed
wear fields. The estimated service ages achieved accuracies
of 85.8 %, 93.6 %, 98.6 %, and 99.6 %, with a mean accu-
racy of 94.4 %. Sensitivity analysis showed that predicted
ages varied by less than 5 % under material-aging pertur-
bation, and Monte Carlo testing indicated that 5 % artificial
point cloud noise kept service age inversion errors below
4 %. These results demonstrate that three-dimensional tread
morphology can be used as a quantitative mechanical indica-
tor of long-term contact loading and wear evolution.

The proposed framework provides an applied mechanics
method for interpreting worn stone stair structures from mea-
surable surface morphology. Future work should expand the
dataset to different stone types, loading conditions, and en-
vironmental regimes and should incorporate laboratory abra-
sion calibration and probabilistic parameter identification to
improve the generality of the inverse wear model.
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