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Abstract

The mechanical behavior of wood has been widely investigated, but its deformation under com-
bined load and moisture changes remains difficult to describe and predict. The resulting deformation
cannot be described by the simple superposition of the individual effects, a phenomenon known as
mechanosorption. While mechanosorption is generally attributed to the structural complexity of wood
and the rearrangement of hydrogen bonds, key aspects of this phenomenon, including the interplay
between viscoelastic and diffusive time scales and the role of internal moisture gradients, remain
debated. To address these open questions, a Diffusion-Dependent Stick-Slip Fiber Bundle Model is
proposed that couples moisture transport with a mechanical description of deformation mechanisms
in hygroresponsive materials. The competition between viscoelastic and diffusion time scales is ana-
lyzed through dimensionless numbers across cyclic moisture periods. The results show that longer
moisture cycles lead to higher cyclic strain amplitudes, which result in greater mechanosorptive
strains. Simulations with and without moisture gradients presented only minor differences in global
strain. While gradients induce higher hygromechanical stresses and increased damage, their influence
on the overall bundle response is mitigated by the coexistence of tension and compression zones.
Finally, surrogate-model-assisted fitting to experimental data showed good agreement with consecu-
tive mechanosorptive and constant-moisture viscoelastic responses. In addition, the results show that
mechanosorptive behavior varies significantly across different combinations of mechanical-response
parameters, providing insight into the origin of the distinct mechanosorption magnitudes observed in
different wood anatomical directions.
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1 Introduction

Wood is a renewable, bio-based material with excellent specific mechanical prop-
erties, which has brought it to the center of attention as a key resource for a
more sustainable materials industry. Still, the hygroresponsive nature of wood and
wood-based materials remains a primary challenge for its long-term usage. In par-
ticular, the combination of mechanical load with alternating climatic conditions
limits the performance and reliability of such materials in mechanically demanding
applications. (Cordeiro 2025; Deshwal et al. 2019; Grottesi et al. 2023; Wang et al.
2020). Over the years, experiments have revealed the main microstructural mecha-
nisms underlying moisture-induced deformation: (i) water molecules infiltrate the
hydrogen-bond network between cellulose microfibrils and the surrounding poly-
mer matrix, causing swelling and generating hygric stresses (Salmén 2004, 2015,



2022; Salmén and Burgert 2009; Molinski and Raczkowski 1988; Skaar 1988); (ii)
under mechanical load, these moisture-induced changes reduce internal cohesion
and facilitate local slippage within this network (Armstrong and Kingston 1960;
Eriksson and Norén 1965; Bethe 1969; Raczkowski 1969; Zhang et al. 2021); and
(iii) under cyclic moisture conditions, this intermittent stick—slip process accumu-
lates into the mechanosorption effect (Stevanic and Salmén 2020). Depending on
loading and moisture conditions, the resulting deformation may stabilize over suc-
cessive cycles or lead to progressive damage and failure with reduced strength and
augmented strain when compared to constant environmental conditions (Hearmon
and Paton 1964; Martensson 1994).

While there is broad agreement on the general nature and behavior of
mechanosorptive effects, authors often diverge on the details. Since the earliest
observations, debate has persisted regarding which moisture-related variables pri-
marily govern mechanosorption: some authors attribute it mainly to moisture fluxes
and their rates (Bazant 1985; Martensson 1988), whereas others emphasize only
the amplitude of the moisture cycle itself (Gibson 1965; Armstrong and Grossman
1972; Gunderson and Tobey 1990). The importance of characteristic time scales
further complicates this discussion, for example, it was found for Kevlar fibers that
mechanosorptive effects only appear under specific cyclic periods (Habeger et al.
2001). Beyond time-scale effects, inconsistencies in the literature are amplified by
the intermixing of different loading modes, material orientations, and length scales.
For example, the largest mechanosorptive strain increment consistently occurs dur-
ing the first moisture cycle, whereas an additional increase during the first drying
phase is observed in bending but not in uniaxial loading (Armstrong and Chris-
tensen 1961; Hunt and Shelton 1987; Dubois et al. 2012; Ferrara and Wittel 2025b).
Differences in the relative contributions of elastic, viscoelastic, plastic, and hygroex-
pansive mechanisms, governed by the material structure across orientations and
scales, strongly affect the evolution and magnitude of mechanosorptive behav-
ior (Olsson et al. 2007; Dong et al. 2010; Amando de Barros et al. 2025; Maas
and Wittel 2026). Although these behaviors arise from a common underlying mois-
ture—material interaction mechanism, their manifestation depends strongly on the
specific combination of governing material and loading parameters. This motivates
the need for a theoretical framework that captures the fundamental process while
enabling systematic exploration of its consequences across different conditions.

Statistical models provide a framework in which local constitutive rules and
interactions are defined at the fiber level, allowing macroscopic behavior to emerge
from collective dynamics (Alava et al. 2006; Herrmann and Roux 1990; Phoenix
and Beyerlein 2000). Among these, the Fiber Bundle Model (FBM) is particularly
suited for fibrous materials and has been successfully applied to describe dam-
age evolution in wood (Dill-Lager et al. 2003; Hidalgo et al. 2002). Specifically for
mechanosorption, a moisture-dependent stick-slip FBM was developed that inte-
grates hygro-mechanical mechanisms with material heterogeneity (Amando et al.
2024). In the current work, this model is modified to be coupled with moisture-
transport simulations to investigate how moisture gradients, and diffusion and
viscoelastic time scales affect mechanosorptive strain. By systematically varying
these parameters, their relative contributions and combined effects can be assessed.

The manuscript is organized as follows: Materials and Methods (Sec. 2) outlines
the mathematical model formulation, the coupling to moisture transport, and the



analytical procedures used to quantify viscoelastic and mechanosorptive behavior.
Results and Discussion (Sec. 3) reports the model sensitivity to moisture-cycling
times, and the influence of moisture gradients, as well as the comparison to recent
experimental data. The Conclusions (Sec. 4) summarizes the main findings and
connects them to the broader questions in the field.

2 Materials and Methods

The modeling framework to implement the coupled Diffusion—Dependent Stick—Slip
Fiber Bundle Model (DD-SS-FBM), as well as the main analysis approach used
in this study, are presented in the following sequence: the mechanical model for-
mulation (Sec. 2.1), the moisture transport simulations (Sec. 2.2), an approach
to unify time scales between moisture cyclic time and diffusion and viscoelastic
characteristic times (Sec. 2.3), a macroscopic strain decomposition approach to
facilitate experimental comparison (Sec. 2.4), and the parameters and simulations
set investigated (Sec. 2.5).

2.1 Mathematical Model Formulation

The simplest form of a Fiber Bundle Model (FBM) (Daniels 1945) consists of
an assembly of N Hookean fibers that share identical compliances but differ in
strength, typically represented by fiber-specific failure strain thresholds £/ sampled
from a Weibull distribution (Weibull 1951). When a load F' is applied, each fiber 4
carries an equal share, F; = F'//N, and deforms with a strain ;. Once a fiber reaches
its failure threshold £, it fails and its load is redistributed among the remaining
fibers. This process introduces a non-linear relation between F' and the macroscopic
bundle strain €, governed by the threshold distribution. Different material responses
can be incorporated by modifying the load sharing rules (local or global) or the
constitutive behavior of the fibers, for instance by replacing elastic fibers with
Kelvin-Voigt (KV) bodies to capture viscoelasticity (Hidalgo et al. 2002; Kun et al.
2000; Zhang and Ding 1996). Halasz and Kun (2009) proposed a stick-slip extension
in which fibers do not fail upon reaching their threshold, but instead release their
load and store the corresponding strain threshold as a slip deformation, and remain
attached to the bundle to be further loaded. This allows repeated slip events and
accumulation of slip strain. Still, after a predefined number of slip events, the
fiber could break, and the bundle would be permanently damaged. As discussed in
the introduction, such stick-slip behavior is consistent with bond detachment and
reformation mechanisms in fibrous materials like wood (Stevanic and Salmén 2020;
Zhang et al. 2021). Consequently, the stick-slip FBM was adopted as the starting
point for a mechanosorptive model.

In wood, deformation processes are further influenced by changes in mois-
ture content, which alter mechanical properties and affect the stick-slip mech-
anism. To address this, a Moisture-Dependent SS-FBM (MD-SS-FBM) was
proposed (Amando et al. 2024). Each fiber of the MD-SS-FBM comprises a series of
four rheological components: an elastic spring, a viscoelastic KV body, a hygroex-
pansive component, and a slip component accounting for cumulated slip strains.
Additional rules were introduced to extend the SS-FBM to couple hygro-mechanical
conditions and reproduce the effects of varying moisture. Three main assumptions
were implemented:



Fig. 1: Schematic of the coupled hygro-mechanical model. The represented mechanical parameters are:
D, elastic compliance; J,,, viscoelastic compliance for a Generalized Kevin-Voigt element; 7, viscoelastic
characteristic time; o, hygroexpansion coefficient; and ", the slip threshold value. The moisture parame-
ters represented are: ¢;, the local moisture content; ¢4 and ¢,,, the dry and wet moisture contents; y, the
diffusion coefficient; and 2.+, the set of outer fibers where the moisture boundary conditions are applied.

1. Moisture-dependent compliances: elastic and viscoelastic compliances increase
with moisture;

2. Bidirectional slip: backward slip is allowed if a fiber is compressed, for example
during drying shrinkage, allowing recovery of slip strains;

3. History-, moisture-, and direction-dependent thresholds: the slip thresholds
decrease progressively with accumulated slip events, increasing moisture, or
reverse slip direction.

In this work, moisture transport is applied to the MD-SS-FBM, generating the
DD-SS-FBM, schematically shown in Fig. 1, which requires modifications to the
original mathematical formulation (Amando et al. 2024). A schematic visualization
of the DD-SS-FBM is presented in Fig. 1.

The strain at time t of a fiber ¢ that has slipped k; times, has local moisture
content ¢;, and is subjected to a local stress o; = F;/A;, where A; = 1Vi, is given by
ei(oi, i, t) = e (01, 05) + €] (04, 01, 1) + € (i) + & (Ki, @i, Bi)

4
= D(%Oi) o; + Z Jn(%’) o (1 — e_t/T")
n=1 (1)
ki(t)
+a(pi— o) + Y el(j).

J=1

The four contributions correspond to the elastic, viscoelastic, hygroexpansive,
and slip components, respectively. Here, D(p;) is the moisture-dependent elas-
tic compliance; J,(p;) are the moisture-dependent viscoelastic compliances of a
Generalized-KV element with four elements (n = [0, 1,2, 3]), each with a charac-
teristic relaxation time 7, = 10"7y; « is the hygroexpansion coefficient; ¢ is the
initial moisture content; k;(t) is the number of slip events experienced by the fiber
i up to time ¢; and () is the slip threshold at the j-th slip event, which depends
on the fiber’s moisture, direction (represented here as f3;), and slip history.



In the model, a global load sharing scheme is used, therefore ¢; = Vi, and to
compute ¢ the stress per fiber, o;, must be written as

o;=ef|D;= (e —e/F —ell —&7)/Ds. (2)

By imposing F' = Zfil 0;, the total strain is written as

N

e:[F+§:«”T+s +5/D] (§:1ﬂ)) . (3)

i=1
The slip condition of each fiber is given by
el +e/ v > f(R)L,Tpel, (4)

where f(k) is the history-dependent weakening function of the slipping threshold,
', is the moisture-dependent rescaling factor, and I'g is the directional-dependent
rescaling factor.

With the presented formulation, it is now possible to calculate the bundle’s strain
for a non-homogeneous moisture field. To compute realistic moisture distributions
within the system, moisture-transport simulations were performed as described
below.

2.2 Moisture Transport Simulations

Below the fiber saturation point, water in wood exists as bound water and
vapor (Skaar 1988). While multi-Fickian models are often used to distinguish
these contributions (Frandsen et al. 2007), a single Fickian diffusion process with
moisture-dependent diffusivity values is adopted here for simplicity. The diffusivity
is chosen to represent empirical ranges across the moisture content interval from
dry (@q = 0.05) to wet (i, = 0.20) states, where variations of approximately one
order of magnitude are observed in radial and tangential directions (Sonderegger
et al. 2011; Niemz et al. 2023). Accordingly, the implemented moisture transport
dynamics follow

dp;

o =V (xi(ei) Vi), (5)
Xi(#i) = xaexp %(% —a) |, (6)

where y; is the moisture-dependent diffusion coefficient, and yg4, set to 1 for sim-
plicity, is the reference diffusivity at ¢g4, the numerical implementation is detailed
in Appendix A.1.

Moisture transport was computed by initializing all fibers at ¢4 and prescrib-
ing the environmental moisture history @eny(t) as a boundary condition on the
outermost fibers, gy,

@i = penv(t), 1€ Qout. (7)



The environmental moisture change was prescribed as a transition from ; — ¢
starting at ¢y, with ramping time 7.

Pi, < tO?
t—1t
Penv(t) = § @01 + T 0 (pr — i), to<t<to+T, T >0, (8)
T
o, t >t + 1,

with the limiting case T, = 0 corresponding to an instantaneous step transition.
Here, ¢; — ¢r denotes either a wetting (g — @y ) or drying (@ — q) transition.
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Fig. 2: Moisture content profile for simulations with quick diffusion with ramping time 7T, = 50% (top),
and slow diffusion with T, = 0% (bottom). ©(Qoyt) is the moisture content of the most outer fibers and
represented by the red curves (boundary condition); ¢(Qcen) the moisture content of the central fibers
and represented in green; () the bundle average represented in blue. The dashed black line marks the
snapshot time for the heatmaps, and the dotted lines mark the moisture ramping 7;. = 50% (top) and
T, = 0% (bottom).

Moisture evolution was simulated under cyclic dry—wet—dry boundary condi-
tions, alternating between ¢, and ¢,, with a fixed period T, and ramping time
T’.. Simulations were repeated until a steady cyclic regime was reached, defined by
a relative change in the average bundle moisture (¢;) below 1078% between con-
secutive cycles. For mechanical simulations requiring additional cycles, the final
steady moisture cycle was repeated. Examples of the resulting moisture profiles are
shown in Fig. 2. Due to the moisture-dependent diffusion coefficient, moistening
proceeds faster than drying, leading to asymmetric evolution. For short cycle peri-
ods T,, strongly inhomogeneous moisture profiles develop, with central fibers (cep



not reaching the moisture extremes ¢, and ¢,,, whereas longer cycles allow more
homogeneous moisture distributions. Additionally, uniform moisture profiles were
assigned by prescribing the spatial average (y;) to all fibers (blue lines in Fig. 2),
enabling isolation of moisture-gradient effects (see Sec. 3.3).

It is important to note that this formulation is scale-invariant: the moisture evo-
lution depends only on the relative magnitudes of the diffusion coefficient, bundle
size, and cycle period. Consequently, the governing parameter is the ratio between
the characteristic diffusion time and the imposed cycle time, which determines
the degree of equilibration within each cycle. This motivates the introduction of
dimensionless numbers to analyze the model behavior, as explained in the following
section.

2.3 Unifying Time Scales

A central challenge in the usage of hygroresponsive viscoelastic materials is the
multiple competing time scales, namely, 1) the moisture diffusion, 2) the viscoelas-
tic relaxation (bundle-internal properties), and 3) the environmental moisture cycle
period T,.. Comparing their relative influence across different materials and condi-
tions, therefore, requires a common framework. To achieve this, we express each
process in relation to the cycle time. This leads naturally to the definition of
Fourier-type numbers,

Fo, = — Fo, = —, (9)

where T, and T are characteristic times for diffusion and viscoelastic relaxation,
respectively. These quantities measure how much each internal process can evolve
within each change in environmental conditions: a large F'o corresponds to near-
complete relaxation within each change (half of a cycle), while a small Fo indicates
strongly out-of-equilibrium situations.

The choice of T\, and T’ is not universal, but should capture the dominant kinet-
ics of each process. Both moisture diffusion and viscoelastic relaxation exhibit a
similar temporal evolution, characterized by a rapid initial response followed by
a slow approach to equilibrium. Accordingly, the characteristic times T’ ;f and TY
are here defined as the time required to reach Y% of the final state: the average
bundle moisture (p;) reaching Y% of @eny, and the time-dependent creep compli-
ance J(t) = J(1 — e ¥/7) reaching Y% of its asymptotic value J (Fig. 3). The
corresponding Fourier numbers are

Y

Y _ Y\ _
Fo, = v where ()(T))) = 100 Pene (10)
T Y
y _ fc YY)
Fol = v where J(T)) = 100 J. (11)

In this work, Y = 99 is selected since it represents near-complete equilibration.
For example, Fo? = 2 indicates that each half-cycle is sufficient for the system to
reach approximately 99 % of its diffusive or viscoelastic relaxation before changing
©Yenw- The influence of this choice is further examined in Sec. 3.
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Fig. 3: Examples of different criteria (Y = [63,65,99] in Eq. 10 and Eq. 11) to define characteristic times
for moisture transport (a) and viscoelasticity (b).

To merge the effects of both internal processes into a single metric, an effective
Fourier number is defined as

Folg = (Fo))" (FoY)"e™), (12)

where the exponents a and b represent the relative influence of diffusion and vis-
coelasticity, respectively. The last term accounts for the effect of the ramping time
T, and takes an exponential form to act as a damper on the diffusion process; its
influence is weighted by the parameter c. The procedure used to determine these
coefficients is discussed in Sec. 3.2.

102
Foy =2 T.=40h

L=T10mm 10!

T.(Fo? =2) ~260h L=4 mm

102 ( X ) T. = 40h — o —Fnggfil.9 .

’g‘ L=4mm .L 10

I 107! L=10 mm

T Fo =015 Four = 0.2
1072
1073
10~ 5x 10711 1073 1072 107! 100 10! 10?
Xa [m?/s] Fo%[]

(a) (b)

Fig. 4: Fourier-number tuning in parameter space. (a) Parameter combinations for a squared sample with
size L and dry-state diffusion coefficient x4 yielding iso-lines of cyclic time for Fo® = 2 and T, = 0%.
(b) Parameter combinations of Fo?” and Fo}? defining iso-lines of Foeg, using the parameters obtained
in Sec. 3, for a fixed cyclic time of 40 h.

Defining dimensionless numbers in this way enables direct experimental applica-
tion. The characteristic times Tg and TY can be obtained from transient moisture
measurements and standard viscoelastic tests, respectively, while the Fourier num-
bers FoY can be tuned by adjusting the cycle period T,. Figure 4 illustrates the



tunning of Fol? and Fo) using experimental values of x4 (Niemz et al. 2023),
squared samples with size L = 4 and 10 mm, and viscoelastic parameters reported
for radial direction by Ferrara and Wittel (2025a). In summary, maintaining a
constant [ oig for increasing sample sizes L or decreasing diffusion coefficients x4
requires increasing T, to compensate for slower equilibration. Conversely, for a fixed
T,, different combinations of Fo% and Fo?? lead to distinct effective responses, as
summarized by Foeg (Fig. 4b) using the parameters obtained in Sec. 3. Finally, to
enable comparison with experiments, a protocol is introduced to relate the simu-
lated bundle strain to measurable macroscopic strains, as described in the following
section.

2.4 Macroscopic Strain Decomposition for Experimental Comparison

In the DD-SS-FBM, the strain of each bundle fiber and its individual contribu-
tions—elastic, viscoelastic, hygroexpansive, and slip—are directly accessible. At
the macroscopic level, the total strain can therefore be expressed as the sum of
these components (see Eq. 3). In experiments, however, only the total strain () is
measurable, and any decomposition into individual contributions must be inferred
through post-processing. To enable a consistent comparison between simulations
and experiments, a translation framework is therefore required.

The strain decomposition used in this work follows the protocol proposed by
Ferrara and Wittel (2025b), in which the measured strain is decomposed as

e(t) =B (t) + e VE@M) + (1) + eM(2), (13)

being the elastic, viscoelastic, hygroexpansive, and mechanosorptive contributions,
respectively, and * denotes quantities obtained by post-processing of the measured
strain. The decomposition proposed in Ferrara and Wittel (2025b) proceeds as
follows:

1. Viscoelastic strain calculation: The moisture-dependent experimental viscoelas-
tic compliance, Jezp(p), is obtained from creep experiments performed at
multiple constant moisture levels (e.g., ¢ = 0.05,...,0.2) using a general-
ized Kelvin—Voigt model to fit the results. The obtained compliance was then
used to compute V¥ based on the load and moisture history during the
mechanosorptive experiment.

2. Reduced strain calculation: a reduced strain is defined as e*/(t) = e(t) —&*VE(¢),
which contains elastic, hygroexpansive, and mechanosorptive contributions by
definition.

3. Hygroelastic strain calculation: Assuming a decreasing mechanosorptive contri-
bution over cycles, the last loaded cycle is considered as the one with the lowest
mechanosorptive influence. The ¢*f in this cycle is therefore used as a refer-
ence strain template for the combined hygroexpansion and elastic response.
To eliminate any remaining mechanosorptive effects, the template is corrected
by removing residual drift such that its initial and final strains coincide. A
linear relationship between the corrected strain template and the average mois-
ture content ((p;) is then assumed within this cycle, and a corresponding linear
coefficient is obtained. This coefficient is subsequently used to reconstruct the



hygroelastic strain in all other cycles by scaling the reference template accord-
ing to the cycle-specific moisture variation, i.e., based on the difference between
initial and final moisture levels in each cycle. In this way, the hygroelastic contri-
bution e*1¥ = ¢*H 1 ¢*F i5 determined for all loaded cycles. The same procedure
is then applied to the unloaded cycles. See Fig. 6 for a visual representation.
4. Mechanosorptive strain calculation: £*M3(t) is finally defined as e*fF(t) —

e*HE (1),

To reproduce this procedure within the DD-SS-FBM, a series of simulations was
performed under constant load, each at a different fixed moisture level, thereby
mimicking creep tests at constant moisture. This step is needed for defining an
effective bundle compliance Jsf(¢), which differs from the fiber creep compliance
J(¢) due to the slip strains accumulated in the test. This approximates J.f¢(¢) to
the experimental viscoelastic compliance, Je,,(¢), explained in item 1 above.

Two extensions are possible to be introduced with the model to enrich the
analysis: (i) the inclusion of plastic strain e and (ii) the decomposition of
mechanosorption into recoverable and non-recoverable strain components, e*M9 =
g*MST 4 #MSnr The plastic strain €* is identified from scleronomous simulations
at fixed moisture. The model is loaded and unloaded, and the residual strains
are defined as €. This procedure is repeated over a range of load levels and
moisture states, allowing * to be expressed as a function of the maximum load
and maximum average moisture experienced by the bundle. The non-recoverable
mechanosorptive strain, e*M5""(Cy), is defined as the residual strain remaining
after Cp, loaded moisture cycles. After these cycles, the load is removed, and addi-
tional moisture cycles are applied until a steady cyclic response is reached. The
remaining strain after this procedure is taken as e*M5"(Cp).

Through this procedure, all strain components of the DD-SS-FBM are mapped
onto experimentally accessible quantities, enabling direct comparison between
simulated and measured responses under cyclic hygro-mechanical loading.

2.5 Summary of Parameters and Simulations

The DD-SS-FBM mechanical and slip threshold parameters were adopted from the
original formulation, where the proportionality between parameters refers to the
typical ranges measured for the longitudinal direction of wood, and are summarized
in Tab. 1 (Amando et al. 2024; Maas and Wittel 2026). As the parameters are
defined in a dimensionless manner, loads and strains are normalized by the critical
load, 0., and critical strain, ¢., of the DD-SS-FBM in the wet state. Further details
on the numerical implementation used to ensure numerical accuracy and reduce
computational cost are provided in Appendix A.2.

The simulation campaign is organized into four groups, each addressing a specific
aspect of the model analysis (Tab. 1).

(i) Macroscopic strain decomposition simulations: scleronomic load-unload tests
are used to identify plastic strains e*/’, while creep simulations at constant moisture
determine the effective viscoelastic compliance J.rf(¢), and e is calculated
via a series of simulations, each with increasing number of loaded moisture cycles,
followed by unloading and sufficient unloaded moisture cycles to reach steady
cycles.
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Table 1: Model parameters and ranges used in the simulations.

Parameter Value / Range Description

Bundle and simulation properties

N 40000 Number of fibers

o 1.8 Critical load at wet state

Fiber mechanical properties

Dy 1 Dry elastic compliance
D, 1.3 Wet elastic compliance

Jg 0.2 Dry creep compliance

Juw 0.4 Wet creep compliance

« 0.5 Hygroexpansion coefficient
Tn [1, 10,100, 1000] Creep characteristic times
Threshold and stick—slip parameters

m 2 Weibull shape parameter
A 7 Weibull scale parameter
d 11 Degradation parameter
kS 0.3 Failure limit

T 0.7 Moisture scaling factor
g 0.75 Direction scaling factor

Parameters range for analysis:

(i) Macroscopic strain decomposition simulations - Sec. 3.1

o/o. [0.05,0.7] Load degree

© [0.05, 0.2] Constant moisture for creep simulations
/o 0.7 Load degree for Fig. 6

FoY 2.15 Diffusion Fourier number for Fig. 6
Fo?® 0.7 Viscoelastic Fourier number for Fig. 6
(i) Time-scale simulations - Sec. 3.2

o/o. 0.7 Load degree

/o (0.2, 0.7] Load degrees for Fig. 9

Fog’c9 [3.22, 2.15, 1.07, 0.32, 0.11]  Diffusion Fourier numbers

Fo% 50.30 x [1, 0.1, 0.01, 0.001]  Viscoelastic Fourier numbers

T, {0,0.1, 0.3, 0.5}

(#ii) Uniform moisture profile simulations - Sec. 3.8
Same range as Sec. 3.2, but with uniform moisture profile

(iv) Ezxperimental comparison simulations - Sec. 3.4
Parameters discussed in Sec. 3.4

(ii) Time-scale simulations: the model is evaluated over a wide parameter space
defined by diffusion and viscoelastic Fourier numbers, Fo}” and Fo)?, as well as
ramping fractions 7}, enabling systematic exploration of regimes ranging from near-
equilibrium to strongly non-equilibrium moisture cycling.

(iii) Uniform moisture profile simulations: the same parameter space as (ii) is
analyzed under uniform moisture profiles based on the bundle-average moisture,
excluding the influence of spatial gradients.

(iv) Experimental comparison simulations: additional simulations are per-
formed to reproduce experimental observations, with the corresponding parameter

selection discussed in Sec. 3.4.
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3 Results and Discussion

The main results obtained from the simulation campaign, summarized in Tab. 1, are
described in this section. It covers the strain decomposition and its consistency with
experimentally observed behavior (Sec. 3.1), the influence of time-scale competition
on mechanosorptive strain accumulation (Sec. 3.2), the role of moisture gradients
through comparison of heterogeneous and uniform moisture profiles (Sec. 3.3), and
a case study comparing model behavior with experimental data (Sec. 3.4).

3.1 Strain Decomposition
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Fig. 5: a) Plastic strain obtained via scleronomic tests with increasing load level (first half), and increasing
moisture content (second half). b) Quadratic fit of effective viscoelastic compliance, Jes¢, for varying
moisture content, ¢. ¢) Example of exponential fit of non-recoverable mechanosorptive strain for varying
number of moisture cycles

To evaluate the physical consistency of the strain decomposition, the evolution
of the individual deformation mechanisms in relation to moisture content and load-
ing degree is analyzed. A strong moisture sensitivity of irreversible deformation is
observed: the plastic strain £* increases by up to a factor of six from dry to wet
conditions (Fig. ba), in agreement with recent experimental observations (Maas
and Wittel 2026).

The viscoelastic bundle response exhibits a pronounced nonlinear (quadratic-
like) dependence on moisture, even though a linear dependence is imposed at the
fiber level (Fig. 5b), indicating that nonlinear bundle behavior emerges even when
the local response is considered linear. This resulting quadratic trend and the
effective compliance values are consistent with reported viscoelastic behavior and
variation range of wood tissues in longitudinal direction (Ferrara and Wittel 2025a).

The full strain decomposition is shown in Fig. 6 and illustrates the relation
between the macroscopic strain and its individual components. Two approaches are
compared: (i) the decomposition obtained directly from the internal variables of
the DD-SS-FBM (top plot), and (ii) a decomposition derived from the macroscopic
strain following the procedure described in Sec. 2.4 (middle plot). It is evident
that slip (light gray line in the top plot), obtained directly from the model, and
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Fig. 6: Macroscopic strain decomposition for a system with Fo?c9 = 2.15, Fo?(9 = 0.7, T,, = 30% and

o/o. = 0.7. ¢ is the total simulated strain; e*” is the calculated scleronomic plastic strain; e*V'# is the

calculated viscoelastic strain from the fitted effective compliances; e*ft = ¢ — *F’ — ¢*VE ig the reduced

strain; e*¥ is the hygroelastic strains built from the reduced strain (see inset plots for the loaded cycles,
left, and unloaded, right); and £*** is the calculated mechanosorptive strain with its recoverable, *M57,
and irrecoverable,e*M 57" components calculated per cycle Cp.

mechanosorptive strain (red line in the middle plot), obtained from the macro-
scopic decomposition, exhibit similar behavior and comparable magnitudes. This
agreement is noteworthy because the two quantities rely on different definitions
of viscoelastic compliance, namely the bundle effective compliance, Jo¢, and the
fiber-level compliance, J. This apparent consistency arises from a compensation
between viscoelastic and hygroelastic contributions. While £*V¥ is overestimated
relative to ¢V'¥, the hygroelastic contribution e*## (green line in the middle plot)
is underestimated relative to ¢ + ¥ (dark gray and light blue lines in the top
plot). As a result, much of the discrepancy between the two decompositions is bal-
anced. Consequently, the remaining difference between ¢ and £*M9 is primarily

associated with the plastic strain, *”, which is an order of magnitude smaller.
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This supports the interpretation of mechanosorption as a collective manifestation
of stick—slip processes at the bundle scale. Moreover, the mechanosorptive incre-
ment rapidly decreases and stabilizes after two to three cycles, as discussed in more
detail in Sec. 3.4, where additional parameter combinations are explored. Although
a large fraction of the mechanosorptive strain develops in the first cycle, it is pre-
dominantly recoverable, whereas the non-recoverable component, ¢**5"  builds
up mainly during the second cycle (see Fig. 5¢) for the system.

3.2 Time Scale Effects in Mechanosorption

To assess the influence of time scales on mechanosorption, the mechanosorptive
strain is evaluated across all combinations of diffusion (Fo)?), viscoelastic (Fo??),
and ramping (7;) parameters. As these combinations lead to varying contributions
from the other strain components (elastic, hygroexpansive, and viscoelastic), the
mechanosorptive strain is normalized by the total strain, e*™9 /¢, yielding the frac-
tion of deformation attributable to mechanosorption. Furthermore, the evolution
of mechanosorptive strain across cycles depends strongly on the governing time
scales, leading to distinct transient behaviors. To enable consistent comparison, a
steady mechanosorptive strain, e is defined as the value of *** once no further
slip develops between consecutive cycles. This condition is used as the criterion to
trigger unloading in the model. The results analyzed here are therefore expressed

: *MS
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Fig. 7: Mechanosorptive contribution on total strain as a function of Foeyy.

The dependence of €M% /e on the governing time scales is quantified through
a joint mean-square-error minimization, in which both the parameters of a logis-
tic function and the coefficients defining the effective Fourier number Fo.rs are
determined simultaneously. This results in a collapse of all simulation data onto
a single master curve (Fig. 7), indicating that the proposed formulation captures
the dominant time-scale dependencies of the system. The master curve shows that
mechanosorptive strain increases by up to 5 x as Fo.¢s increases, i.e., from short
cycles (Foerr < 0.5) to long cycles (Foerr 2 1). This behavior is governed by
the magnitude of strain variation allowed per cycle: short cycles limit both diffu-
sion and viscoelastic evolution, resulting in smaller strain amplitude and therefore
fewer slip events, whereas longer cycles allow larger variations in elastic, viscoelas-
tic, and hygroexpansive strains, thereby promoting slip accumulation. The same
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reasoning applies to viscoelastic effects: even when diffusion is fast, shorter cycles
limit the evolution of moisture-dependent compliance, reducing the mechanosorp-
tive response (see data points for F’ oig = 3.22). In summary, the closer the system
is to equilibrium within each cycle, the higher the mechanosorptive contribution
to the total strain.

The fitted parameters further quantify the relative importance of the governing
processes. Diffusion has a dominant influence, contributing approximately 7 X more
than viscoelasticity (a/b ~ 6), as it controls not only hygroexpansion but also
the evolution of elastic and viscoelastic compliances. The influence of ramping
time is generally smaller but not negligible. While negligible in diffusion-dominated
regimes (Fo}? = 0.11 or Fo}? = 3.22), T, can lead to variations of up to 25% in

intermediate regimes (F 029 ~ 1-2), where many experimental campaigns lie.
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Fig. 8: Mechanosorptive contribution on total strain as a function of Fo.s¢ for characteristic relaxation
times of 63,95, 99.

To analyze the choice of characteristic times 7 and T ;/ to the curve shown
in Fig.7, the same procedure was repeated for different equilibration values, Y =
[63,95]. The result of this analysis is shown in Fig. 8. Small differences are evident
when comparing the calculated Fo.;y values and the resulting curves. Despite
differences in the fitting parameters, the ratio of the 3 main parameters, a, b, and
¢, remained constant. This result shows that the analysis is independent of the
chosen characteristic-time used to define the dimensionless numbers.

To complement the analysis of the cumulated mechanosorptive strain, all sys-
tems were simulated for different loading degrees o/o. = [0.2,0.7]. The result is
shown in Fig. 9 for M5 (colored markers) and its decomposed recoverable part,
e*M5T (green region), and non-recoverable part, e*M5"" (red region). It is evident
that exponential behavior is expected as the load level increases, until the first sys-
tems fail at o /0. ~ 0.8. It is also evident that even at low loading levels (o /0, = 0.2)
a measurable mechanosorptive strain was observed. This highlights that even for
small loads, the cumulated effect of constant load combined with moisture changes
differs from the sum of their individual effects. As linearity is usually considered
for viscoelastic and mechanosorptive tests within o /o, = [0.3,0.5], a linear regres-
sion was performed for every system within this interval. As a result, an average
(R2, ) = 0.99 was found, showing that a linear relationship between ™° and
o/o. is acceptable in this interval. Finally, it is evident that the model develops
predominantly recoverable mechanosorptive strains at low load levels, while the
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Fig. 9: Mechanosorptive strain dependence on loading degree o/c.. The gray lines represent linear
regressions performed within o/0. = 0.3 and o/0. = 0.5, and the average coefficient of determination
obtained from the fits, (R3 5_ 5), is shown.

non-recoverable component gradually increases with increasing load. As the sys-
tem approaches failure, an abrupt rise in non-recoverable strain is accompanied by
a reduction in the recoverable contribution (upper bounds of the green and red
regions for o/o, > 0.65). This decomposition indicates that the system initially
accommodates recoverable mechanosorptive deformations, reaching a saturation
point beyond which additional deformation is primarily non-recoverable, ultimately
leading to failure.

3.3 Moisture Gradient Effects in Mechanosorption

To assess the role of moisture gradients in mechanosorption, all simulations from
Sec. 3.2 were repeated using uniform moisture fields, where the bundle average
moisture evolution was applied to all the fibers in the bundle. This preserves the
macroscopic mean moisture history as in Sec. 3.2, while eliminating internal gra-
dients. In this section, the properties of uniform-moisture systems are denoted
with an overbar (e.g., € for total strain), whereas non-uniform systems retain their
original notation (e.g., ).

Heterogeneities in the moisture field lead to fibers with different hygroexpansive
strains and, under a global load-sharing scheme, introduce hygric stresses. This
hygric stresses result in varying elastic strains, which influence the distribution of
slip events within the bundle, even though hygroexpansive strains are not explicitly
included in the slip condition (Eq. 4). This effect is shown in Fig. 10a, where the
slip-strain per fiber is displayed immediately after a drying period and just before
unloading. For the non-uniform moisture field (Fig. 10a left), a radial dependence
of slip strains is observed, with higher local values compared to the uniform case
(Fig. 10a right). This behavior is further highlighted in Fig. 10b, where averag-
ing shows increased slip strain in the central region, but reduced values towards
the periphery. Moreover, the non-uniform system exhibits a higher number of bro-
ken fibers, whose slip strains have been released. The combination of these effects
resulted in a lower mean slip strain in the system with non-uniform moisture profile
when compared to the uniform system.

The lower slip strain in systems with moisture gradients is reflected in the sta-
ble mechanosorptive strain, ¢ as shown in Fig. 10c. The ratio between uniform

[0.9]
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Fig. 10: a) Heat map of local slip strains for a non-uniform moisture field (left) and an uniform one
(right), with broken fibers shown in red; b) average rolling window of slip strain for varying distance to the
bundle center (see inset); ¢) Ratios of maximum mechanosorptive strain (25 /z,,) and total number of
slips before unloading (N2 ) between simulations with and with uniform and non-uniform moisture fiels.

and non-uniform systems is plotted as a function of Fo.r; for both the rela-
tive mechanosorptive strain, s’goM S /€, and the number of slips, Ny, both before
unloading. Moisture gradients lead to a higher number of slip events in the bundle
(N5 /NZ < 1), while reducing the resulting M9 /.. This reflects a redistribution
of slip activity: although gradients promote forward slip, they also enhance reverse
slip, facilitated by the direction-dependent parameter I'g (Sec. 2.1). Despite this
non-trivial effect, the overall differences remain small, with a maximum difference
of approximately 10 %, primarily at low Fo.;s where mechanosorptive strains are
already limited (Fig. 7). These results indicate that moisture gradients are not the
primary factor governing mechanosorption.

3.4 Comparison to Experimental Data

Finally, to demonstrate the applicability of the model under realistic conditions, it
is fitted to mechanosorptive data of Norway spruce samples in the radial direction,
based on the parameters reported by Ferrara and Wittel (2025b). For the fitting
procedure, the hygroexpansion coefficient «, the elastic dry and wet compliances
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(Cy4, Cy), and the viscoelastic dry compliance J; are fixed based on literature val-
ues reported in Ferrara and Wittel (2024, 2025a). This choice is motivated by the
expected level of stick-slip activity involved in their experimental determination.
The elastic compliances are obtained from the initial linear regime of scleronomous
tests and therefore exclude nonlinear stick-slip effects. The dry-state viscoelastic
parameters are assumed to approximate intrinsic fiber behavior, since low stick-slip
activity is expected for low moisture levels (see Sec. 3.1). The wet-state responses,
nonetheless, require explicit consideration of bundle-level mechanisms. Accord-
ingly, the wet compliance J, and the stick-slip bundle parameters—namely the
Weibull parameters A and m, degradation parameters d and «/, and the moisture-
and direction-dependent scaling factors I';, and I'g—are calibrated against the
mechanosorptive and wet creep responses reported in the reference studies.

The calibration is based on two objective functions, defined from mechanosorp-
tive and creep responses,

N
1 2
Eys = N Z (e(ti) — erer(ti))™, (14)
i=1
EKV = (Jeff - Jref)27 (15)
Eiot = Eys + Exv, (16)

where €,.; is the reference total strain curve and J..; is the reference wet
compliance, and Ejyg and Exy denote the independently normalized errors.

Due to the large number of free parameters and the complexity of the model
response, a staged surrogate-based optimization strategy was adopted. The proce-
dure was structured in three steps: (i) a coarse search to identify non-viable regions
and locate promising regions based on mechanosorptive response; (ii) a surrogate-
guided refinement combining mechanosorptive and viscoelastic behavior to define
an optimal parameter region; and (iii) a final sampling of this reduced region to
determine the best-performing parameter set. First, a total of 500 parameter sets
were generated using Latin hypercube (LHC) sampling within the bounds defined
in Tab. 2. For each set, mechanosorptive simulations were performed under exper-
imental conditions (9 moisture cycles, 2MPa), and evaluated using Fyg, with
additional penalties applied to failed simulations. Second, a surrogate model is
trained on the generated data and proposes a 2000 candidate parameter sets to
be evaluated using both mechanosorptive and creep responses. The creep behav-
ior was assessed under 1 MPa (=~ 25% of experimental o.) through the effective
compliance Jog, and scored using FExy. This step enables the identification of
parameter combinations that simultaneously reproduce both mechanosorptive and
viscoelastic behavior. Finally, an optimal parameter region was defined from the
10 best-performing candidates based on the combined normalized error Ei.;. The
mean and standard deviation of these candidates were used to define a reduced
parameter space, from which 100 additional systems were sampled using LHC.
The final parameter set was selected as the candidate minimizing Fi, within this
refined region.

Beyond calibration, the procedure provides insight into parameter influence. A
Sobol analysis shows that J,, and A dominate the model response, with total indices
of 0.93 and 0.71, respectively, followed by m and I';, (0.13 and 0.08), while I'g, d,
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Table 2: Parameter bounds used for the surrogate-based optimization, the result-
ing optimal interval, and the final selected parameter set.

Parameter Tested interval Optimal value Final candidate
Juw [7.57 x 1074, 1.0 x 1072]  6.4(3) x 1073 5.9 x 103
m [1.1, 2.0] 1.28(14) 1.12
A [5.0 x 1073, 5.0 x 1071] 5.3(3) x 1072 4.9 x 1072
d [1.0, 80.0] 18(10) 29
wf [0.05, 0.8] 0.6(1) 0.5
' [0.40, 1.00] 0.50(3) 0.51
I's [0.40, 1.00] 0.74(9) 0.82
0.016 O  Top candidates «10-3 0.016
------ Reference compliance
0.014 3 0.014
%0.012
,E 2

0.010

0.008

0.006t
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Fig. 11: Relations between the dominant input parameters J,, and A and the model response. (a) Effective
compliance Jog as a function of the ratio A/J,,, colored by the mechanosorptive error Ejrs. (b) Jog as a
function of J,,, also colored by E);s. Circled points indicate the selected 10 optimal candidates.

and x/ have negligible influence (below 0.001). The interplay between .J, and A
is shown in Fig. 11. The ratio A\/J,, controls the balance between slip threshold
magnitude and bundle compliance: low values promote stronger stick-slip activity.
As shown in Fig. 11a, good agreement with mechanosorptive data is only obtained
at low \/J,, indicating that significant slip activity is required to reproduce the
mechanosorptive response. However, this increased slip activity also raises Jeyy,
leading to an overestimation of the reference compliance (Fig. 11b). This identifies
a narrow region in parameter space (data points highlighted in red in Fig. 11)
where the competing effects of viscoelastic compliance and stick-slip activity are
balanced.

The mechanosorptive response with the optimal parameter set and the result-
ing strain decomposition are shown in Fig. 12, where the reference strain and its
decomposition (based on the model used in Ferrara and Wittel (2025b)) are shown
in black; the fiber-level DD-SS-FBM strains are shown in red; and the DD-SS-FBM
strains, but with the decomposition protocol presented in Sec. 2.4 and represent-
ing bundle-level strains, are shown in blue. The total strain response in Fig. 12(a)
shows good agreement between the model and the reference, capturing both load-
ing and unloading cycles. The mechanosorptive contribution in Fig. 12(b) closely
follows the evolution of the slip strain, indicating that the macroscopic response is
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Fig. 12: Mechanosorptive response and strain decomposition of the optimal model, showing fiber-level
(red) and bundle-level (blue) decompositions, compared to the reference strains (black) (Ferrara and
Wittel 2025b).

primarily governed by cumulative stick-slip activity. The viscoelastic response at
the bundle level (blue) closely follows the reference (black), reflecting the agree-
ment between Jeg and Jyf, shown in Fig. 12(c). The evolution of the elastic and
hygroexpansive contributions shows a minor but consistent increase over successive
cycles, indicating progressive fiber failure and a corresponding increase in bundle
compliance for the fiber-level properties (red curve in Fig. 12(d)). This highlights
the role of irreversible material degradation in the overall response.

Beyond the overall agreement, deviations from the reference indicate the pres-
ence of additional mechanisms that the model can investigate. As an example, an
initial negative mechanosorptive strain, e*9, is observed during the first cycle
(see Fig. 12(b)). A similar trend is reported experimentally by Ferrara and Wittel
(2025b), but it cannot be captured by the moisture-dependent Kelvin-Voigt ele-
ments used to represent mechanosorption. Within the DD-SS-FBM, this behavior
arises from transient viscoelastic effects under strong moisture gradients: during
moistening, local compressive stresses induce a temporary back-deformation, that
relaxes as the gradients vanish, and is most pronounced during the first cycle. This
effect is further reflected in Fig. 12(c), where the fiber-level response (red) exhibits
fluctuations during the unloading phase caused by the moisture gradients.

Comparing the model’s behavior with mechanical parameters based on the
longitudinal direction of wood (Fig. 6) and with radial direction parameters
(Fig. 12) reveals a clear difference in the evolution of mechanosorption. In the
longitudinal-like case, most slip strain accumulates during the first moisture cycle
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and converges after approximately three cycles, whereas in the radial-like case,
the mechanosorptive strain continues to evolve even after multiple cycles. This
difference is attributed to the relative contributions of elastic and viscoelastic com-
pliances. In the longitudinal-like response, deformation is dominated by elastic
compliance, leading to slip events concentrated during initial loading. In contrast,
the radial-like response is governed by viscoelastic deformation, with J, approxi-
mately one order of magnitude larger than Cy; and .J;, such that moisture cycling
induces stronger internal mechanical perturbations and sustained slip evolution.

4 Conclusion

In this work, the Moisture-Dependent Stick—Slip Fiber Bundle Model (Amando
et al. 2024) was modified to include moisture transport simulations and address
key open questions in mechanosorption. The framework enables the analysis of
cyclic moisture time scales, internal moisture gradients, and their interaction
with material response. Dimensionless numbers were introduced to unify different
experimental conditions, and a strain decomposition based on experimental pro-
cedures (Ferrara and Wittel 2025b) enabled direct comparison with measurable
quantities.
The main conclusions are:

e Role of cyclic moisture period and time-scale competition: Mechanosorption
is governed by the interplay between the cyclic moisture period (7.) and
intrinsic material time scales, rather than by moisture amplitude alone.
Short cycles limit internal evolution and reduce strain accumulation, while
longer cycles promote compliance changes, stick-slip activity, and enhanced
mechanosorption.

e Unification through dimensionless framework: The combined effects of diffu-
sion, viscoelasticity, and ramping moisture time collapse onto a master curve
described by Fourier numbers of diffusion Fo,, viscoelasticity Fo,, and their
combination Fo.ss. Diffusion dominates, contributing approximately 7 x more
than viscoelasticity due to its direct impact on material compliance.

e Influence of moisture gradients: Moisture gradients redistribute local deforma-
tion and increase slip activity, but their net macroscopic effect remains limited
due to compensation between tension and compression regions. Therefore,
moisture gradients cannot be the primary responsible for mechanosorption.

o Comparison to experimental results: The model successfully reproduces both
creep tests at constant moisture content and mechanosorptive response using a
single, consistent parameter set. The fitting procedure reveals that this simulta-
neous agreement is only achieved when significant stick-slip activity is present
in the system. This indicates that discrete slip events are not a secondary effect
but a necessary mechanism for reconciling time-dependent deformation under
both constant and varying moisture conditions.

e Origin of variability in experimental behavior: Variability across experiments
arises from the balance between elastic, viscoelastic, and hygroexpansive
contributions. Systems dominated by elasticity (e.g. wood in longitudinal direc-
tion) show limited mechanosorption, while strong viscoelastic and moisture-
dependent systems (e.g. wood in radial direction) amplify mechanosorption.
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Overall, this framework links moisture transport, time-scale competition, and
stick—slip mechanics within a unified approach, providing a scalable basis for inter-
preting mechanosorption across materials and conditions, and highlighting the
value of mechanistic modeling for testing and understanding the governing physical
mechanisms. Future extensions may include the introduction of moisture-rate-
dependent stick-slip behavior, as well as heterogeneous fiber classes to represent
growth-ring structures (earlywood and latewood). These developments would
enable a different assessment of how transient moisture dynamics and spatial
heterogeneity influence the mechanosorptive response.
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A Numerical Implementation Details

This appendix summarizes the numerical procedures used to implement the cou-
pled moisture-transport and DD-SS-FBM framework. The adopted strategies were
designed to ensure numerical stability, accurately resolve the nonlinear stick-
slip dynamics, and maintain computational efficiency across the large simulation
campaigns performed in this work.

A.1 Moisture Transport Implementation

The diffusion process was solved only on a triangular domain corresponding to one-
eighth of the fiber bundle cross-section, representing the minimal symmetry group
of the square lattice. This reduced domain was used to decrease computational cost
and memory usage. The resulting moisture fields were subsequently mirrored and
mapped onto the full bundle geometry for the coupled mechanical simulations.

The moisture field was updated incrementally using the explicit discretization
of Eq. 5,

t
Xi At
At = pf 4 N (o —¢}), (17)
JEN;

where N denotes the set of nearest neighbors of fiber 7, and Al is the spatial dis-
cretization distance between adjacent fibers. The bundle geometry was normalized
such that Al = 1.

Numerical stability of the explicit scheme was ensured through the Courant—
Friedrichs-Lewy condition,

0.25
At < ———————. 1
— Al max(x;) (18)

At each diffusion step, the fiber with the highest local diffusivity, max(y;), was
used to determine the admissible time increment. Within this stability bound, the
diffusion time step was adaptively updated throughout the simulation to maximize
computational efficiency.

A.2 Mechanical Solver and Coupled Time Integration

To accurately resolve the nonlinear stick—slip response of the DD-SS-FBM, the
bundle’s initial mechanical loading was precomputed using an event-driven algo-
rithm: the most critical fiber was identified, the minimum load increment required
to trigger slip was applied, the slipped fiber was updated, and the redistributed load
field was recalculated until no further slips occurred, this lowest-threshold loading
procedure was repeated until bundle failure. This procedure was repeated for the
bundle on dry and wet states, the resulting slip and load evolution on dry state
were stored and used as initialization data for subsequent simulations at prescribed
load levels. The critical load and strain on the wet state were used to normalize all
reported stresses and strains.

The coupled hygro-mechanical evolution was then solved incrementally in time.
Moisture histories were resampled into 100 increments per moistening/drying seg-
ment. At each increment, the updated moisture field was applied, viscoelastic
strains were updated, forces were redistributed, and the slip criterion was evaluated.
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To properly resolve slip avalanches occurring within a time increment, an adap-
tive recursive substepping scheme was employed. Whenever multiple slip events
were triggered within a single step, the step was bisected and the solution repeated
using moisture fields obtained by linearly interpolating the local moisture of each
fiber. Recursive bisection was allowed up to 10 times; beyond this limit, the step
was accepted to avoid excessive computational cost. Depending on the severity of
avalanche activity, a single moisture cycle could therefore require up to 10° effective
time steps.
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B Symbol List

Table 3: Summary of notation used in the DD-SS-FBM. Symbols are grouped by physical meaning.

Mechanical and Rheological Quantities

D(@i)a Jn(‘ﬁl)a J((p), Tn, &

Elastic compliance, viscoelastic compliances (KV elements),
sum of individual viscoelastic compliances (sum of KV
elements), viscoelastic relaxation times and hygroexpansion
coeflicient

oi, F;, o, Fiber stress, force, and critical stress

€iy €, Eoo Fiber strain, total bundle strain, and stabilized strain

eE eVE eH &% Elastic, viscoelastic, hygroexpansive, and slip strain
components (fiber level)

eB eVE H 5 Jeff Elastic, viscoelastic, hygroexpansive, and slip strain
components (bundle average), and bundle effective viscoelastic
compliance

Ecy Oc Critical strain and stress, based on the model at wet state

Statistical and Model Parameters

eth(4), ki, Bi Slip threshold, number of slips, and slip direction

N, A; Number of fibers and fiber area (normalized to 1)

m, A Weibull shape and scale parameters

d, k! Slip degradation parameter and failure limit

'y, I'g, f(k) Moisture/direction scaling factors and history weakening
function

Moisture Transport
i, Po, (@) Local, initial, and average moisture content

Pd, Pw, @env(t)

Dry/wet moisture states and environmental boundary
condition

Xi(pi) Moisture-dependent diffusion coefficient
Qeens Qout Central and boundary fiber subsets
Time Scales and Dimensionless Numbers
T., T, Moisture cycle period and ramping time
T)z/ , TY Characteristic diffusion and viscoelastic times (criterion Y)
F 02(/, FoY, F ogﬁ Diffusion, viscoelastic, and effective Fourier numbers
a, b, c,Y Weighting parameters and equilibration threshold
Macroscopic Decomposition (Experimental)
g VE grHE oxMS o+R - o+P Viscoelastic, hygroelastic, mechanosorptive, reduced and

plastic strains (post-processed)

g*MST xMSnr M3 Recoverable, non-recoverable, and stabilized mechanosorptive
strain
N2, Cp, Cy Total number of slips at stabilization; number of

loaded /unloaded cycles

Fitting Quantities

Eref (t) ) Jref

Reference strain curve and compliance from Ferrara and
Wittel (2025b)

Eurs, Exv, Eiot

Error measures for mechanosorptive, viscoelastic, and total fit
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C Simulation Seed Comparison

To ensure representation of the analyzed results in this work, the simulations ana-
lyzed in Sec. 3.2 were repeated for 3 different seeds to generate the Weibull slip
threshold distribution. The result of Fig 7 is repeated with all seeds, and the result
in 13 shows that the result is consistent throughout all tested seeds.

0.30 Seed v al
- 39
0.25 42
: —_— 77
8
<020
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10~7 10T 107
Foett

Fig. 13: Comparison of Fo.sy calculation for different seeds to generate the slip threshold distribution.
The blue curve is the seed used through the manuscript (39), while the others were used for this com-

parison.
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