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Unifying model for the rheological behavior of hygroresponsive materials

Júlio O. Amando de Barros * and Falk K. Wittel †

Institute for Building Materials, ETH Zurich, Leopold-Ruzicka-Weg 4, 8093 Zurich, Switzerland

(Received 8 November 2023; accepted 13 March 2024; published 17 April 2024)

Hygroresponsive materials exhibit a complex structure-to-property relationship. The interactions of water
within these materials under varying hygric and mechanical loads play a crucial role in their macroscopic
deformation and final application. While multiple models are available in literature, many lack a comprehensive
physical understanding of these phenomena. In this paper, we introduce a stick-slip fiber bundle model that
captures the fundamental behaviors of hygroresponsive materials. We incorporate moisture-dependent elements
and rules governing the initiation and relaxation of slip strains as well as failure to the statistical approach offered
by fiber bundle models. The additional features are based on well-founded interpretations of the structure-to-
property relationship in cellulosic materials. Slip strains are triggered by changes in load and moisture, as well
as by creep deformations. When subjected to moisture cycles, the model accumulates slip strains, resulting in
mechanosorptive behavior. When the load is removed, slip strains are partially relaxed, and subsequent moisture
cycles trigger further relaxation, as expected from observations with mechanosorptive material. Importantly,
these slip strains are not considered plastic strains; instead, they are unified, nonlinear frozen strains, activated
by various stimuli. Failure of fibers is defined by a critical number of slip events allowing for an integrated
simulation from intact, via damaged, failed states. We investigate the transition between these regimes upon
changes in the hygric and mechanical loading history for relevant parameter ranges. Our enhanced stick-slip fiber
bundle model increases the understanding of the intricate behavior of hygroresponsive materials and contributes
to a more robust framework for analyzing and interpreting their properties.
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I. INTRODUCTION

Hygroresponsive materials behave in a nontrivial rheolog-
ical way when mechanical load and moisture changes act
simultaneously. Current models decompose the behavior into
distinct phenomena: elasticity, viscoelasticity, plasticity, hy-
groexpansion, and mechanosorption [1–3]. Each is considered
by an independent rheological element, whose response is su-
perimposed to predict the total strain. Such an approach relies
on fitting models to data to determine constitutive parameters
for predicting the material response to various stimuli, but
no physical insight is gained this way. When thinking about
the microscale of materials with a disorder, it becomes evi-
dent that the rheological behavior emerges from the dynamic
moisture-dependent interaction of constituent components.
Interactions can be determined by hydrogen bonds where
water molecules can link to, rendering the interaction of con-
stituents, and thus resulting in moisture-dependent behavior.
An example of a natural material is wood, where cellulose
microfibrils interact via a hemicellulose and lignin-rich matrix
[4–7]. The emerging mechanosorptive, visoelastic, or plastic
strains, contributing to the overall macroscopic strain, can be
associated with interfibrillar displacements [8]. This leads to
a unifying perspective, where one type of micromechanism
manifests in different strain contributions. For wood fibers,
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the identified mechanism is stick-slip movement within mi-
crofibril aggregates (MFAs) [9] or between those, resulting in
permanent or temporary strains that we will call slip strains in
the following.

The technological importance of hygroresponsive behav-
ior in natural fibrous materials such as wood, flax, linen,
wool, synthetic fibers, or even concrete is evident [10–16].
Mechanosorptive creep, emerging from moisture changes
under mechanical load, is among the least understood obser-
vations [6]. Early works already speculated on the role of the
mobility of hydrogen bonds within wood fibrils during moist-
ening and drying events as the source of mechanosorption
[17–19]. This was complemented by explanations regarding
the emergence of transient stresses due to water dispersion
during absorption by Pickett [10], Mackay and Downes [11].
Recently, infrared spectroscopy of wood mechanosorption
proved the mobility of hydrogen bonds resulting in slipping
processes [7]. This way, moisture-rate-dependent creep strains
and frozen strains can be qualitatively explained. Unfortu-
nately, related models are rarely comprehensive, as pointed
out by Alfthan [8]. The main criticism addresses the lack
of generality beyond specific setups or materials [20,21],
as well as the utilization of mechanisms without consistent
physical background [22–24]. Fiber bundle models (FBMs)
are a class of models from statistical mechanics that greatly
contributed to a comprehensive understanding of complex
structure-property relations. Dating back to the 1920s by
Peirce [25], these models have been extensively adopted
to study the damage evolution, fracture, or size effects in
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materials with disorder since then [26,27]. Recently, a fiber-
bundle-based modeling approach was proposed by Halász and
Kun [28], where stick-slip behavior was included on fiber
bundles (SS-FBM). The model proved to capture the concept
of conformational changes triggered by external loads.

In this paper, we add the basic effects of the moisture de-
pendence to the SS-FBM by introducing moisture-dependent
behavior for constituting elements and their interactions. The
identified rules are inspired by experimental and numerical
findings from wood cell wall mechanics [7,9]. In detail, the
main modifications introduced are moisture-dependent con-
stitutive parameters such as compliance and slip thresholds
and the possibility for reverse slip and recovery, as well as the
definition of a resulting internal history variable. To facilitate
explanations and discussions, we utilize the association with
microfibrils and hydrogen bonds, present in wooden fibers,
even though our work goes beyond this mindset.

The paper is organized as follows: In the Materials and
Methods section, we first review the main phenomenological
observations of mechanosorptive creep and the consequences
of the model assumptions. Then, we give a complete descrip-
tion of the SS-FBM and its extensions, accompanied by a
description of important implementation details. In the Re-
sults section, we first study the generic model behavior and
the sensitivity on parameters. We explore the parameter space
by simulating reasonable moisture and mechanical loading
situations. Furthermore, we study the consequences of the
evolution of the fine structure of creep and damage inside
the bundle on the macroscopic observations. Additionally,
the effects of model parameters on the system’s spontaneous
and creep failure are investigated. Finally, we conclude that
the macroscopic mechanosorptive, viscoelastic, elastic, and
plastic behavior emerge from the same underlying mechanism
and can be understood and modeled in a unified way.

II. MATERIALS AND METHODS

To prepare the ground for the interpretation of the hy-
groresponsive model, we first discuss the main observed
phenomena in the framework of cell wall mechanics (see
Sec. II A). We then address the required extensions to the
SS-FBM (see Sec. II B) before we give the mathematical
formulation as well as some implementation details and sim-
ulation parameters (see Secs. II C and II D).

A. Experimental observations and interpretation

Combined mechanical and hygric stimuli both manifest
in a rheological behavior composed of scleronomous defor-
mation mechanisms such as elastic, hygroexpansive, plastic
but also mechanosorptive strains, and rheonomous ones like
the viscoelastic response. This combination is exemplified
in Fig. 1, where alternating dry and moist states are super-
imposed with a mechanical load interval: Without external
load, moisture variations result in free swelling or shrink-
age hygroexpansive strain [29]. When ramping up the load,
instantaneous elastic deformation occurs, and depending on
the loading degree, significant plastic strains are observed as
well [30]. At the same time, visco-elastic creep strains start
to evolve [19]. If we now change the moisture again, the
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FIG. 1. Main features observed in hygroresponsive materials.
The strain (ε) is presented in black, while the load (σ ) and relative
humidity (RH) are represented by red, respectively, blue dashed
lines. Letters indicate different features like H for hygroexpansion,
E for elasticity, VE for viscoelasticity, and MS for mechanosorption.

elastic and viscoelastic strains would adapt through moisture-
dependent elastic and creep material compliances. However,
one observes an additional strain component that is triggered
by moisture changes under load, namely, the mechanosorp-
tive strain, interestingly under moistening and demoistening
[17]. Elastic and viscoelastic strains relax after unloading,
but a remaining strain is observed. The remaining frozen
strain can relax when moisture alternates in the unloaded
system. Microstructural features of the cell wall determine this
complicated hygromechanical behavior. Therefore, we briefly
review the dominating structure-property relations.

The cell wall is at the core of all accepted explanations for
the hygromechanical behavior, and in particular its chemical
and ultra-structural composition [31]. In a nutshell, cellulose
MFAs are embedded in a polymer matrix of hemicelluloses
and lignin (Fig. 2) [32]. Microfibrils are about 15 to 20 times
stiffer than the embedding matrix but only in the fibril direc-
tion at an angle to the longitudinal fiber orientation, called
the microfibril angle, which is not relevant for this paper. The
important macro biopolymer molecules and MFAs interact
strongly through hydrogen bonds. By increasing the moisture
content, water molecules will compete for the superficial hy-
drogen bonds of MFAs (Fig. 2) [6,33]. This will reduce the
bonding density, result in swelling in the transverse direc-
tion, changes in overall compliance, and can result in relative
displacement of neighboring aggregates, called slips in the
following [7]. After a slip, a MFA will form new hydrogen
bonds with new neighbors (Fig. 2). Slips can trigger slip
avalanches due to load redistribution, resulting in complex slip
dynamics.

In this paper, we demonstrate that moisture and history-
dependent stick-slip rules, applied to uniaxial FBMs, have the
potential to reproduce and explain the entire range of observed
phenomena in hygromechanical loading in a unified way.

B. Extensions to the fiber bundle model with stick-slip

A FBM is composed of a grillage of rheological elements
with disorder that interact mechanically when loaded. In its
simplest form, elements would be Hooke’s bodies, with their
load being redistributed to all other intact elements of the
bundle (democratic load sharing) upon reaching a failure
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FIG. 2. Micromechanical interpretation of stick-slip dynamics on wood fibers. We present a wood fiber on the left with its microfibril
aggregates exposed. Following to the right, the aggregates’ interactions and their behavior under mechanical and moisture stimuli are presented.
εd and εw are the nonslip strain at the dry state and wet state, respectively, while εS

d , εS
w , and εS

t are the slip strains respective to drying, wetting,
and time evolution.

threshold [34]. For materials failure, identical constitutive
parameters but Weibull-distributed [35] breaking thresholds
proved suitable [36]. A wide variety of constitutive behaviors
can be realized by altering the load redistribution strategy
from democratic or global to local, meaning the nearest intact
neighbors will experience more shared load than distant ones
[37]. Time-dependent behavior can be realized by introducing
different rheological models for the elements, like Kelvin-
Voigt bodies [38]. Alternatively, a viscoplastic behavior of
the system can be realized by allowing fibers to debond when
reaching a threshold and reattach within the bundle, SS-FBM,
as proposed by Halász and Kun [28]. The last approach suits
materials such as cellulose materials, where conformational
changes occur under mechanical and hygric stimuli. How-
ever, the SS-FBM does not have features of hygroresponsive
materials.

To include the conceptual understanding for simulating the
observed behavior of mechanosorption, three major adapta-
tions to the SS-FBM are proposed:

(1) Moisture-dependent rheological elements; Elastic and
viscoelastic compliances increase with moisture [29] due
to the previously mentioned decrease in hydrogen bond
density [39].

(2) Multidirectional slip, extending the capabilities of SS-
FBM to unloading and reverse loading, motivated by the
identical shear-lag mechanism under tension and compression
inside the bundle [40].

(3) Moisture and history-dependent slip threshold val-
ues to consider the effects of moisture-induced reduction
of hydrogen bonds and increasing mismatch in bonding-
pair sites with the relative displacement of MFAs due
to slips. Additionally, the initial positions are considered

more stable configurations, and it will be less costly to
slip back.

In the following, we give the mathematical formulation of
the FBMs and describe our implementation.

C. Mathematical formulation

FBMs are an assembly of N parallel fibers with identical
constitutive behavior except for the failure threshold. The
bundle reacts with a strain ε as a response to an external load
stimulus σ . All i = 1, 2, 3, . . . , N fibers share the external
load equally up to the failure of the first fiber i. Once the
failure threshold of fiber i is reached, it fails and its load σi

is redistributed to all intact fibers. In an SS-FBM, stick-slip
motion is added to the model. At failure or slip of fiber i,
when reaching the slip threshold strain εth

i , its load is set to
zero and εth

i is added to its permanent strain εS
i . Next, the fiber

is reattached to the bundle and can be further loaded when
its previous load gets redistributed to all intact fibers. A fiber
can slip k f times, with the same or an altered slip threshold
εth

i (k), where k = 0, 1, 2, . . . , k f . After slipping k f times, the
fiber can hold no further load and is considered as broken or
mechanically detached.

Our fibers are composed of a moisture-dependent linear
elastic element with compliance D(ϕ), where ϕ is the moisture
content, and elastic strain εE

i , a moisture-dependent linear
viscoelastic element with compliance J (ϕ), characteristic time
τ (ϕ), and the viscoelastic strain εVE

i . Hygroexpansive strain
εH

i is calculated proportional to ϕ by an expansion factor α.
The slip element is defined to represent the fiber’s cumulative
slip strain εS

i = ∑k
j=1 εth

i (k, ϕ, β ), already including the addi-
tional slip threshold dependence on ϕ and on the slip direction
β. The rheologic model is sketched in Fig. 3.
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FIG. 3. Sketch of the FBM with green representing slip, yellow
tensile, and red compressive strains. On the right is the rheologi-
cal representation of a single fiber model with elastic, viscoelastic,
hygro-expansive, and slip element in series. The total strain ε is
present in both representations.

In a fiber i, the force Fi is identical for all rheological
elements in series, such as the Hookean body and the Kelvin
body, namely,

Fi = AiD(ϕ)−1εE
i = AiJ (ϕ)−1(εVE

i − τ ε̇VE
i ), (1)

with the unit area Ai = 1. The macroscopic stress σ is given
by the sum of all forces divided by the total area, namely,
σ = ∑N Fi/Ai = ∑N Fi/N . The macroscopic strain is iden-
tical for all N fibers with ε = εE

i + εVE
i + εH

i + εS
i , but, of

course, individual strain contributions may vary for each fiber.
Analytical solutions could be found for some special cases

in SS-FMBs [28,41], and viscoelastic FBMs [38]. In the
framework of our work, however, material nonlinearity, local
interaction rules, and alterations of the threshold distribution
require a numeric, incremental solution. We calculate the sys-
tems response for given load and moisture profiles, σ (t ), ϕ(t ).
The different contributions to the total strain of a fiber that
equals the one of the bundle εi = ε are given in incremental
form by

�εE
i (ϕ) = D(ϕ)�σi, (2)

�εVE
i (ϕ, t ) = J (ϕ)σi(1 − e−(t�t/τ ), (3)

�εH
i (ϕ) = α�ϕ, (4)

εS
i (k) =

k∑

j=1

εth
i ( j), (5)

and the macroscopic strain by

ε = 1

N
(D(ϕ)σ + εVE + εH + εS ). (6)

εVE, εH , and εS are the sum of viscoelastic, hygroexpansive,
and slip strains, respectively, over all fibers. The sum of elastic
strains, εE , is substituted by D(ϕ)σ since all fibers have the
same compliance and σ is the sum of all forces.

TABLE I. Set of simulation parameters and variation ranges.

Parameter Normal value Reference

Bundle and simulation properties:
N 40 000 Number of fibers
σc 2.27 FBM dry strength
σ/σc 0.5 Normalized applied load
�tw 10τ Time interval for wet states

Fiber mechanical properties:
Dd 1 Dry state elastic compliance
Dw 1.3 Wet state elastic compliance
Jd 0.2 Dry state creep compliance
Jw 0.4 Wet state creep compliance
τ 1 Creep characteristic time
α 0.5 Swelling coefficient

Threshold properties:
m 2 Weibull shape parameter
λ 7 Weibull scale parameter
f (k) e−k/d Weakening function
d 11 Decay parameter of f (k)
κ

f 0.3 Failure limit
k f 13 Calculated slip number

m 0.7 Wet state rescaling factor

β 0.75 Reverse slip rescaling factor

Ranges used for simulations:
Dw/Dd 1.05−1.3 Sec. III A
Dw/Dd 1.05−2.0 Sec. III C
d 5−55 Sec- III C
κ

f 0.005−0.30 Sec- III C

The slip condition of each fiber is obtained by

ε − εS
i � εth

i (k, ϕ, β ), (7)

with

εth
i (k, ϕ, β ) = f (k)
ϕ
βεth,0

i . (8)

f (k) is a discrete decreasing function of k, 
ϕ and 
β are
influence factors for the moisture and slip direction, respec-
tively, and εth,0

i denotes the initial slip threshold sampled from
a Weibull distribution (for values, see Table I).

D. Model implementation and parameter space

To allow for the wide exploration of the parameter space,
we make a flexible implementation of the SS-FBM, schema-
tized in Fig. 4. We follow a given time evolution of stress σ (t )
and moisture ϕ(t ) from t0 to tfinal (see Fig. 1) in a stepwise
fashion. Hence, we assume constant boundary conditions for
the duration of one step.

First, we solve the scleronomic response of the system
upon an external load or moisture increment due to all trig-
gered slip events (see slip avalanche loop in Fig. 4). To ensure
that our solution stays on the nonlinear solution path, we con-
tinuously identify the most critical fiber and slip it, followed
by an update until no more slip events occur.

The rheonomous response within a time step is integrated
for each fiber in 100 integration steps, followed by the slip
avalanche loop after each integration step (see VE-creep loop
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FIG. 4. Flowchart of implemented code.

in Fig. 4). During the simulation, we record the evolution of
all relevant state variables for further analysis.

The FMBs in this paper are formed by a square lattice
with 200 × 200 fibers. For simplicity, we limit ourselves to
two extreme relative humidity values called RHd and RHw

for the dry and wet state. In the different states, the elastic
compliance of the wet state Dw is larger than the dry one Dd ,
and for the viscoelastic compliances Jd < Jw holds. Values are
summarized in Table I. Note that Dd is taken as unity, while
all other compliances relate to it. The dry FBM without slip
(k f = 1) has a strength of σc and a failure strain εc, and is
taken to normalize the applied load σ or macrostrain ε. To re-
late simulation time t to the system behavior, it is normalized
by the characteristic time of the Kelvin-Voigt element τ . A
typical wet time interval is chosen to be �tw = 10τ .

The slip thresholds εth
i are sampled from a Weibull distri-

bution with a constant shape parameter m, but moisture and
history-dependent scale parameter λ(ϕ, k) = 
ϕ
βe−k/d . d is
a chosen decay parameter, 
ϕ a factor for the moisture influ-
ence, while reverse loading further reduces λ by the rescaling
factor 
β (see Table I). Note that fibers are only allowed to
slip k f times, which corresponds to e−k f /d = 0.3 = κ

f . In
this way, the failure criterion has the same physical meaning
(weakening limit) for any value of d .

III. RESULTS AND DISCUSSION

The system behavior is discussed and analyzed in three
steps: First, we investigate the behavior and development of
slip strains for a single moisture cycle (MC) in mechanical
loading and unloading. Then, we study the strain evolution
with repetitive MCs, showing the emergence of mechanosorp-
tive strains. Finally, we analyze the macroscopic failure.

A. Analysis of SS-FBM behavior for a single moisture cycle

To gain insight into the role of the slip dynamics on the
bundle behavior, we first analyze a single MC within a load

FIG. 5. SS-FBM normalized strain over the normalized time.
Solid lines represent the normalized strain ε/εc, while dashed lines
represent the normalized strain without slip (ε − 〈εS〉)/εc. Line col-
ors resemble softening ratios Dw/Dd .

interval. While the mechanical load σ/σc acts in the interval
t = [0, 25]τ , the moisture is elevated to the wet state RHw

during the interval t = [5, 15]τ , while the rest of the time it
remains at RHd (see Fig. 5). We monitor the evolution of the
normalized macrostrain ε/εc (solid lines) and decompose it
into the normalized nonslip strain (ε − 〈εS〉)/εc (dashed lines)
and the normalized slip strain 〈εS〉/εc. To study the effect
of the moisture softening on the slip dynamics, we calcu-
late the evolution for various softening ratios Dw/Dd from
1.05 to 1.3.

At t = 0, the load σ/σc is applied to the bundle in the
dry state RHd , which results in elastic strains as well as the
triggering of first slip events. During the interval t = [0, 5]τ ,
viscoelastic creep strain develops, and increased slip strains
are observed as more fibers reach the threshold strain. Since
the compliances Dd , Jd are identical for all systems, the ob-
served deformations are consequently identical. At t/τ = 5,
we increase the relative humidity to the wet state, RHw, which
uniformly expands the bundle due to hygric swelling, as well
as due to the compliance reduction to Dw, caused by the
moisture softening. The increased strain and the reduced slip
thresholds of the wet state now promote further fiber slipping.
The equally spaced dashed lines show the chosen regular
spacing between values of Dw/Dd , while the dotted lines show
the slip strain acquired by each system. In general, the higher
the increase of nonslip strains due to moisture increase, the
higher the triggered slip strains. The increased creep compli-
ance Jw at the wet state also clearly manifests in the strain
evolution with higher creep strains.

At t = 15τ , the system returns to its dry state, RHd , and
the entire bundle shrinks due to hygric shrinking as well as
moisture hardening, and the dashed lines for the behavior
without slip collapse again. At the fiber level, the drying event
results in the compression of the fibers with high accumulated
slip strain in the vicinity of fibers with lower slip number
(as represented in red in Fig. 3). Force balance requires that
fibers under tension are additionally elongated to cope with
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FIG. 6. Residual normalized stresses (a) and number of slip
events (b) for each fiber of the bundle at t = 40τ in Fig. 5.

the compressive stress, resulting in residual stress. This, in
combination with the return to the higher slip thresholds for
the dry state but compensated by the threshold reduction
for a reverse slip by factor 
β , can trigger a reverse slip.
Additionally, increased slip numbers ki further simplify slips
due to the weakening function. As a consequence, residual
stresses inside the bundle are relaxed only due to reverse slip
events. This reduces the residual tensile load on the fibers
under tension, decreasing the macroscopic strain ε. Reduced
ε again adds compressive stress on the fibers in compres-
sion, which then relaxes by further slips when their strains
are below the slip thresholds, which can further decrease
ε, and so on. This is superimposed by the strain recovery
of the viscoelastic Kelvin-Voigt element, whose equilibrium
strain is reduced when decreasing compliance Jd . At t =
25τ , the load σ/σc is removed, and we observe relaxation.

The same relaxation behavior is observed on the compressed
fibers, superimposed by the viscoelastic relaxation of the
Kelin-Voigt elements in the interval t > 25τ . The effects of
reverse slip on the macroscopic behavior can be seen by
following the dotted line for t > 15τ . After unloading, the
nonslip strain vanishes, and the macrostrain is only formed by
slip strain.

Residual stresses develop in the system to balance the
different slip strains of fibers. We show the residual stresses
of each fiber at the end of the simulation with Dw/Dd = 1.3
in Fig. 6(a), and the matrix k, which counts the number of
slips for each fiber, in Fig. 6(b). By combining both figures,
we see both of them with a predominant color: red (positive
stresses) for Fig. 6(a) and green (low number of slips) for
Fig. 6(b). This shows that tensile stresses are stored on fibers
with low slip numbers and, therefore, low slip strain. Fibers
with higher slip numbers but still holding load are easily iden-
tified in Fig. 6(a), being the ones with compressive stresses
and marked in blue. Compressive stresses are observed on
fewer fibers than the tensile ones; therefore, they are much
higher (maximum σ/σc ≈ −2.7) than tensile ones (maximum
σ/σc ≈ 1). The fibers that reached the slip number k f are also
easily identified in Fig. 6(a).

B. Observations for multiple moisture cycles

The buildup of mechanosorptive strains and their relax-
ation in hygroresponsive materials requires loading histories
with multiple MCs during load intervals and after load re-
moval. To study these effects, we alternate the moisture within
10τ lasting intervals for three different load cases: without
load and within a constant load interval, as well as after
unloading (see Fig. 7). In the first MC (Fig. 7, upper half), due
to the increased strain, some slips occur (lower half), mainly
from fibers with low thresholds from the tail of the Weibull
distribution. Therefore, the slip strain is small.

In the time interval t = [20, 50]τ , the situation of the single
MC applies (Sec. III A), but in the lower part of Fig. 7, we

FIG. 7. SS-FBM strain over five moisture cycles. Solid lines represent total values of ε and εS in both plots, respectively, while dashed
lines represent their labeled components.
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FIG. 8. SS-FBM slip strain evolution over ten moisture cycles
and the respective normalized slip (green) and reverse slip (black)
avalanches.

now take a closer look into the evolution of the different
components of the slip strain, split by their cause. At t = 50τ ,
a second MC is imposed on the loaded system and, again, like
in the first MC under load, additional moisture and viscoelas-
tic slips are triggered, resulting in an increased total strain.
Each additional MC would further increase the total strain,
since slip events, occurring during the cycle with increase
and decrease, further reduce the slip thresholds even up to the
failure of fibers.

From t = 70τ on, the system is unloaded, and elastic and
viscoelastic relaxations occur just like in the single MC case.
In each MC during this phase, frozen strains are relaxed in the
system, mainly by moisture slips. Due to swelling at moisture
increase, the compressed fibers are unloaded and therefore
will not slip, while for moisture decrease, the compression
of fibers results in reverse slip events, reducing the slip and,
consequently, total strain. This effect is largest during the first
relaxation cycle but, evidently, there exists a limit from where
the total strain must be considered as irrecoverable. When
we increase the number of MCs in the loaded system, the
SS-FBM can fail, which is the focus of the next study.

C. Failure analysis

In this section, we analyze how the cumulative slip
avalanches, described in Sec. III B, evolve up to the failure
of the bundle. For this purpose, we plot the evolution of the
normalized macrostrain ε/εc and the normalized slip strain
εS/εc over time (see Fig. 8). Additional insight is given by the
slip avalanche sizes, normalized by the number of fibers (N),
decomposed into slips and reverse slips. Two slip avalanches
stand out in Fig. 8: the one in the first MC and the one in
the ultimate MC with the bundle failure. In between these
two, both slip and reverse slip avalanches are comparable in
size. However, the resultant strains of reverse slip avalanches
are significantly smaller than the ones of slip avalanches. For
one thing, slip avalanches can trigger fibers that have never
slipped before and, therefore, have the highest slip thresh-
old in the system up to that point. For another, reverse slip
avalanches occur with fibers that have larger accumulated slip
strains, which will have lower slip thresholds due to a higher
value ki. Finally, the reverse slip avalanches cannot relax the

FIG. 9. Probability density of slip thresholds for increasing mois-
ture cycles MC with identical legend.

full slip strain obtained in the previous slip avalanche but
are capable of weakening the bundle for the subsequent slip
avalanche.

Moisture changes resemble a shift of the Weibull-threshold
distribution, while the weakening by the function f (k) due to
slips results in a degradation of the Weibull distribution. This
effect is plotted for increasing MCs in Fig. 9, starting with
a typical Weibull distribution for MC = 0. In the subsequent
MCs (MC > 0), slip avalanches shift part of the distribution
to lower values, resulting in a characteristic void. The void
relates to the highest slip threshold triggered up to that point,
and all slipped fibers will fill up the distribution on the lower
side. Note that due to the moisture scaling with factor 
w,
we have two locations of maximal strains, one for the dry
state (dashed line) and one for the wet one (dotted line). The
ultimate degraded distribution (MC=10) is obtained before
the last slip avalanche, representing the failure point. Failed
fibers fill up the first bin of the distribution at εth

i = 0.
Similar to typical experimental observations, the failure of

our SS-FBM depends on intrinsic model properties and the
loading history. We limit ourselves to exploring the effect
of variations of the compliance ratio Dw/Dd on the failure
evolution (Fig. 10), as well as the effect of the weakening
function with its decay parameter d and failure limit κ

f on
the number of endured MCs up to failure (Fig. 11).

When changing the applied load σ/σc, we can observe the
maximum normalized macrostrain εmax/εc, from simulations,
along with its strong dependence on the wet-to-dry compli-
ance ratio Dw/Dd (see Fig. 10). Each point in the plot resem-
bles the maximum strain state of an individual simulation after
50 MCs. For low values of σ/σc, we observe a linear trend
for εmax/εc, independent of the Dw/Dd ratio. The dependence
of the strength ratio σ SS−FBM

c /σc, meaning the strength ratio
of the SS-FBM and the FBM, versus Dw/Dd is given in the
inset. As expected, the higher the moisture dependence of the
compliance, the weaker the system, compared to the dry FBM.

Finally, we investigate the fatigue failure with respect to
MCs for varying loads and different values of the parame-
ters of the weakening function. Compared to the variation of
wet-to-dry compliances (Fig. 10), the strength is less sensitive
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FIG. 10. SS-FBM maximum strain-stress relation for different
dry-to-wet compliance ratios and comparison to the strength with
the dry FBM (inset).

when the weakening function is varied f (k). Nevertheless, d
and κ

f affect the bearable number of MCs. Figure 11 shows
the relation between applied load σ/σc and the number of
cycles imposed before failure for different combinations of
d and κ

f . Combinations of values of d = [15, 35, 55] and
κ

f = [0.0055, 0.012, 0.027, 0.06, 0.13, 0.3] are shown. We
closely examine the transition between failing after multiple
MCs and failing within the first MC. It is interesting to observe
that the increase of d results in a more abrupt transition, which
means a lower chance of failing due to the MCs. Roughly, for
higher values of d , the system either fails at the first moisten-
ing or doesn’t fail at all. The second interesting observation
is that the failure becomes less sensitive to variations on κ

f

when d increases. A high decay parameter d means a lower
weakening ratio and, as a consequence, it is more difficult to
trigger strain increments during MCs. As a result, the system’s
failure becomes less dependent on the failure criteria κ

f , and
the failure transition becomes more sensitive to load changes.
In a limit situation, the load is high enough to fail the system
in the first MC, or the system doesn’t fail at all.

FIG. 11. Applied load over the number of cycles that can be
imposed before the failure of the system. If the system doesn’t fail,
the maximum number of imposed cycles is 50.

FIG. 12. Comparison of the proposed model (SS-FBM) results
to empirical data and the hygrolock modeling approach proposed by
Dubois et al. [42].

D. Study case and parameter identification

Before fitting the model to experimental observations, we
summarize their influence on the system behavior. With ref-
erence to the parameter list in Table I, we describe the fitting
protocol:

(1) We eliminate those parameters from the procedure that
do not influence the system behavior like the number of fibers,
since we use a very large N , as well as the viscoelastic charac-
teristic time (τ ), since the time interval for the MCs �τw � τ .

(2) Clearly, the swelling coefficient α must obey the free-
swelling conditions and is determined independent of other
parameters.

(3) The loading degree σ/σc is dependent on the Weibull
scale parameter λ and the dry-state compliances Dd + Jd .
They are fit to the first dry-loading state.

(4) The wet-state rescaling factor 
m must be defined to-
gether with the wet-state compliances Dw + Jw, to fit the first
wetting phase.

(5) Finally, the last three parameters, namely, the decay
parameter d , the failure limit κ, and the reverse-slip rescal-
ing factor 
β are set to correctly reproduce the observed
mechanosorptive behavior with and without load.

By following these steps on different states, keeping the
parameters’ relative values inside the range presented in this
paper, we can reproduce the experimental data. The resultant
fit of the data set published by Ref. [42] is shown in Fig. 12.
As observed, the model reproduces the expected behavior of a
real system, following the correct ranges of strain in all condi-
tions, including the mechanosorptive strain when loaded and
unloaded, shown in the two high-lighted boxes. Therefore, the
presented fitting shows the sensibility of the model, which
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can be suitable for small mechanosorptive strains or large and
critical ones, as shown in the previous sections. Additionally,
it shows how the accelerated creep is well represented, which
before could not be achieved by the available models (such
as hygrolocks [42], or added as a constant rate value (such as
moisture-dependent Kevin-Voigt bodies [3]).

A variance-based sensitivity analysis [43] gave insight into
the importance of individual parameters for the system behav-
ior by providing the Sobol indices. As a result, the parameters
that mainly define the total strain of the model are the compli-
ance relations, as well as the Weibull distribution parameters.
However, regarding the evolution of slip strain through MCs,
the rescale factors (both related to moisture changes or reverse
slips) also take an important role.

IV. CONCLUSIONS

We extended the SS-FBM by Halász and Kun [28] with
three additional features, namely, the moisture dependence of
rheological elements and the possibility to slip under tension
and compression, as well as history, moisture, and load di-
rection dependence of slip thresholds. These three rules are
inspired by wood anatomy [7] and observed hygromechanical
behavior. We proved that our modified moisture-responsive
SS-FMB reproduces the main combined hygromechanical be-
haviors common to wood [17–19]. By demonstrating that this
complicated response can be explained by just one mecha-
nism, namely, the slip, we open an approach for exploring the
structure-property relations in wood under combined hygric
and mechanical load.

From a fundamental modeling point of view, we altered
the physical interpretation of slip strains by allowing their in-
version. Instead of being plastic strains, therefore irreversible,
we understand slip strains as frozen strains caused by rear-
rangements in the material structure with the potential for
relaxation. Interestingly, no difference is made in whether
the strain was developed by scleronomous stimuli, such as
instantaneous load and moisture changes, or rheonomous
ones, such as viscoelastic responses. More than that, the
same source of nonlinearity is responsible for the behav-
ior observed in mechanosorption. In this way, complicated
behaviors of hygroresponsive materials like plasticity, hy-
groexpansion, viscoelastic and mechanosorptive creep, which
are typically described by different theories, are unified in
just one simple model that embeds the concept of slip
strains.

Most of these phenomena can already be seen in a
single MC during loading with subsequent unloading (see
Sec. III A). For multiple MCs, the full descriptive poten-
tial of the SS-FBM becomes evident, as phenomena such
as the buildup of mechanosorptive creep strains under com-
bined load, as well as the relaxation of frozen strains during
subsequent MCs and creep plasticity naturally emerge. The
numerical SS-FBM approach enables us to study the cyclic
failure evolution and system behavior close to the failure
point, based on the statistics of slip events and avalanches. The
consequences of the history dependence of slip thresholds on
the evolution of the threshold distribution allow for a better
interpretation of the damage progress of the system up to
failure. Note that our assumptions on the effect of moisture,
slip history, and loading type are motivated by microstructural
considerations of the interaction of constituents in hygrore-
sponsive (cellulose) materials. Our numerical study of the
fatigue behavior gives insight into the role of these assump-
tions (see Sec. III C).

From a theoretical point of view, the chosen load-sharing
strategy offers an additional degree of variation. However,
we stuck to democratic load sharing, since this most simple
type of load sharing already produces the desired behavior,
proving that locality in load redistributions is not a required
feature here. The same can be said about a local degradation
scheme for slipping fibers, even though micro-structural con-
siderations would allow for such extensions, as preliminary
simulations showed. In real systems, moisture gradients exist
that can result in stresses due to self-restrained swelling or
shrinking, which additionally triggers slips on a timescale,
determined by the moisture transport kinetics, calling for fur-
ther investigation. Additionally, the here presented model was
developed based on systems where the stick-slip dynamics
should be the dominant source of nonlinearity. However, when
subjected to other conditions, such as extreme temperatures,
other factors and mechanisms that are not included here can
dominate the system’s evolution.

The implemented code used in this paper is available on
[44].

ACKNOWLEDGMENTS

Financial support from the Swiss National Science Foun-
dation under SNF Grant No. 200021_192186—Creep Be-
havior of Wood on Multiple Scales—is acknowledged. We
acknowledge F. Kun and I. Burgert for valuable discussions.

[1] A. Ranta-Maunus, Wood Sci. Technol. 9, 189 (1975).
[2] S. Fortino, F. Mirianon, and T. Toratti, Mech. Time-Depend.

Mater. 13, 333 (2009).
[3] M. M. Hassani, F. K. Wittel, S. Hering, and H. J.

Herrmann, Comput. Methods Appl. Mech. Eng. 283, 1032
(2015).

[4] J. Boyd, New Perspectives in Wood Anatomy: Published on the
Occasion of the 50th Anniversary of the International Associ-
ation of Wood Anatomists (Springer-Science+Business Media,
B.V, Dordrecht, Netherlands, 1982), Vol. 171.

[5] F. Dong, A.-M. Olsson, and L. Salmén, Wood Sci. Technol. 44,
475 (2010).

[6] E. T. Engelund, L. G. Thygesen, S. Svensson, and C. A. Hill,
Wood Sci. Technol. 47, 141 (2013).

[7] J. S. Stevanic and L. Salmén, Carbohydr. Polym. 230, 115615
(2020).

[8] J. Alfthan, Ph.D. thesis, KTH, Royal Institute of Technology,
Sweden, Hallfasthetslära, 2004.

[9] C. Zhang, S. Keten, D. Derome, and J. Carmeliet, Carbohydr.
Polym. 258, 117682 (2021).

044139-9

https://doi.org/10.1007/BF00364637
https://doi.org/10.1007/s11043-009-9103-z
https://doi.org/10.1016/j.cma.2014.10.031
https://doi.org/10.1007/s00226-009-0300-3
https://doi.org/10.1007/s00226-012-0514-7
https://doi.org/10.1016/j.carbpol.2019.115615
https://doi.org/10.1016/j.carbpol.2021.117682


AMANDO DE BARROS AND WITTEL PHYSICAL REVIEW E 109, 044139 (2024)

[10] G. Pickett, J. Proc. 38, 333 (1942).
[11] B. Mackay and J. Downes, J. Appl. Polym. Sci. 2, 32 (1959).
[12] L. Armstrong and G. Christensen, Nature (London) 191, 869

(1961).
[13] V. Byrd, TAPPI 55, 247 (1972).
[14] J. Z. Wang, D. A. Dillard, M. P. Wolcott, F. A. Kamke, and G. L.

Wilkes, J. Compos. Mater. 24, 994 (1990).
[15] J. Z. Wang, V. Dave, W. Glasser, and D. A. Dillard, ASTM

Spec. Techn. Publ. 1170, 186 (1993).
[16] A.-M. Olsson, L. Salmén, M. Eder, and I. Burgert, Wood Sci.

Technol. 41, 59 (2007).
[17] L. Armstrong and R. Kingston, Nature (London) 185, 862

(1960).
[18] P. Nordon, Textile Res. J. 32, 560 (1962).
[19] E. Gibson, Nature (London) 206, 213 (1965).
[20] P. Hoffmeyer and R. Davidson, Wood Sci. Technol. 23, 215

(1989).
[21] E. T. Engelund and S. Svensson, Holzforschung 65, 231 (2011).
[22] T. Van der Put, Wood Fiber Sci., 3, 219 (1989).
[23] Z. Padanyi, Prod, Papermaking 1, 521 (1993).
[24] J. Gril, in International Symposium on Wood Science and Tech-

nology (IAWPS 2015) and 60th Anniversary of the Japan Wood
Research Society (IAWPS, Tokyo, Japan, 2015).

[25] F. T. Peirce, J. Text. Inst. Trans. 17, T355 (1926).
[26] S. L. Phoenix and I. J. Beyerlein, in Comprehensive Composite

Materials (Elsevier, Oxford, UK, 2000), pp. 559–639.
[27] A. Hansen, P. C. Hemmer, and S. Pradhan, The Fiber Bundle

Model: Modeling Failure in Materials (John Wiley and Sons,
New Jersey, USA, 2015).

[28] Z. Halász and F. Kun, Phys. Rev. E 80, 027102 (2009).
[29] C. Skaar, Wood-Water Relations (Springer Berlin, Heidelberg,

Germany, 1988).
[30] D. W. Green, J. E. Winandy, and D. E. Kretschmann, Forest

Products Laboratory, 1999.
[31] L. Salmén and I. Burgert, Holzforschung 63, 121 (2009).
[32] J. Brändström, IAWA J. 22, 333 (2001).
[33] L. Salmén and J. S. Stevanic, Cellulose 25, 6333

(2018).
[34] H. E. Daniels, Proc. R. Soc. London A 183, 405 (1945).
[35] W. Weibull, J. Appl. Mech. 18, 293 (1951).
[36] F. Kun, S. Zapperi, and H. J. Herrmann, Eur. Phys. J. B 17, 269

(2000).
[37] S.-d. Zhang and E.-j. Ding, Phys. Rev. B 53, 646

(1996).
[38] R. C. Hidalgo, F. Kun, and H. J. Herrmann, Phys. Rev. E 65,

032502 (2002).
[39] F. Peirce, J. Text. Inst. Trans. 20, T133 (1929).
[40] M. Dwaikat, C. Spitas, and V. Spitas, Compos. Part B: Eng. 44,

501 (2013).
[41] Z. Halász, I. Kállai, and F. Kun, Front. Phys. 9, 613493

(2021).
[42] F. Dubois, J.-M. Husson, N. Sauvat, and N. Manfoumbi, Mech.

Time-Depend. Mater. 16, 439 (2012).
[43] S. Marelli and B. Sudret, in Vulnerability, Uncertainty,

and Risk: Quantification, Mitigation, and Management
(American Society of Civil Engineers, Reston, VA, 2014),
pp. 2554–2563.

[44] https://github.com/juliobarros-BR/SS-FBM-code.

044139-10

https://doi.org/10.1002/app.1959.070020405
https://doi.org/10.1038/191869a0
https://doi.org/10.1177/002199839002400906
https://doi.org/10.1007/s00226-006-0086-5
https://doi.org/10.1038/185862c0
https://doi.org/10.1177/004051756203200705
https://doi.org/10.1038/206213a0
https://doi.org/10.1007/BF00367735
https://doi.org/10.1515/hf.2011.011
https://doi.org/10.15376/frc.1993.1.521
https://doi.org/10.1080/19447027.1926.10599953
https://doi.org/10.1103/PhysRevE.80.027102
https://doi.org/10.1515/HF.2009.011
https://doi.org/10.1163/22941932-90000381
https://doi.org/10.1007/s10570-018-2039-1
https://doi.org/10.1098/rspa.1945.0011
https://doi.org/10.1115/1.4010337
https://doi.org/10.1007/PL00011084
https://doi.org/10.1103/PhysRevB.53.646
https://doi.org/10.1103/PhysRevE.65.032502
https://doi.org/10.1080/19447022908661486
https://doi.org/10.1016/j.compositesb.2012.03.019
https://doi.org/10.3389/fphy.2021.613493
https://doi.org/10.1007/s11043-012-9171-3
https://github.com/juliobarros-BR/SS-FBM-code

