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1 INTRODUCTION

Pressboard is a high-density cellulose-based material produced in a typical paper-making
process. During manufacturing, pressboard is subjected to hot-pressing at drying stage, which
results in a significantly higher density than typical board (up to 1250 kg/m3). Pressboard has
been used as insulation material in power transformers due to excellent dielectric properties and
favorable price to performance ratio1, where pressboard components are subjected to different
types of mechanical loads, e.g. bending, in- and out-of-plane compression, in combination with
high temperatures. These challenging conditions demand for an accurate design in order to
guarantee the required performance during the entire life time of a power transformer.

2 VISCOELASTIC–VISCOPLASTIC MODEL FORMULATION

A continuum material model is developed for describing the mechanical response of high-
density cellulose-based materials, e.g. pressboard, subjected to various loads at different climate
conditions. The present model is based on a combined viscoelastic and viscoplastic constitutive
laws, formulated in an infinitesimal strain framework, such that the total strain ε is decomposed
into the elastic, plastic and thermal expansion/moisture swelling parts as

ε = εe + εp + εtm . (1)

In order to describe the time-dependent (or transient) reversible elastic strain in high-density
board, a standard linear solid (SLS) or generalized Maxwell model2 for viscoelastic materials is
adopted. In this case, the time-dependent material stress is related to the elastic strain as well
as the corresponding elastic strain rate, σ(εe, ε̇e). Expressed in terms of Bolztmann hereditary
integral form3, the viscoelastic constitutive law for SLS material can be written as

σ = Cεe +
∑
β

{
H(β) exp

(
− t

η(β)

)∫ t

0
exp

(
τ

η(β)

)
ε̇edτ

}
. (2)
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The first term (Cεe) represents the stationary part of the viscoelastic response, with C the
stationary elasticity tensor. The last part of expression (2) describes the transient behavior of the
viscoelastic stress. It is assumed that the transient moduli are proportional to the corresponding
stationary moduli, H(β) = κ(β)C, such that each transient stress term β is described by two
parameters κ(β) and η(β).

The viscoelastic stress–strain law is combined with a rate-dependent (visco)plastic model, in
order to describe the permanent plastic strain in the cellulose-based materials. The evolution of
the viscoplastic strain ε̇p is described following an associated flow-rule as

ε̇p = γ̇
K

‖K‖
, with K =

∂f

∂σ
, (3)

where f represents the plastic yield surface. The evoution of the magnitude of plastic strain is
defined through a rate-dependent kinetic law based on a power-law model,

γ̇ = γ̇0(f + 1)1/p , where f =
∑
α

(
〈τ (α) + b(α)〉
s(α) + h(α)

)2k

− 1 , (4)

with p and γ̇0 setting the rate-sensitivity. The description of the anisotropic yield surface f is
based on the non-quadratic yield surface of Xia et al.4 (k > 1), which is composed of sub-surfaces
α, with normals N (α). Modifications5 are introduced on the off-axis or shear components in
order to improve the plastic strain anisotropy. Variables τ (α) = σ ·N (α) represents the projection
of the stress onto the sub-surface α and s(α) the corresponding initial strength. In view of (4), h(α)

defines the material strain hardening, i.e. the increase of strength related to plastic straining,
whereas b(α) is the back-stress that adds the kinematic effects on the overall hardening behavior.
The back-stress term is defined as b(α) = h(ᾱ), where ᾱ is the sub-surface opposite to α, with
normal N (ᾱ) = −N (α). More details on the viscoelastic–viscoplastic model formulation have
been reported elsewhere5.

The intrinsic microstructure of fiber networks in cellulose-based materials causes the large
difference between the in-plane and out-of plane mechanical behavior. Typically, the out-of-plane
elastic–plastic properties are orders of magnitude lower than the in-plane properties. It is also
observed that the out-of-plane properties may rapidly increase upon compressive loading, which
is associated with the material densification process. The present model accounts for the effects
of network densification on the elastic–plastic material properties, following an exponential law6

typically used for as continuum approximation in porous media elasticity.
In the present model, the effects of temperature θ and moisture ρ are captured through

the thermal expansion/swelling εtm in the overall strain decomposition (1), as well as in the
effective material elastic–plastic properties. More specifically, the effective elastic stiffness C̃
and the strain hardening parameters {s̃(α), h̃(α), b̃(α)} are given by the following expression:

C̃(θ, ρ) = CΦe(θ)Ψe(ρ) and {s̃(α), h̃(α), b̃(α)} = {s(α), h(α), b(α)}Φp(θ)Ψp(ρ) . (5)

Empirical functions Φe and Φp describe the temperature dependence of the elastic and plastic
properties, respectively, whereas Ψe and Ψp define the respective moisture sensitivity. Exponen-
tial laws are used for in the empirical functions Φe, Φp, Ψe and Ψp, e.g.

Φe(θ) = Ω1(θ − θ0) + Ω2 {exp Ω3(θ − θ0)− 1}+ 1 , (6)
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where θ0 is the temperature at which the reference elasticity tensor C is calibrated. Note that
each temperature/moisture function contains three fitting parameters.

3 SIMULATION RESULTS AND DISCUSSION

The model has been numerically implemented into a finite element program Abaqus as a
user-material subroutine. Model parameters used in the present analysis have been calibrated
to the mechanical properties of high-density pressboard. More details on the calibrated model
parameters, including the systematic calibration procedures have been reported elsewhere5.
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Figure 1: Responses of high-density pressboard subjected to various in-plane mechanical loading.

Figures 3(a)–(f) illustrate the mechanical behavior of high-density pressboard under vari-
ous in-plane loading. Figures 3(a) and (b) depict the overall stress–strain reponses in various
loading orientation, which show orientation-dependent (or anisotropy) in terms of both axial
strength and lateral strain contraction. Figure 3(c) shows the response of pressboard under non-
monotonic loading, which suggests that hysteresis during loading–unloading can be attributed
to premature plastic yielding upon compressive stroke rather than the viscoelastic effect (see e.g.
Miled et al.2). Thanks to the implementation of the anisotropic yield surface and the kinematic
hardening law, the present model is able to adequately capture intricate experimental stress–
strain reponse during extended cyclic loding. The evolution of transient stress during relaxation
at different strain level is presented in Figure 3(d). Figures 3(e) and (f) depict the stress–strain
responses of pressboard during in-plane tension at various temperature and moisture conditions.

The reponses of high-density pressboard subjected to out-of-plane deformations are shown in
Figures 3(a)–(c). As shown in Figure 3(a), the exponential law for network densification enables
the model to capture the stress–strain reponses of pressboard during through-thickness com-
pression. Similar to the in-plane behavior, the pressboard response in the out-of-plane direction
also shows a prominent path-dependency in non-monotonic loading. The model (in particular
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Figure 2: Responses of high-density pressboard subjected to various out-of-plane mechanical loading.

the kinematic hardening law) is able to accurately mimic the experimental curve. The effects of
network densification can be also traced in the combined compression–shear loading as indicated
in Figure 3(b). Figure 3(c) illustrates the evolution of trasient strain during compressive creep
at different stress level.

4 CONCLUSIONS

In general, the model predictions are able to accurately capture the stress–strain responses of
high-density pressboard under various loading and climate conditions. The excellent predicting
capabilities of the model can be traced back to the following key features: (i) Standard linear solid
(SLS) viscoelasticity model, (ii) power-law viscoplasticity formulation, (iii) advanced anisotropic
yield surface with kinematic hardening, (iv) exponential law for material densification, and (v)
adequate empirical temperature–moisture functions.
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