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Internal friction study of the influence of humidity on set plaster

M. Saadaoui®, S. Meille®, P, Reynaud®*, G. Fantozzi®

2 GEMPPM UMR CNRS n5510, 20 Avenue Albert Einstein, INSA de Lyon, 69621 Villeurbanne Cedex, France
b Lafarge LCR, B.P. 15, 38 291 St. Quentin Fallavier, France
¢ LERSIM, EMI, B.P. 765, Agdal Rabat, Morocco

Internal friction, one of the useful techniques for studying material changes at microscopic level, is used to investigate water effect on

mechanical behaviour of set plaster. Internal friction was measured as a function of strain amplitude at different humidity conditions. A weak
dependence is observed at low-strain amplitude, followed by a steep linear rising above a threshold strain amplitude. Increasing the relative
humidity (RH) increases the internal friction and lowers the threshold of the rising part. The results provide an experimental evidence of a

relative sliding of gypsum crystals enhanced in the presence of water, and a simple viscoelastoplastic rheological model is proposed.
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1. Introduction

Set plaster is acommon construction material, mainly used
for plasterboards for interior partitions. Moreover, due to its
low cost and easy shaping, it is often used as a model to study
the mechanical behaviour of porous brittle materials. Plaster
is very sensitive to humidity and it is of importance to under-
stand the mechanisms involved in the presence of water. It
has a linear elastic behaviour when it is dry"? and becomes
non-linear and plastic, with relatively high fracture deforma-
tion, in the presence of water.! Moreover, water absorption
results in a drastic deterioration of mechanical properties.>*
Set plaster is also very sensitive to subcritical crack growth’
and creep at humid environment.®

Set plaster is made of entangled needle-shaped gyp-
sum crystals with relatively weak interfaces’ implication of
which, is important for mechanical behaviour. A recent study
on fracture behaviour of set plaster” showed that the gypsum
needles are often debonded and rarely broken and macro-
scopic crack propagation occurs by linkage with microcracks

* Corresponding author.
E-mail address: pascal.reynaud @insa-lyon.fr (P. Reynaud).

issued from weak regions. Coquard et al.’ attributed the wa-
ter effect to a decrease of the bonds between gypsum crystals
rather to the phenomenon of dissolution—precipitation sug-
gested by Murat et al.3. Badens et al.* correlated the decrease
of Young’s modulus of plaster with increasing humidity to a
thickening of adsorbed water layers between gypsum crys-
tals, which allows their sliding.

In this work, internal friction technique,9 is used to investi-
gate the effect of humidity on set plaster, in order to identify
the microstructural mechanisms involved during mechani-
cal behaviour in the presence of water. This method, applied
for the first time to plaster, is one of the most useful tech-
niques for studying the changes in materials at microscopic
level (diffusive processes, phase transformation, dislocation
motion, grain boundary sliding . . .) and allows to determine
associated energy dissipation.

2. Material and procedure

A set plaster with a porosity of 55% was obtained by hy-
dration of a 3 hemi-hydrate of 96% purity, at a water/plaster
weight ratio of 80%. The set paste was hydrated in saturated



Fig. 1. SEM micrograph showing the microstructure of set plaster.

conditions during 24 h, and dried at 45 °C to evaporate the ex-
cess of water trapped in the pores. A network of tangled nee-
dles of gypsum characterises the final microstructure, shown
in Fig. 1.

The internal friction or damping, usually denoted, Q_l,
is a measurement of energy dissipation in the material.” For
a vibrating system, it is proportional to the ratio of the dis-
sipated energy in one cycle, AW, to the maximum elastic
energy stored in the sample We). For viscoelastic materials,
0~ ! is given by:

0!

= W tan ¢ 1)
were ¢ is the loss angle between the applied load and resulting
deformation.

In this study, two different techniques were used: a
forced torsion pendulum!® allowing a large variation of
the deformation at a low frequency (1 Hz), and a bend-
ing resonant device!! working at medium frequency about
1kHz. Two types of samples, directly moulded, were
used for internal friction measurements: rectangular bars
(40 mm x 5 mm x 1 mm) for bending resonant tests and dog-
bone specimens, with a central part of 2 mm x 5 mm x 2 mm
and a total length about 40 mm, for torsion pendulum tests.
Confining atmospheres in equilibrium at different partial
pressures of water varied the relative humidity (RH) in air,
determined with a resolution of 5%. Before the experiments,
the samples were maintained 24 h, in the testing conditions
to ensure their equilibrium.

In the torsion pendulum method, electromagnetic coils ap-
plied the shear stress and the strain was measured optically.
Special care was paid to sample clamping to minimise ex-
perimental artefacts due to sliding or material damage. This
has been achieved using a screwed system allowing the ad-
justment of the clamping force.! The internal friction exper-
iments were performed by applying increasing strain ampli-
tudes at ambient temperature under a constant frequency of
1 Hz at various humidity conditions:

e Dry plaster under low pressure (102 bar) that allowed to
eliminate the water without any dehydration of the gyp-
sum,

e Plaster at 35 and 80% of RH,

e Water saturated plaster obtained by wetting the central part
of the specimen maintained in equilibrium during 24 h, to
allow the hydration of gypsum.

In the bending resonant bar technique, a rectangular sam-
ple was horizontally supported, one side covered with silver
paint to make it conducting. Then, a flexural vibration was
driven electrostatically at the resonant frequency. The inter-
nal friction and Young’s modulus were measured at a low
deformation of 10~ as a function of the RH.

3. Results and discussion
3.1. Strain dependence of internal friction

The internal friction of set plaster, measured on the tor-
sion pendulum at ambient air (35% RH), is plotted versus
the strain amplitude in Fig. 2. It can be seen that a transition
from a weakly damping amplitude dependence to a steep lin-
ear dependence occurs at a critical strain amplitude, about
2 x 1073, Moreover, the dependence was observed to be re-
versible, indicating that the energy dissipation mechanism
involved, has no important memory effect. This result can be
interpreted by analogy with rocks, presenting a similar strain
damping dependence,'? the linear part of which is attributed
to frictional grain sliding. In the case of set plaster, the inter-
nal friction curve suggests an anelastic sliding mechanism at
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Fig. 2. Internal friction of set plaster, measured on the torsion pendulum at
ambient air, vs. strain amplitude.
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Fig. 3. Internal friction vs. strain amplitude at different conditions of hu-
midity.

low strains (constant internal friction) and a frictional sliding
between the gypsum needle crystals at sufficient large strains.

3.2. Influence of humidity

The influence of the RH on the damping is shown in Fig. 3,
where the results corresponding to dry conditions and to a sat-
urated water plaster, are also reported. At dry environment,
no significant increase of the damping was observed in the
range of the applied strain amplitudes. Increasing the RH
from 35% (corresponding to ambient air) increases the inter-
nal friction and shifts the strain—amplitude-dependent stage
to lower strain amplitude. For the water saturated material,
the internal friction at low amplitude is seven times greater
than that observed at 35% RH and the rising part is steeper.
These results provide an argument for relating water effect
to sliding mechanism, enhanced by lubrication due to an in-
crease in water thickness between crystals. The high value
of internal friction of water-saturated plaster at low strain
can be attributed to a decrease of intrinsic surface cohesion
of gypsum crystals due to water adsorption. By infiltrating
between gypsum crystals, water molecules form a layer that
act to shield their interaction, resulting in weaker bonding,
compared to that of dry material.}

To confirm the wetting effect, internal friction was mea-
sured on set plaster wetted with ethanol, which spreads on
the crystal surfaces without any dissolution—recrystallization
mechanism, as gypsum is not soluble in it. The internal fric-
tion curve (Fig. 4) shows similar strain dependence to that
of water saturated plaster, with a lower value of the strain
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Fig. 4. Comparison of internal friction for ethanol and water saturated plas-
ter.

amplitude transition. The shift towards lower level of inter-
nal friction for ethanol-saturated specimen can be attributed
to the influence of the liquid surface energy on the crystal
interaction.! Due to its larger surface energy, water leads to
a larger decrease of the surface energy of plaster resulting in
easier sliding.

More precise characterisation of the humidity effect was
performed by internal friction and Young’s modulus mea-
surements on bending resonant bars at low strain amplitude
(1079). Fig. 5a, shows a monotonic increase of the internal
friction with increasing RH, accompanied by a decrease of
the Young’s modulus. The results plotted in terms of amount
of adsorbed water (Fig. 5b), directly measured by evaluating
the weight variation of specimens from dry to wet stabilised
state! show the importance of the very first adsorbed quan-
tities of water. Internal friction increases steeply during the
first 0.1% of water uptake, above which it becomes nearly
constant. The same adsorbed amount of water undergoes the
total loss of the Young’s modulus, which is however, less af-
fected than the internal friction. The relative decrease of E
is about 10%, in agreement with previous studies that had
also reported a drastic decrease of the plaster strength for a
low RH.3*1415 The high sensitivity of plaster to humidity
is due to the weak interactions involved in its cohesion. The
presence of water in very small amounts is sufficient to drasti-
cally decrease the crystal bonds. A steep increase of internal
friction at a low RH was observed in other porous materi-
als and was linked to H-bonding of water on polar sites.'®!”
Similar conclusion can be drawn for set plaster, with a dis-
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Fig. 5. Internal friction and Young’s modulus, obtained at low strain ampli-
tude (107°) on resonant flexural bars, as a function of relative humidity (a)
and as a function of the amount of adsorbed water (b). Each experimental
value corresponds to a stabilised state.

tinction between free water and bound water associated with
polar sites. The increase of the internal friction reflects the ki-
netic of adsorption of bound water, responsible of viscoelastic
dissipation.'®18

3.3. Modeling

The strain dependence of internal friction allows to con-
clude that energy dissipation is produced by viscoelastic
(non-strain-dependent) and plastic (linear strain-dependent)
sliding mechanisms. The torsion pendulum results in Fig. 3,
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Fig. 6. Viscoelastoplastic model proposed to describe the internal friction
of set plaster.

are described by a simple viscoelastoplastic rheological
model (Fig. 6), composed with a Maxwell element (stiff-
ness G1, viscosity 1), in series with a slipper (threshold shear
stress, 7o) in parallel with a spring (stiffness G,). Under tor-
sional strain amplitude y, the loss angle of the model is given
by:

G 70
t = —— fi < — 2
an ¢ i ory < G, (2a)
G 4G Gy
tan ¢ = + —y—1
2rfn  w(Gi1+ G2) \ w0
fory < 20 (2b)
or
v= G

where fis the frequency.

The Maxwell element corresponds to the behaviour at low
amplitude (constant internal friction) the energy dissipation
of which is dictated by the viscosity n. The association of
the springs and the sleeper, the threshold of which is corre-
lated to the strain dependence transition, reflects the increase
of internal friction at a fixed RH. Using the measured value
of the shear modulus G at low strain amplitude, the viscos-
ity, 1, and the threshold shear stress, 79, were adjusted to
the internal friction curves at different humidity conditions
(Table 1).

A good agreement can be seen (Fig. 7) between the ex-
perimental and the theoretical curves corresponding to the
model. The decrease of 79 and n with increasing humidity
(Table 1) reflects the wetting process, allowing easier sliding
at the gypsum crystal interfaces.

The experimental internal friction curves and their close-
ness to the rheological model provide an evidence of a slid-
ing mechanism enhanced by the weakening of the gypsum
crystals bond in the presence of water. The frictional sliding
between gypsum crystals, associated with the linear increase
of internal friction at high strain, can be correlated to the

Table 1

Effect of relative humidity on micromechanical parameters

RH (%) n (Pas) 70 (MPa)
35 11.0 x 100 6.0
80 5.2 x 1010 5.7

100 1.6 x 1010 4.0
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Fig. 7. Comparison of the experimental internal friction curves obtained
at different humidity conditions (symbols) with theoretical curves (lines)
corresponding to the model.

macroscopic plastic behaviour observed for wet plaster dur-
ing bending tests.!

4. Conclusion

Internal friction method was successfully applied to set
plaster at different humidity rates and the results are seen as
evidence of a sliding mechanism between gypsum crystals,
enhanced by water absorption. Internal friction shows a tran-
sition from weak strain dependence to a rising linear depen-
dence, corresponding to frictional sliding above a threshold
value of the strain amplitude. The results are described in the
basis of a viscoelastoplastic model, in agreement with easier
relative sliding of crystals when water is adsorbed.
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