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Abstract

Controlled crack propagation tests were performed on single edge notched bend samples to investigate the crack growth beha-
viour of dry plaster. The influence of the relative notch depth on the crack resistance curve has been studied and appears to be very
important. The results are discussed considering a qualitative model based on the specific microstructure of plaster and in situ
observations of the crack propagation. Two mechanisms acting at different scales and undergoing complex interactions are
involved: crack bridging by small gypsum crystals acting locally behind the crack tip and secondary cracking in a macroscopic
frontal process zone. Interaction of the main crack with secondary ones undergoes substantial branching and crack accelerations

leading to bridging destruction due to sudden crack opening.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Plaster, obtained by hydration of hemihydrate,
CaS04.1/2H,0, is known to be a porous brittle mate-
rial, widely used in building applications. Dry plaster is
characterised by a linear elastic macroscopic behaviour
and it has been reported that its hardness and elastic
modulus decrease with increasing porosity."> Under
constant loading, it undergoes permanent deformation®
that can be accentuated by moisture.

Due to its easy shaping, dry plaster can be used as a
model material to study the mechanical behaviour of
porous brittle solids, but only few works have been
published on its fracture behaviour.*¢ Veikinis et al.*
have studied the initiation and propagation of cracks
from holes in plaster samples subjected to compressive
loading and have reported a discontinuous collapse
process of the holes by the fracture of segments within
areas of high stress concentration. Coquard et al.>¢
have shown that the mechanical behaviour of dry plas-
ter can be described by a Weibull’s theory with a mod-
ulus less than 10. They reported that the plaster
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toughness is size dependent and have proposed a ther-
modynamic approach to its fracture.

Recently, a toughness value of 0.12 MPa.m'/? was
measured in 3 point bending for a plaster with a water
to gypsum ratio of 0.8, but higher value was obtained
with the double torsion method.” The difference was
attributed to the rising R curve behaviour observed in
plaster as the double torsion values were obtained after
a large amount of crack extension (typically 15 mm) and
correspond to the plateau of the R curve. The same
study revealed that during static loading, slow crack
growth started from stress intensity factor values as low
as 30% of the toughness. This was attributed to the
linkage of the main propagating crack with secondary
cracks in the frontal zone, occurring even at very low
level stress.

The aim of this study is to investigate crack propaga-
tion mechanisms in plaster using the concept of the R-
curve or Kr-curve (crack growth resistance versus crack
extension). A rising R-curve is a consequence of energy
dissipating mechanisms that occur ahead of the crack
tip or at its wake region and reduce the stress intensity
factor at the crack tip (crack shielding). If the reinforcing
mechanisms extend over large crack extension, the R
curve is both specimen geometry and size dependent.®?®
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Although the R curve is not unique, it provides a more
satisfactory description of the fracture behaviour than a
unique parameter (K. or Gy as it involves both crack
initiation and propagation. Moreover, R curve mea-
surements coupled with the re-notching technique!®-!!
that removes crack face interactions enable to evaluate
the contribution of crack wake bridging, and that of
crack tip mechanisms due to fracture process zone
(FPZ). This technique based on compliance measure-
ment after re-notching was first used in alumina'® and
adapted to estimate the FPZ size of mortar and
cementitious pastes.!'?

2. Materials and experimental procedure

The material used in this study is plaster (gypsum
CaS0y4,2 H,0), prepared by hydration of f hemihydrate
powder (CaS04,0.5 H,O) with a water to plaster ratio
of 0.8. The final porosity was about 55% and the den-
sity close to 1 g cm—3. Rectangular bars with dimension
180x40x20 mm? were molded by casting of plaster
paste with a setting time of approximately 40 min.

Fig. 1 shows micrographs of a polished section and a
typical fracture surface of plaster. It is to note the local
heterogeneity of the microstructure, the principal aspect
of which is the entanglement of needle shaped gypsum
crystals about with 20 um in length, and 2 pm in lateral
dimension. The porosity consists of small, inter-
connected pores with approximately 1 pm size and large
spherical pores (> 50 um) formed by trapped air in the
hemihydrate powder.

Crack propagation experiments were performed using
a three-point bending fixture with a span of 140 mm on
an Instron universal testing machine. Notches with a
ratio of notch length to specimen width, «, in the range
0.3-0.75 were introduced in the centre of the samples by
saw cutting. The load-point displacement was mon-
itored with a linear variable differential transducer
(LVDT) and the displacement rate was typically 5 um
mn~!. The crack propagation was in situ monitored by
a video-camera which allowed to point out some crack
path characteristics especially from the observation of
the open regions of cracks. However, optical measure-
ment of the crack length was not possible due to the low
contrast around the crack tip. But according to the lin-
ear behaviour of plaster and its low R curve effect,” the
crack length was estimated with the compliance method,
the accuracy of which will be discussed later, using the
iterative relation of Tada:!?

W — ap—1 Cn - Cn—l
2 C,

ap = ay—1 + €]
where C, and a, are respectively the compliance and
associated crack length values and W is the width of the
specimen.

The crack growth resistance, Kr, was given by the
applied stress intensity factor determined from the
stable fracture load-displacement curve and the stan-
dard expression using the geometrical factor Y of
Srawley:!'4

3 PL
1.99 — a(1 — a)(2.15 — 3.93a + 2.7a>
Y(a) = ( 7 ) (2b)
(1 + 2a)(1 — )
with

P: applied load

a: crack length

L: span

W: width of the specimen

B: thickness of the specimen

a: relative notch depth (=a/W)
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Fig. 1. SEM micrographs of (a) polished section, with pores in black
and (b) fracture surface of plaster.
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3. Experimental results
3.1. Load-displacement curves

The load—displacement curves obtained under the
same loading conditions for different values of the rela-
tive notch depth, «, are shown in Fig. 2. A linear beha-
viour was first observed, followed by a deviation from
linearity before the maximum load. Load drops
(marked by an arrow in the figure) are often observed at
the beginning of the non linear stage, and it could be
associated to the onset of crack propagation. For all
tests, the crack propagation globally occurred in a con-
trolled manner, but load drops at a constant displace-
ment were often observed in the decreasing part of the
loading curve . In situ observation showed that the load
drops are associated with accelerations of the main
propagating crack due to the linkage with secondary
cracks’ and large air bubbles'> present in the samples
(Fig. 3) and corresponding to critical defects inducing
plaster fracture.'® Indeed, those load drops are less fre-
quent and tend to disappear as the amount of the air
bubbles decreases as it can be seen (Fig. 4) for a plaster
grade having a more homogeneous repartition of pores
compared to that used in the present work (Fig. 1a).
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Fig. 2. Load-displacement curves for different notch depths. The
arrows indicates the onset of crack propagation from the initial notch.

Fig. 3. Micrograph of fracture surface showing large air bubbles,
potential sites of secondary cracking (sample thickness is 20 mm).

3.2. Kg-curves

The crack resistance curves obtained from the loading
curves in Fig. 2 are shown in Fig. 5. Typical increase in
the stress intensity factor, K, is first observed followed
by a plateau region. The stress intensity factor at crack
initiation K| is nearly constant, whereas a significant

Load (N)
.
S
T

20

0 . . .
0 20 40 60 80

Displacement (um)

Fig. 4. Micrograph of polished section of an homogeneous grade
plaster (a) and corresponding load-displacement curve (b) showing less
load drops compared to that observed in the presence of air voids
much more larger than the other pores (Figs. 1a and 2).
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Fig. 5. Influence of the relative notch depth, a=a/w, on the Kg-
curves. (&1 a/w=0.34, O: a/w=0.53, A: a/w=0.63, []: 0.73).
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increase of the plateau value, K.y, is noticed as the
relative notch depth increases (Table 1).

The decrease observed in the Ki curves can be attrib-
uted to an underestimation of the length of large cracks
by the compliance method. However, it has been
shown!” that this method gives results in a good agree-
ment with those corresponding to measured crack
lengths in the first stage of the crack propagation which
will be considered in the following discussion.

3.3. Crack propagation

In situ observation revealed that the main crack pro-
pagation is initiated from the tip of the notch and is
accompanied by a substantial secondary cracking,
within a large damaged process zone, the size of which
could reach several millimetres. This behaviour, that has
already been observed in a similar plaster’ is analogous
to that generally observed in cementitious materials,
specially mortar and concrete characterised by a large
fracture process zone.!?> Some observed crack-path fea-
tures are shown schematically in Fig. 6. The crack pro-
pagation occurs in a discontinuous manner by

Table 1
Iinfluence of the relative notch depth on Ky and K.«

o= a/w Ky (MPa m'/?) Kpax (MPa m'/?)
0.34 0.11 0.145

0.53 0.13 0.17

0.63 0.125 0.185

0.73 0.13 0.2

Main crack Secondary cracks
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Fig. 6. Schematic illustration of the crack propagation process show-
ing connection with secondary cracks (a—b) and branching.

coalescence of the primary crack with secondary grow-
ing ones (Fig. 6a and b), inducing a sudden crack
acceleration, correlated to the load drops during mono-
tonic loading. Connection with non coplanar cracks
induces substantial crack branching examples of which
are shown in micrographs of Fig. 7. The main crack
branches into two cracks, both of them growing simul-
taneously. Then, one of the cracks continues to propa-
gate whereas the other arrests, often after undergoing a
new branching. The arrested cracks tend to be closed,
and become not visible when they are transferred to the
wake of the main crack (dashed lines, Fig. 6b and c).

SEM observation of the damaged zone near the frac-
ture surface of a broken sample revealed the existence of
bridging by gypsum crystals in secondary cracks that
remain open after testing (Fig. 8). Bridging is expected
to be also active at the wake of the main crack as the
gypsum crystals have the same role as in the secondary
cracks. However, optical observation was difficult to
achieve due to the presence of debris and to the closure
of the bridged zone just behind the main crack tip.

Fig. 7. Examples of micrographs of crack branching (for clarity, the
crack path has been underlined). The arrows indicate the direction of
crack propagation.
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4. Discussion
4.1. Origin of secondary cracking

Secondary cracking has already been observed in
plaster even at very low applied stresses during static
loading of large double torsion samples.” The cracks
can easily nucleate from large pores due to the stress
concentration induced by the main crack or by adjacent
pores. Such stress concentrations have been confirmed
by a numerical simulation using a special finite element
code based on image analysis and taking into account
the geometrical aspects of the microstructure.'® A two
dimensional model was used considering a polished
section of plaster subjected to tensile loading (Fig. 9a).
The corresponding stress field resulting from the com-
putation (Fig. 9b) shows a complex distribution with
local stress concentrations (in red), within narrow bands
representing potential sites for secondary crack nucleation
and propagation.

Moreover, observation of fracture surfaces of plaster
(Fig. 1b) does not show any broken gypsum crystals.
Crack propagation occurs essentially by pull-out of
gypsum crystals'’ according to their low bond energy.
Local weak interfaces are thus also sites for crack
nucleation. The presence of these weak regions is in
agreement with the measurement of the contact forces
between individual gypsum crystals by atomic force
microscopy'® that revealed a variation of the contact
forces which may have low values depending on the
orientation of gypsum crystals.

4.2. Crack growth mechanisms and qualitative modelling

For homogeneous dense materials exhibiting brid-
ging, the bridged zone reaches a maximum size for a
certain value of the crack opening displacement and
thereafter, it translates with the crack tip for further
crack propagation. This saturation corresponds to the

5um

Fig. 8. Micrograph showing crack bridging by gypsum crystal.

plateau of the R curve which is not influenced by the
size of the initial non-cracked ligament as it has been
observed in alumina® where the rising R curve beha-
viour is only due to wake shielding by grain bridging.
For plaster, the discontinuous aspect of the crack pro-
pagation suggests that the bridging by gypsum crystals
cannot fully develop due to interactions with secondary
cracking. Fig. 10 shows a simplified illustration of this
interaction, which does not take into account crack
branching and the evolution of secondary cracks. At the
onset of crack propagation from the initial notch, con-
tact shielding due to bridging by gypsum needles occurs
behind the crack tip (Fig. 10a) and the bridged zone is
expected to grow with the crack propagation (Fig. 10b).
However, the distribution of the physical contacts is
discontinuous according to the local heterogeneous
repartition of pores in plaster. When the main crack
links up with a secondary one or with a large pore, the
crack opening displacement increases suddenly and that
may lead to the destruction of the bridged zone
(Fig. 10c). The process can start again at the new crack
tip, with a different bridged zone both in size and in
repartition of bridges, according to the heterogeneity of

(b)

Fig. 9. Polished section of plaster subjected to an arbitrary tensile
load in the direction indicated by the arrows (a) and the corresponding
stress distribution (b) computed using a finite element code with image
analysis. Colors correspond to different stress levels with maximum
stress concentration (in red) favoring secondary cracking.
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the microstructure (pores distribution and gypsum
crystals orientation) and the secondary cracking. It
leads to the appearances of drops on the curves of Fig. 5.

In fact, crack propagation in plaster must be con-
sidered as a three dimensional (3D) process due to the
interaction with non planar secondary cracks and ran-
domly distributed pores. As a consequence, the bridging
zone may also be non planar, depending on the local
crystals repartition and orientation. Such 3D character
of crack propagation has already been pointed out in
heterogeneous materials, particularly in concrete?! in
which high discontinuous macro-crack propagation has
also been observed.

Mathematically, the crack tip shielding effects may be
written in terms of a stress intensity balance, such that:

Ktip = Kap — Koy — Ker (3)

where K, is the stress intensity factor at the crack tip,
K.p is the applied stress intensity factor, Ky, and K., are
respectively the contributions of bridging and secondary
cracking. These two mechanisms act as shielding effects

Secondary crack or pore

AN S
(AN TN
2 TS

— NZ2DE
= {[v

©

Fig. 10. Qualitative model of local crack bridging by gypsum needles
illustrating bridging extension (a—b) and destruction by sudden crack
opening due to connection with secondary cracks or large pores (c).

that decrease the stress intensity factor at the main
crack tip. However, their contributions cannot be sim-
ply quantified due to their interaction, inducing a peri-
odic reduction (or suppression) and reformation of the
bridging zone when the main crack link up with sec-
ondary ones. The crack growth acceleration associated
to this connection may be regarded as an anti-shielding
effect that increases Kip.

An attempt was made to distinguish the influence of
the wake and the frontal mechanisms using the double
notching method:!? a sample with an extended crack of
length, a, corresponding to the Kg-curve saturation,
was re-notched by saw cutting to a distance about 5 mm
behind the crack tip (Fig. 11). The Kr-curves deter-
mined before and after re-notching are shown in Fig. 12.
Kr is substantially reduced after re-notching and
remains constant for further crack propagation.
Although the compliance method used for crack length
evaluation does not allow determination of precise Kg
values for large cracks, the decrease in Ky after re-
notching even far from the crack tip indicates sub-
stantial wake effects that cannot only be attributed to
bridging by gypsum crystals. The discontinuous char-
acter of the crack growth, and the substantial crack
branching also, undergoes crack-surface interactions
due to non-torn ligaments with larger size than those
involved by needle bridging. Such behaviour has
already been observed in cementitious materials with
heterogeneous microstructure and weak zones leading
to the formation of a fracture process zone.'???

renotch

Initial notch

5 mm

Fig. 11. Schematic illustration of the renotching procedure of a SENB
sample.
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Fig. 12. Influence of renotching on the Kg-curve.
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The different contributions are difficult to evaluate
due to the complex crack growth process in plaster, but
an equilibrium is reached between the shielding and the
anti-shielding effects according to the observed plateau
of the Ky curve, although it depends on the initial notch
depth, the influence of which is discussed below. For
cementitious materials,'? it is now well admitted that the
contribution to the reinforcement of the bridging by
non-torn ligaments is much more important than that of
local grain bridging by secondary phase, but further
work is needed to establish such comparison in plaster.

4.3. Influence of the relative notch length on the K g-curve

The influence of the relative notch depth on
Kg-curves (Fig. 5) can be interpreted as a size effect,
generally observed in brittle materials like cementitious
materials®?* and ceramic composites:>* the ligament,
the larger the process zone and the higher the Ky
plateau. However, in the case of plaster, the K plateau
decreases with the ligament size, which can be attributed
to a competition between the shielding and the anti-
shielding mechanisms involved during crack propaga-
tion in plaster. This can be seen considering the stress
distribution in the ligament of the tested samples, com-
puted by finite element method at the onset of the crack
propagation detected from the load displacement
curves. The stress has the same tensile value oo=2 kPa
at the notch tip and the size of the tensile zone, L;,
decreases with the notch depth (Fig. 13). Secondary
crack nucleation and propagation can be active within
the tensile zone even far from the notch tip as it may
occur at very low tensile stresses.” As a consequence, the
probability of crack connection, that reduces Kr by

o3

oy Oz

notch

v

i Ly

Y

Fig. 13. Schematic illustration of the evolution of the tensile zone size,
L; with the relative notch depths, o;=a;/w (a; >y >a3); x is the dis-
tance from the notch tip.

Table 2
Influence of the relative crack notch on the crack extension before the
Kgr-plateau

o 0.34 0.53 0.63 0.73
Ad* (mm) 0.6 115 1.6 2.3

reduction of bridging effect, increases for large liga-
ments. This is in agreement with the decrease of the
crack extension before the Ki plateau, Aa*, as the liga-
ment size increases (Table 2).

For precise interpretation of the size effect in plaster,
further work is needed to quantify the contribution of the
different crack growth mechanisms and their interaction;
particularly, the bridging stress distribution and the
process zone size have to be determined.

5. Conclusion

The results of the present study reveal for the first
time the complex character of crack propagation in
plaster due to its heterogeneous microstructure, con-
sisting on an entanglement of eclongated crystals and a
bimodal distribution of pores with microscopic inter-
connected pores and large spherical air bubbles. It
involves different mechanisms acting at different scales:

(1) Crack bridging by gypsum crystals, acting locally
behind the crack tip.

(2) Secondary cracking operating in a macroscopic
process zone around the crack tip.

(3) Substantial macroscopic crack branching that
contribute to wake effects.

The material microstructure, especially the presence
of large pores, and the low bond energy between crys-
tals, allow nucleation and propagation of secondary
cracks even far away from the main crack tip.

Crack bridging by gypsum crystals has been revealed
by SEM observation. It operates simultaneously with
secondary cracking leading to a complex interaction, a
qualitative model of which has been proposed. It
involves bridging degradation due to the sudden
increase of the crack opening displacement induced by
the linkage of the main crack with the secondary ones,
or with large pores. The magnitude of such interaction
depends on the stress field in the sample ligament, a
large tensile zone favouring the initiation and propagation
of cracks.
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