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Abstract —The results of theoretical and experimental studies of
the destruction of gypsum boards containing a circular hole and
exposed to an unevenly distributed compressive load are
presented. The samples made of high-strength gypsum brand
GVVS-16 and construction gypsum brand G-5 were tested. The
samples of high-strength gypsum were fragile, while specimens of
gypsum showed a quasi-brittle nature of the destruction. To
calculate the breaking load, it was proposed to use a modified non-
local fracture criterion, which is the development of the average
stress criterion, and contains a complex parameter characterizing
the size of the pre-fracture zone and taking into account not only
the structure of the material, but also the plastic properties of the
material, the sample geometry and loading conditions. The results
of the calculations are in good agreement with the experimental
data obtained.

Keywords — gypsum; brittle fracture; quasi-brittle fracture;
medium stress criterion; hole; scale effect Introduction.

Structurally inhomogeneous materials (concrete, gypsum,
rocks) are characterized by low tensile strength compared with
compressive strength. At the same time, even under the
conditions of compressive loads, near the stress concentrators
(inclusions, cavities), tensile stress zones can form and cracks
form, which is dangerous for the normal operation of the
structural element. In addition, structurally inhomogeneous
materials demonstrate the dependence of strength properties on
the loaded volume (scale effect), which is most pronounced in
conditions of stress concentration, when the effective loaded
volume is determined by the stress concentration zone, the size
of which is small compared with the characteristic dimensions
of the structural element.

Paper [1] considers the influence of boundary conditions on
the destruction of brittle geomaterial in the zone of stress
concentration under biaxial loading taking into account the
scale effect. Based on experimental and theoretical studies, it
was shown that for a fixed hole size, the effect of loading
conditions on the critical (destructive) stress is well described
by non-local criteria: medium stresses, stresses at a point and
fictitious cracks. Nonlocal fracture criteria were developed in
[2-14] and others. They are based on the idea of the formation
in the material of a pre-fracture zone (fracture process zone), in
which there is a local redistribution of stresses, while the main
material is deformed elastically until fracture. A common
feature of these criteria is the introduction of a new constant —
the internal size of the material (intrinsic material length) d,,
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which characterizes its structure, and makes it possible to
describe the scale effect under conditions of stress
concentration and thereby expand the scope of application as
compared to traditional criteria.

At the same time, as shown in paper [15], the redistribution
of stresses within the size limits is not associated with the
plastic properties of the material, but with the discreteness of its
structure. Therefore, the scope of non-local criteria is a brittle
fracture of materials with cuts. Non-local criteria can be applied
to the case of quasi-brittle fracture, accompanied by the
formation of a small-scale flow zone (pre-fracture zone) d, if its
size is not much different fromd,, that is under the condition

d =d, =const.

In this paper, the effect of the diameter of a circular hole on
the destruction of geomaterial (gypsum) in the stress
concentration zone under uneven distributed compression with
the scale effect is studied theoretically and experimentally, and
the analysis of the possibility to use nonlocal average stress
criterion to describe a brittle and quasi-brittle fracture of
gypsum material is carried out.

I. METHODS AND MATERIALS

The program of experimental studies included conducting
two series of tests of gypsum samples with a circular aperture
under the action of non-uniformly distributed compression. The
load p was applied to the sample through rigid inserts placed
between the sample and the loading plates. The inserts were
placed in the center of the upper and lower edges of the sample

(Fig. 1).

To carry out the tests, samples made for the first series of
experiments (gypsum 1) from an aqueous solution of high-
strength gypsum brand GVVS-16 containing calcium sulfate
o-hemihydrate, and for the second series of experiments
(gypsum 2) from an aqueous solution of gypsum brand G-5,
containing calcium sulfate- hemihydrate. Due to structural
peculiarities, a-modification of calcium sulfate hemihydrate is
characterized by low water demand, which provides lower
porosity and, consequently, higher strength characteristics of
high-strength gypsum as compared to ordinary construction
gypsum. For gypsum, 1 aqueous solution was prepared in a
ratio (by weight) of 1 part of water to 2 parts of gypsum; for
gypsum 2, in a ratio of 1 part of water to 1.5 parts of gypsum.
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The samples were square plates measuring 200x200 mm and 40
mm thick (gypsum 1) and 36 mm thick (gypsum 2). After
fabrication, the samples were dried in air for 30—40 days.
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Fig. 1. Sample loading scheme.
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Fig. 2. Deformation diagrams of specimens from gypsum 1 (a) and gypsum 2
(b) with holes of different diameters (1 — 1 mm; 2 - 5mm; 3 — 10 mm; 4 —
15 mm).
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Before testing, circular holes of various diameters from 1 mm
to 20 mm were drilled in the center of the samples. It was
manufactured and tested on 5 samples with holes of each
diameter. The loading of the samples was made through inserts
with a size of 120 mm. In the process of testing samples in the
areas of concentration of tensile stresses on the contour of the
hole, the formation of tear cracks was observed, which was of a
sudden nature and was accompanied by a characteristic click. In
samples with a hole with a diameter of 5 mm to 20 mm, the cracks
instantly spread to a distance of about 50 mm along the line of
application of a compressive load, with further loading their
growth stabilized. In samples with a hole with a diameter of 1
mm and 2 mm, cracks instantly spread over almost the entire
vertical section of the sample. The formation of cracks was also
accompanied by local unloading of the sample, which was
reflected in the deformation diagram in the form of the
appearance of a tooth. Samples with a hole of the smallest
diameter of 1 mm were subjected to the greatest unloading. In fig.
2, a, b are shown characteristic diagrams of deformation of
samples with holes of different diameters in the form of
screenshots of testXpert program windows with test results. The
critical load at the moment of cracking was determined by the top
of the tooth in the diagram.

Il. THEORETICAL APPROACH

The calculation of the critical pressure was made according
to usual and modified average stress criterion [15].

In paper [1], it was shown that as a result of loading the
sample according to the scheme shown in Fig. 1, in the central
part (outside the zone of influence of the hole), a fairly uniform
biaxial stress state is realized: tensile forces ac along the
horizontal axis and compression forces along the vertical axis
of the sample (Fig. 3).
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Fig. 3. Circular bore with biaxial loading.

The values ¢ u o were calculated by the finite element
method in the center of the samples loaded through inserts of a
given size and not containing holes. The load applied to the
sample was modeled by moving an absolutely rigid insert. In
the area of sample contact with the insert, a non-slip condition
was imposed. For the inserts used in the experiments, the value
of o was 0.764 p, a. = 0.187.
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The average stress criterion criterion is:
(0e)y <00

where o, — material tensile strength; (o), — the averaged

over a distance d over a dangerous cross section, the value of
the equivalent stress characterizing the internal stress state of a
deformable body. For brittle materials, the averaging size d is
assumed to be the constant of the material characterizing its
structure: d =d, =const.

In accordance with the criterion of average stresses, the
critical stress for a sample with a circular aperture of radius a,
subjected to biaxial loading (Fig. 3), is determined by the
formula [1]:

o, =20y, [(l+ y)y_s + oc(1+ y_l XZ + y_z )]>1 , Q)

where y=1+d/a. When the value of the parameter y=1
formula (1) gives the calculation of the critical stress according
to the traditional criterion of destruction.

To describe the quasi-brittle fracture, the size of the
averaging will be determined by the formula [15]:

d =dy +BL,, )

h —_ %
where L, |gradce|

dimensionless parameter characterizing the plasticity of the
material. For fragile materials B=0, for ductile materials
B>>1. When B ~ 1, the material is characterized by moderate

plastic properties. The first term in expression (2) characterizes
the actual structure of the material, and the second reflects the
contribution of inelastic deformations. Thus, the plastic
properties of the material begin to manifest themselves when
d > d, and appear the stronger, the larger d is in relation to d,

. If d =dy, we talk about brittle fracture, if d >d;, we talk
about quasi-brittle fracture, which in the limit d >>d, becomes
viscous fracture.

— size of stress concentration zone, B —

Using the well-known solution of the Kirsch problem, we
obtain the following estimate for the size of the stress

1+3a

concentration zone [16]: L,=a Therefore, the
5+7a
expression for the parameter y in formula (1) is as follows:
yo14J0  gl¥3e 3)
a 5+7a

In accordance with formula (1) and taking into account the
estimates made for ¢ and o, we write the expression for the
critical pressure in a sample with a circular hole:

be = 2/Co 07640+ 7y + 02430 +4 2 2+ 2 ), (@)

where y=0,/Cy; C, — material compressive strength. The
parameter v is defined by formula (3), when o = 0.187.

Atlantis Highlights in Material Sciences and Technology (AHMST), volume 1

Asymptotic (when a — o) value of critical pressure (when
a—ow):

2(1+301)

T, =T, - - — (5)
@+yors® +altrystf2+452)
1+3a . ..
when vy, =1+ , To =0.838%C, — asymptotic critical
5+7a

pressure for brittle material.

I1l. RESULTS

In fig. 4, a presents experimental data (points) on the
magnitude of the load at the time of cracks formation in the hole
contour, depending on its diameter I, obtained on samples from
gypsum 1, and the results of calculating the critical pressure
(curve) using formula (4) when B=0. The size d, was 0.6 mm
and was comparable to the size of the largest pores. The dashed
straight line is calculated according to the traditional approach.
Fig. 4, b shows the experimental data (points) and the results of
calculating the critical pressure for gypsum 2 with values =0

(curve 1) and B=0.6 (curve 2). The size d, was 1.0 mm. In
accordance with formula (5), the voltage T, in the first case is
equal to T, (dashed straight line), in the second case T, =1.3T,
(continuous straight line).

P!Cq

Fig. 4. Dependence of critical pressure on hole diameter for gypsum 1 (a) and
gypsum 2 (b).
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Fig. 4, a, 6 shows the significant scale effect, that is the
effect of the hole diameter on the local strength of the material.
With its decrease, the critical pressure increases, reaching the
compressive strength, with increasing, asymptotically
approaches the stress T, for gypsum 1 and the stress T, for

gypsum 2. This behavior is well described by the modified
average stress criterion, in which the averaging size d is
determined by the formula (2).

IV. DISCUSSION

As it can be seen from fig. 4, the destruction of specimens
from gypsum 1, characterized by the sudden formation of a hole
on the contour and rapid spreading of cracks along the
compression axis, can be described within the framework of the
usual criterion of average stresses. The experimental data
confirm the asymptotic tendency of critical pressure predicted
by a non-local criterion to a value calculated in accordance with
the traditional approach for an elastic body. All this allows us
to characterize the destruction of this material as brittle.

At the same time, the use of the criterion to describe the
experimental data obtained on samples from gypsum 2 makes
it possible to obtain satisfactory estimates of the critical
pressure only for small (1-2 mm) hole diameters. The results of
calculations made for large hole diameters give underestimated
values of critical pressure. The experimental data obtained
indicate that with an increase in the hole diameter, the critical
pressure asymptotically tends to a value that exceeds by 30%
the value calculated for an elastic body. In this case, as in the
first case, the destruction of specimens from gypsum 2 is
characterized by the sudden formation of a hole on the contour
and the rapid propagation of tearing cracks along the
compression axis. It characterizes the destruction of this
material in the investigated range of hole diameters as quasi-
brittle.

As it can be seen from fig. 4, this behavior of the critical
pressure during the destruction of samples from gypsum 2 is
well described by a modified average stress criterion. In this
criterion, the “structural” parameter (size of the pre-fracture
zone) d is represented as the sum of two terms, the first of which
characterizes the structure of the material itself, and the second
reflects the formation of an inelastic deformation zone and
depends on the plastic properties of the material, the sample
geometry and loading conditions (edge conditions). The results
of calculations of the critical pressure, made by the formula (4),
are in good agreement with the experimental data. Note that in
samples with holes of small (1-2 mm) diameter, the zone of
inelastic deformations is also small and does not have a
noticeable effect on the results of calculations performed
according to the usual and modified criteria.

V. CONCLUSIONS

The destruction of a gypsum material containing a stress
concentrator  (aperture) was studied theoretically and
experimentally with non-uniformly distributed compression,
and the analysis of the possibility of using a nonlocal average
stress criterion to estimate the breaking load was carried out. As
aresult of laboratory tests, it was established that samples made
of high-strength plaster of the brand GVVS-16 were fragile, and
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in this case the critical load can be calculated by the usual
criterion of average stresses. Samples made from building
plaster grade G-5, demonstrated the quasi-brittle nature of the
destruction. In this case, the application of the usual criterion of
average stresses does not enable to obtain satisfactory estimates
of the breaking load. Therefore, to calculate the breaking load,
it was proposed to use a modified non-local fracture criterion,
which is the development of the average stress criterion, and
contains a complex parameter characterizing the size of the pre-
fracture zone and taking into account not only the structure of
the material, but also the plastic properties of the material, the
sample geometry and loading conditions. The results of
calculations according to a modified criterion are in good
agreement with the experimental data obtained.
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