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In previous work (Peters and Poort, 1983), the stress distribution in
axisymmetric models of restored teeth was analyzed by finite element
analysis (FEA). To compare the tri-axial stress state at different sites,
they calculated the Von Mises equivalent stress and used it as an
indication for weak sites. However, the use of Von Mises’ theory for
material failure requires that the compressive and tensile strengths be
equal, whereas for composite resin the compressive strength values
are, on the average, eight times larger than the tensile strength values.
The objective of this study was to investigate the applicability of a
modified Von Mises and the Driicker-Prager criterion to describe
mechanical failure of composite resin. In these criteria, the difference
between compressive and tensile strength is accounted for. The stress
criteria applied to an uni-axial tensile stress state are compared with
those applied to a tri-axial tensile stress state. The uni-axial state is
obtained in a Rectangular Bar (RB) specimen and the tri-axial state
in a Single-edge Notched Bend (SENB) specimen with a chevron notch
at midspan. Both types of specimens, made of light-cured composite,
were fractured in a three-point bend test. The size of the specimens
was limited to 16 mm x 2 mm X 2 mm (span, 12 mm). Load-
deflection curves were recorded and used for linear elastic FEA. The
results showed that the Driicker-Prager criterion is a more suitable
criterion for describing failure of composite resins due to multi-axial
stress states than are the Von Mises criterion and the modified Von
Mises criterion.
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Introduction.

Composite resin as restorative material in posterior teeth re-
quires special properties, such as high mechanical strength,
high abrasion resistance, and good adhesion to tooth structure
to withstand chewing forces, as well as low polymerization
shrinkage, stability in water, and color stability. In this study,
we shall concentrate on the mechanical strength. Recently, the
stress distribution in loaded teeth, restored with amalgam, was
studied (Peters and Poort, 1983) by FEA. Principal stresses
(01, 05, 03) and Von Mises’ equivalent stress (o.q,) Were com-
pared at different sites. The equivalent stress was obtained
from the equation of criterion #1 (Appendix):

0'eql = (—‘SJZ,)I/2 (1)
with J,’ the second invariant of the deviatoric stress tensor:
L' = =1/6 [(0,—02)* + (02— 03)* + (05— )] (2

where o, 0,, and o, are the principal stresses.

The critical value of o, (identical with yield stress o) can
be determined for the uni-axial state with a tensile test. In the
case of brittle failure, the tensile strength is assumed to be
identical with the yield stress. According to criterion #1, fail-
ure will occur in a three-dimensional structure in a region where
the calculated o, exceeds the yield stress oy. Because com-
posite resins fracture in a more or less brittle way, the validity
of a yield criterion is uncertain. Moreover, the compressive
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strength of composite resins is about eight times larger than
the tensile strength, whereas they are treated equally by cri-
terion #1. The aim of this study was to investigate the appli-
cability of three stress failure criteria (Von Mises, criterion
#1; modified Von Mises, criterion #2; and Driicker-Prager,
criterion #3) to brittle fracture of a composite resin. Criterion
#1 was modified to obtain criterion #2 by addition of the
hydrostatic stress. This addition results in a criterion which
takes into account the difference between compressive and ten-
sile strength of a composite. The equivalent stress (o.q,) Was
obtained from the equation of criterion #2 (Appendix):

(k—1) [(k— 1)2J,2— 121, 'k] "2
O =g Y o 9

where J; is the first invariant of the stress tensor:
I, = (0,+0,+0)) 4

and k the ratio between compressive and tensile strength.

Criterion #2 (Williams, 1973) is suitable for describing the
failure of polymers, which are like the resin part of the com-
posite without filler particles. Another criterion (Driicker-Pra-
ger, criterion #3; Driicker and Prager, 1952) may account for
the ratio of compressive to tensile strength. It is commonly
used in the field of soil mechanics to describe failure or de-
formation of a body consisting of soil particles. The filler par-
ticles of the composite without the resin can be considered as
such. The equivalent stress (o.43) Was obtained from the equa-
tion of criterion #3 (Appendix):

k=1, k+1 .
Oy = 1 + 7(—312)”2 ®)

A failure criterion, describing only material properties, should
for one single set of material parameters be able to predict
failure in an uni-axial as well as any tri-axial stress state. A
failure criterion can be represented by a surface in the three-
dimensional stress space with the three principal stresses on
the co-ordinate axes. For such a surface to be determined ex-
perimentally, a large number of different stress states should
be investigated. In this study, however, a comparison has been
made between failure described according to criteria #1, #2,
and #3 in an uni-axial and a tri-axial stress state (all three
principal stresses are positive). A Rectangular Bar (RB) speci-
men (Fig. 1a), fractured in a three-point bend test, has an uni-
axial stress state at the site where failure starts, and a Single-
edge Notched Bend (SENB) specimen with a chevron notch
(Fig. 1b) has a tri-axial stress state. In general, the stress state
in a structure (a tooth in the clinical case) is more likely to be
tri-axial than uni-axial; therefore, the SENB specimen seems
to be more consistent with clinical stress states. This type of
specimen for controlled fracture experiments is often used to
determine parameters of fracture mechanics such as work-of-
fracture (Tattersall and Tappin, 1966; Rasmussen et al., 1973;
Rasmussen et al., 1976; Rasmussen, 1978). This study is aimed
at determination of a failure criterion for composite resin. A
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a

Fig. 1 — (a) Rectangular Bar in three-point bend experiment. (b) Single-
edge Notch Bend specimen with chevron notch. P, load; S, span; B,
thickness; W, width.

failure criterion is necessary to support prediction of mechan-
ical failure when FEA of a composite-restored tooth is used.

Materials and methods.

Experiments.—Composite (Silux®, a bis-GMA resin with
colloidal silica particles; average size, 0.04 pm; filler content,
51% by weight, according to the manufacturer; batch 060884,
univ 4XY1, 3M Co., St. Paul, MN) was inserted into a stain-
less steel mold and covered with a glass plate, whereafter the
specimens (16 mm X 2 mm X 2 mm) were polymerized by
visible light (Translux®, Kulzer & Co. GmbH, Bereich Dental,
D-6382 Friedrichsdorf 1, Federal Republic of Germany). After
five min, the specimens were stored in tap water at room tem-
perature for from 24 to 28 hr, during which period they were
taken from the water for about five min so that a chevron notch
could be cut by means of a diamond disk (537/220 H super-
diaflex Horico®, Hopf Ringleb & Co. GmbH, Berlin 45, Fed-
eral Republic of Germany) (diameter, 22 mm; thickness, 0.15
mm) and water coolant. The bars were fractured in a three-
point bend test by means of an Instron testing machine, at a
cross-head speed of 0.5 mm/min. The span of the support (S)
of approximately 12 mm was determined with a measuring
microscope. Load-deflection (P,u) curves were recorded. The
load at fracture (P.) was defined as the highest load. The thick-
ness (B) and the width (W) of the specimens were measured
with a micrometer. For each RB specimen, the Young’s mod-
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ulus (E) was calculated according to:

_PS
4B W3u

(Williams, 1973). The correction factor has a value of 0.096
(using, for Poisson’s ratio, v = 0.3, W = 2, and S = 12)
and is necessary because the width is not small compared with
the span. The values E of each specimen were averaged. For
RB testing, 12 specimens were used.

A reduced number of SENB specimens (5) was caused by
the complicated manufacturing of these specimens.

The fracture surfaces were examined, and the distance from
the notch tip to the outer surface (c) was measured with a
measuring microscope so that the accuracy of the cutting could
be evaluated.

FEA calculations.—For reasons of symmetry, the modeling
and the calculation of the three-dimensional (3-D) stress dis-
tribution with FEA can be restricted to one-quarter (6 mm X
1 mm X 2 mm) of the RB and SENB bars (element mesh
shown in Figs. 2a and 2b) by introduction of the appropriate
boundary conditions. For analysis of the SENB specimen, 3-
D modeling is necessary. The number of elements was 12 and
111 for the RB and SENB models, respectively. Care was
taken to increase the number of elements for the SENB model
in the notch tip region for reasons of accuracy. Fig. 3 depicts
the distribution of elements as a function of distance from

/ T
/\\

E 1+3(1+v/2) ‘g'—; )

\

Fig. 2 — (a) RB model: quarter of the bar, as used for FEA calculations.
(b) SENB model: quarter of the bar, as used for FEA calculations.
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Fig. 3 — Distribution of number of elements used to model the RB and
SENB specimens, as a function of distance from midspan.

midspan. The type of element used was a 3-D isoparametric
20-node brick. The assigned modulus of elasticity (E = 3.70
GN/m?) resulted from the experiments, whereas the Poisson’s
ratio was taken to be 0.3, which value is supported by values
for composites reported by Finger (1974) and Whiting and
Jacobson (1980) ranging from 0.23 to 0.33. By assumption of
linear elastic material properties and geometric linearity, a lin-
ear relationship exists between both calculated deflections and
stresses vs. applied load. The deflection was prescribed, and
the reaction force in the loading point was derived from FEA
calculations. The equivalent stresses according to criteria #1,
#2, and #3 were calculated by FEA for the region where
failure initiation was observed in the experiments. For the RB
and SENB specimens, this region was situated at midspan, at
the side opposite the applied load. By replacement of the re-
action force with the measured fracture load (P.), the critical
values O.qic, Teqae, and o3 Of the equivalent stresses were
obtained. The ratio (k = 8) between compressive and tensile
strength was computed from the compressive and tensile
strengths as provided by the manufacturer. The influence of k
on the calculated equivalent stress was investigated by varying
k from 5 to 10. Because the thickness (B) and width (W)
measured on the experimental specimens deviated from the
values used in the FEA calculations (B = 2 mm and W = 2
mm), a correction term based on this deviation was applied to
the stresses calculated by FEA.

Results.

Experiments. —The load-deflection curves (example in Fig.
4) showed a linear elastic behavior of the specimens until frac-
ture. For the RB specimens, the load suddenly dropped to zero.
For the SENB specimens, controlled fracture curves were ob-
tained. In this way, it was possible to quantify the work-of-
fracture by calculating the area under the load-deflection curve
(Tattersall and Tappin, 1966).

The measured value of the span (S) was 11.98 mm. The
load at fracture (P,) is given in the Table. The average values
of the thickness (B) and the width (W) of the specimens are
given in the Table to show the deviation from the values as-
sumed in the FEA calculation. The highest value of the mea-
sured distance (c) from the notch tip to the surface of the
specimen was 0.074 mm. The calculation of the modulus of
elasticity is based on equation (6) and yields E = 3.70 +
0.35 GPa.
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RB SENB
P

u=—> U =
Fig. 4—Qualitative example of load-deflection curves of a Rectangular

Bar and Single-edge Notch Bend specimen showing linear elastic behavior
until fracture.

TABLE
THE RESULTS OF MEASUREMENTS AND CALCULATIONS
Specimens
RB SENB

N=12 N=5
Measurements
P, (N) 236 +23 4.63 = 0.11
B (10-3m) 2.043 + 0.033 2.031 + 0.013
w (10->m) 2.102 = 0.058 2.121 = 0.063
FEA calculations
Oegic (MPa) 44.4 + 4.4 —-* 34.9 + 4.5
Tegze (MPa) 48.3 = 4.8 - % 71.5 = 10.7
Segse (MPa) 46.6 = 4.7 -0- 54.3 + 8.1

*significantly different at a level of p = 0.005.

° not significantly different at a level of p = 0.005.

Fracture load (P.), thickness (B), width (W), and critical values (0qic,
Geq2c> aNd 0g3, Of equivalent stresses according to criteria #1 (Von Mises),
#2 (modified Von Mises), and #3 (Driicker-Prager) for RB (rectangular
bar) and SENB (single-edge notched bend) specimens. Average values +
standard deviation; N = number of specimens.

FEA calculations.—The critical values of these equivalent
stresses (Ueq1c> Geq2c» and 0g3.) in the fracture region, accord-
ing to criteria #1, #2, and #3 (obtained from FEA on the RB
and SENB models) are given in the Table. A Student ¢ test
showed that critical values of the equivalent stresses according
to Von Mises and modified Von Mises criteria measured with
RB specimens were significantly different from critical values
of equivalent stresses measured with SENB specimens at a
level of p=0.005. This was not the case for the Driicker-
Prager criterion. The influence of variation in k on the calcu-
lated equivalent stresses was small. The equivalent stress ac-
cording to criterion #2 for k = 10 was 8% larger than for k
= 5, while for criterion #3 this difference was only 4%.
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Discussion.

The objective of this study was to investigate the applica-
bility of several failure criteria to composite resin. Two stress
states were realized in RB and SENB specimens. So that a fair
comparison would be ensured, the two types of specimens
were stored under identical conditions. For clinical use of an
established criterion, more realistic conditions are necessary
for determination of the parameters. For example, attention
should be paid to water sorption and hydrolytic degradation of
aging composite resin.

In general, the strength of dental materials is tested by ap-
plication of uni-axial stress states (tension or compression) to
the test specimens. In 3-D dental structures, a tri-axial stress
state is encountered. Therefore, a failure criterion for com-
posite should be essentially tri-axial.

Examination of the fracture surface of the SENB specimens
revealed that the tip of the chevron notch was always less than
0.074 mm from the edge, which is 4% of the width. Therefore,
it was concluded that the experimental geometry of the speci-
mens could be represented by the SENB model as used in the
FEA. Cutting the chevron notches in bars will never produce
exact SENB specimens. The load-deflection curves supported
the correctness of the assumption of the linear material prop-
erties for the FEA calculations. The experimentally determined
modulus of elasticity falls into the range (3.3-5.3 GPa) re-
ported by Reinhardt and Vahl (1983).

Any valid failure criterion for composite resins depends on
a number of material parameters which should be the same for
all possible stress states. The criteria investigated in this paper
are all two-parameter criteria for which the ratio k and the
critical values of the various equivalent stresses have been
chosen. Materials such as composite resins have a larger com-
pressive than tensile strength, which means that k> 1. In the
Von Mises criterion, the parameter k must be equal to 1. For
this reason, this criterion is basically not suitable for composite
resins. Composite resins typically have k-values within the
range 5 <k <10. A proper stress failure criterion should yield
the same value for the critical values of the equivalent stress
for all possible tri-axial stress states, including our uni-axial
and tri-axial stress states (Table). The remaining criteria (mod-
ified Von Mises and Driicker-Prager) can use realistic values
for k. The results obtained for the considered criteria show that
the difference in critical equivalent stresses for the two stress
states (uni-axial vs. tri-axial) is minimal for the Driicker-Prager
criterion. For this reason, the Driicker-Prager criterion seems
to be a more suitable criterion for use as a general criterion
for mechanical failure of composite resins subjected to com-
plex stress patterns.
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Appendix.

Von Mises’ yield criterion states that yielding will occur
when the second invariant of the deviatoric stress tensor (J,")
reaches a critical value, or:

p(—1) =1 (AD)
with:
1, = —1/6 [(0'1_0'2)2+(0'2_0'3)2+(0'3_°1)2] (A2)
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and oy, 0, and o3 principal stresses and p a parameter.
In the case of simple tension, yielding (o is yield strength)
will occur when:

o, =oyand o, = o5 = 0. (A3)
Substitution in eq. Al gives:
p=3/0s (A4)

Now, knowing p, the interpretation of Von Mises becomes
clear. Substitution of A4 into Al leads to:

oy’ = 3 (=1). (A5)

Therefore, the aforementioned critical value is equal to oy?.
By defining an equivalent stress (o,;) as:

O = (=3 1), (A6)

Von Mises’ criterion states that yielding will occur when the
equivalent stress reaches a critical value (0eqic = o). Notice
that J,' in eq. AS denotes the value of J,’ at the moment of
failure, where J,' in eq. A6 can have any value below the
critical value.

According to Williams (1973), for materials with different
compressive and tensile strength values, Von Mises’ yield cri-
terion can be modified by adding the hydrostatic stress:

gli+p(=1) =1, (A7)

where p and q are parameters and J; the first invariant of the
stress tensor:

I, = (o0 + 0yt 03). (A8)

p and q can be expressed in terms of the yield stresses in simple
tension and simple compression, oy, and ayc, respectively:

qoy, +plBay? =1 (A9a)
—qoy. + plBoy2 =1 (A9b)
Hence:
Oyc— Oyt
= and p = Al0a/b
d Oy Oyt P Tye Oyt ( )

For known ratio of compressive to tensile strength:

k = oy/oy, (A11)
apd substitution of eq. Al0a, A10b, and All into eq. A7
gives:

k oy? — (k—1oyd, +31, = 0. (A12)
Solving eq. A12 for oy,:
k=D, + [(k=1)F2 - 12 k]2
Tves = 2k
(because strength values need to be positive, only the oy,

value can be accepted). ]
Again, an equivalent stress (o.,,) can be defined:

(k—1)J, = [(k—1)T2—12 I,'K]*?
Teaz = 2k

Notice that J, and J,' in eq. A13 denote the values of J, and
J,' at the moment of failure, where J; and J," in eq. Al4 can
have any value below the critical value.

The Driicker-Prager criterion (Driicker and Prager, 1952)
reads as follows:

(A13)

(A14)

ql, + (=1, = 1. (A15)
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An analogue derivation, as given for the modified Von Mises
criterion, leads to:

k—1 k+1
Oeqz = T 1+ “-ZT (—3.]2')1/2 (A16)

List of Symbols.

-

symbol unit description
B {(m) thickness of the bar

c (m) distance from surface to notch tip
E (Pa) modulus of elasticity
FEA finite element analysis

A\ (Pa) first invariant of stress tensor
1 (Pa?)  second invariant of deviatoric stress tensor
k ratio of compressive and tensile strength

p (Pa-?) parameter in stress criterion

P (N) load at midspan

P, N fracture load

q (Pa-') parameter in stress criterion

r (Pa-') parameter in stress criterion

RB Rectangular Bar specimen

S (m) span of the support

SENB Single-edge Notched Bend specimen

u (m) deflection of bar at midspan

A" (m) width of the bar

Oeqt (Pa) equivalent stress criterion #1 (Von Mises)

o2 (Pa) equivalent stress criterion #2 (modified Von
Mises)

Oegs (Pa) equivalent stress criterion #3 (Driicker-Pra-
ger)

e (Pa) critical value of o,

O.2c  (Pa) critical value of o,

J Dent Res December 1987

Ocg3c  (Pa) critical value of g3

Oy (Pa) yield stress

Oy (Pa) yield stress in simple compression
Oy, (Pa) yield stress in simple tension

o, (Pa) principal stress

o, (Pa) principal stress

o3 (Pa) principal stress
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