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CHAPTER I

GENERAL INTRODUCTION

I.I.DeMnltlon
Fracture occurs when internal stresses In the restoration, due to the
application of forces, reach a magnitude which can no longer be resisted
by the Inherent strength of the material. Fractures can penetrate either
partly or completely through the restorative material. Therefore, they
are called Incomplete and complete fractures, respectively.
A bulk fracture of an amalgam restoration can be defined as a visible
crack or fracture through the occlusal and/or approximal portion of that
restoration (Fig. 1.1.1)

Fig. 1.1.1: A bulk fracture of an amalgam restoration, as indicated by
arrows.
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In the literature, bulk fracture Is often described as a "gross fracture"
or an "Isthmus fracture", the latter being a bulk fracture which occurs In
the area of the Isthmus of a Class II restoration. The Isthmus Is the
Junction between the occlusal part and the proximal, facial, or lingual
parts of the restoration.
A bulk fracture should be distinguished from a marginal fracture. The
distinction between these two types of fractures is based on the
location and the extenslveness of the failure. The process of the
breakdown of the margin of the restoration Is called marginal fracture. A
bulk fracture, however, does not necessarily start at the margin of the
restoration and Is usually more extensive.
1.2. Orientation
One of the primary reasons for the replacement of an amalgam
restoration Is bulk fracture of the restorative material (Healey and
Phillips, 1949; Barnes et al., 1973; Lavelle, 1976; hjör, 1981). However,
a search of the literature revealed only a small number of clinical
studies which present reliable Information concerning bulk fracture of
amalgam restorations. In chapter 2 of this thesis, these studies are
described and discussed in more detail.
In a large-scale controlled clinical trial on the behaviour of amalgam
restorations, which was performed at the Universities of Nijmegen and
Amsterdam, it was found that, at least 5 % of the restorations had to be
replaced after 7 years because of bulk fracture (Letzel, 1981; 1984a and
b). This figure is remarkably high, especially since all the preparations
and restorations were made under optimal conditions by experienced
dentists. The results of the few clinical studies on bulk fractures
suggest that the Importance of these fractures are underestimated. This
was also indicated by Nadal and co-workers (1961) and Smales and
Fenton(l985).
From a mechanical point of view, the lifetime of amalgam restorations
depends to a high degree on three important factors:
- actual form of the cavity preparation,
- physical, chemical, and mechanical properties of the restorative
material, as well as the manipulation process of the material before,
during and after Insertion of the restoration,
- location, magnitude, and direction of the occlusal load.
2.1. Influence of cavity design
The Influence of cavity design on the incidence of bulk fracture of
amalgam restorations has been studied In only two clinical trials. In a
study on the effects of the physical properties of amalgam and cavity
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design on the clinical fracture or deterioration of amalgam restorations,
Nadal and co-workers (1961) established that bulk fracture was usually
caused by a traumatic occlusion, rather than by the design of the cavity
preparation. When the abnormal occlusal relation was corrected, bulk
fracture no longer occurred. However, It should be noticed that this study
was too short (2 years) to expect reliable results. Smales and Fenton
(1985), In a clinical study on the marginal fracture behaviour of
amalgam, Indicated that the observed bulk fractures were usually
associated with very narrow cavity preparations. Presumably, they
consider an Isthmus width of less than one-quarter of the Intercuspal
distance to be a "narrow" isthmus.
In the past, various blomechanlcal Investigations have been undertaken
In order to gain more Insight Into the relationship between certain cavity
characteristics and the occurrence of Isthmus fractures These Include
the width and depth of the occlusal step, and the rounding of the axlopulpal line angles (Hasktns et al., 1954, Guard, 1958, Mahler 1958a, b;
Granath, 1964a, b, c; Granath and Edlund, 1968; Johnson et al., 1968;
Peters, 1981) These studies demonstrated that sharp angles In a cavity
cause higher stresses In the restoration. Therefore, It Is recommended to
round off the axlo-pulpal line angle as well as the angle between the
cavity floor and the walls. However, until now no clinical study has
proved that sharp line angles In a cavity preparation result In a higher
chance of fracture of the restoration
Various laboratory studies have shown that proximal retention
grooves, prepared In the walls of the approxlmal part of a Class II cavity
preparation decrease the Incidence of an Isthmus fracture (Galan et a l ,
1973; Crockett et al., 1975; Mondelll et al, 1974, Amorlm et al., 1978;
Mondelll et al., 1981; ChiIders, 1985, Sturdevant et al., 1987). However,
Terkla and Mahler (1967) found that while retention grooves do provide a
greater resistance to bulk fracture, they are not required to prevent bulk
fracture of amalgam restorations In clinical service
Finally, based on the great amount of literature concerning optimal
cavity design for Class II preparations, the following attempt can be
made to evaluate a number of general recommendations (Rodda, 1972,
Jacobsen and Robinson, 1980; Slgurjons, 1983; Strickland and Wilder,
1985):
I. With respect to the occlusal portion.
- The occlusal cavity floor should be established In dentin Just beyond
the deepest part of the fissure, and should have a depth of approximately 1.5 mm.
- The occlusal outline has a narrow Isthmus confined between one-third
and one-quarter of the Intercuspal distance of the tooth.
- The buccal, lingual, and mesial or distal walls have a small occlusal
convergence.
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- Sharp line angles should be avoided.
2. With resoert to the proximal portion.
- The buccal and lingual walls of the proximal section converge towards
the occlusal surface.
- A suggested depth for the axial wall Is within the range of 0.5 -1 mm
axial of the dentino-enamel junction.
- The axio-pulpal line angle should be rounded
These recommendations are directed towards the use of restorations
having sufficient bulk of amalgam in order to prevent fracture.
It should be mentioned that most of these recommendations are based on
empirical observations.
2.2. Influence of restorative material
The success of an amalgam restoration depends to a large extent upon
the ability of the dentist. In particular, the manipulation of the amalgam
has a definite effect on the resulting success or failure of the
restoration. Various laboratory Investigations have demonstrated that
Improper manipulative procedures result in a decrease In the strength of
the material (Swartz and Phillips, 1956; Clark et al, 1981; Iglesias,
1984). Especially, an Incorrect mercury-alloy ratio, a faulty mixing
process, as well as insufficient packing pressure, all have a negative
effect on the strength of the amalgam alloy. Therefore, the great
majority of unsuccessful amalgam restorations can be attributed to the
improper use of the alloy
Various laboratory Investigations have demonstrated that different
amalgam alloys have different physical and mechanical properties. In
chapter 3 of this thesis, more attention is paid to the mechanical
properties of dental amalgam.
With respect to information obtained from clinical studies on the
Incidence of bulk fractures, attention will be directed in particular
towards controlled clinical trials, because only this type of clinical
research can give reliable information concerning the effect of
treatment variables. Only one specific clinical trial was found which
presents data on the incidence of bulk fracture of amalgam restorations
(Osborne et al., 1980). The significant influence of the restorative
material was demonstrated. The results of this study will be discussed
In detail In chapter 2.
Finally, some investigators have suggested that chemical processes
such as corrosion and thermal processes would have an Influence on the
incidence of bulk fractures (Mueller, 1984; Port and Marshall, 1985;
Bayneetal., 1986).
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2.3. Influence of occlusal load application
Oral forces, a result of mastication, bruxlsm, or occupational and
dietary habits cause stresses In the restoration and the adjacent tooth
tissue. The magnitude of these stresses depends also on the direction,
the magnitude, and the point of application of the masticatory forces.
Therefore, restorations should be designed In such a way that an optimal
load distribution Is obtained. Special care Is recommended during the
time that the occlusion of a freshly Inserted amalgam restoration Is
checked. Presumably, many of the fractures are Initiated at this moment.
Until now, many studies have been undertaken concerning the
magnitude, the duration, and the occlusal contact position of bite forces.
It Is generally concluded that It is very difficult to obtain unambiguous
results, since so many general and individual variables are Involved. Most
research focuses on the magnitude of these masticatory forces. A
distinction should be made between static and dynamic forces, such as
functional forces, bruxlsm, etc
In a static situation, the magnitude of
the forces reaches a value between 70 and 500 Newtons (Anderson, 1953;
Llnderholm, 1970; 1971; Molin, 1972; Helklmo, 1978; Helle, 1983).
However, functional bite forces In natural dentition range between 20
and 200 Newtons (Anderson, 1953; De Boever, 1978;G1bbs, 1981; Laurel!,
1984; Lundgrun, 1984; Corrucclnl, 1985). Due to these wide ranges, It is
difficult to postulate the exact magnitude of forces a restoration should
be able to withstand.
2.4. Aim and approach
The above described overview shows that bulk fracture of amalgam
restorations Is a very complex problem. Many different factors are
Involved. The form of the cavity preparation, the type and the
manipulation of the material used, and the occlusal forces, can each
contribute to establish a bulk fracture. The literature does not answer
the question of which of these factors Is the most important one.
However, as previously mentioned, the success of a restoration primarily
depends on the attentlveness of the dentist during Insertion and finishing
of the restoration - especially since amalgam Is extremely sensitive to
manipulative abuse. Whether or not a bulk fracture occurs largely
depends on the degree of monlterlng by the dentist of each of the
following variables: the design of the cavity, the choice and the
manipulation of the restorative material, as well as the choice of the
location and the magnitude of the occlusal contact loads.
Various methods of Investigation will be used to gain more Insight Into
this problem. The following diagram depicts the relationship between
these methods as used In this thesis.
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The aim of the clinical study Is to obtain more reliable Information on
the extent of the problem of bulk fracture. In addition, a choice Is made
for the type of alloy to be used in an experimental study. A third goal Is
to decide on the type of tooth and restoration to be subjected to
blomechanlcal analysis.
The laboratory Investigations will focus on the mechanical properties
of dental amalgam. The compressive and transverse strength of amalgam
will be given particular attention. The data of these experiments will be
used to determine a failure criterion. Such a criterion Is a helpful tool
for Interpreting the results of the blomechanlcal analyses
Finally, the results of the clinical study and the laboratory studies
form the basis for the construction of a three-dimensional finite
element model. A blomechanlcal analysis, using the finite element
method (FEM), will be carried out in order to determine the stresses in
the isthmus region of the restoration.
However, since In the present study we are especially Interested In the
mechanical aspects of bulk fractures, no specific attention will be given
to the possible Influence of chemical processes on the occurrence of bulk
fractures. It should also be noticed that throughout this thesis a
completely set amalgam restoration Is considered. Under laboratory
conditions, this Is comparable to a seven-day-old dental amalgam.
Therefore, so-called early strength amalgams (Murray and Yates, 1984)
are not taken Into consideration.
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1.3. General content of the thesis
Chapter 2 presents the results of a clinical study on the incidence of
bulk fracture of amalgam restorations. Initially, a method is described
for the assessment of these fractures. Extensive attention Is paid to the
reliability of this method, which will be used for the study of the
incidence of bulk fractures in two controlled clinical trials. Results of
the influence of the type of alloy, tooth, and dentist on bulk fracture
Incidence will be presented.
In Chapter 3. the mechanical properties of amalgam are described, and
the experimental determination of the transverse and compressive
strength will be discussed. The results of these experiments will be used
to obtain the maximum compressive and tensile stresses at the onset of
fracture. These results will also be used to formulate a failure criterion
for amalgam.
In Chapter 4. the results of the biomechanica! investigation are
presented. Initially, attention Is focused on the representation of a
three-dimensional model of a mandibular second premolar with a distoocclusal amalgam restoration. The three-dimensional stress situation
within the Isthmus Is examined. The Influence of the interface condition
on the stress distribution In the Isthmus region will be assessed. The
critical load as a function of the angle of the load, applied on the
marginal ridge, will be calculated. In addition, an estimation of the
lifetime of the amalgam restoration is made.
Finally, In Chapter 5 final conclusions are presented. Suggestions for
additional research are made too
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CHAPTER II

A CLINICAL APPROACH OF BULK FRACTURE OF AMALGAM
RESTORATIONS

11.1. Introduction
During the periodical checkups of patients at the University of
Nijmegen, It appeared that bulk fracture of the restorative material was
one of the most important reasons for replacement of amalgam
restorations. For that reason, It was thought desirable to gain more
insight into the potential causes for this failure in amalgam
restorations. It was decided to start with a controlled clinical survey.
The general purpose of this clinical study was to obtain more reliable
Information on the Incidence of bulk fracture, as well as on the factors
causing these fractures.
The number of clinical studies concerning bulk fracture of amalgam
restorations is rather sparse. In the following paragraph, an overview of
these clinical investigations is given. Furthermore, a method for assessing these fractures Is presented and tested on Its reliability. This
method Is then used for the evaluation of bulk fracture of amalgam
restorations in two controlled clinical trials, with a follow-up of seven
and five years respectively. The conclusions of these two studies are
focused on the factors influencing bulk fractures.
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11.2. A Method of Clinical Evaluation of Bulk Fracture of
Amalgam Restorations.
P.L.M. Lemmensl, G.J.J.M. Straetmans1, li.C.R.B. Peters' and H. Letzel2
Department of Carlology and Endodontology,
Department of Oral Blomaterlals,
Subfaculty of Dentistry, University of Nijmegen,
Box 9101,6500 HB Nijmegen, The Netherlands.
Published In the Journal of Dentistry 1987; 15: 125-128.

2.1. Abstract
Occlusal and approxlmal bulk fractures of amalgam restorations have
been evaluated using series of black and white photographs of Class 1 and
2 amalgam restorations placed during two controlled clinical trials.
Three trained clinicians examined the restorations using a three-point
rating scale, according to the severity of the fracture. The scores of the
three examiners were statistically analysed and special attention being
paid to Inter-examiner agreements. The method reported was found to be
reliable.
2.2. Introduction
Bulk fracture Is often quoted as a common cause of failure of amalgam
restoration. However, the results of studies on the Incidence of such
fractures vary widely as a consequence of differences In methodology
(Marynluk, 1984). As large differences exist between the results of
observational (cross-sectional and replacement studies) and
experimental clinical studies (controlled clinical trial) (Table 11.2.1), no
general conclusions are drawn from comparisons of such Investigations.
Typically, observational research Involves Individual clinical
Judgements, with no criteria agreed for the evaluation of failures. This
type of research cannot be used to identify causal relationship, because
It Is based on 'snapshot' observations and merely concerns observations
of phenomena, which occur In reality but are neither controlled nor
manipulated by the Investigator. Only experimental clinical research can
be used for the Investigation of the effect of specific treatment
variables.

Table 11.2.1 : Clinical studies on the Incidence of bulk fracture of amalgam restorations.

Author

Year

N

Fractures

Fol 1 ow - up
(years)

26
4
24
30
9
13

0
0
0
0
0
10
8
8
8
5

Type of study

=====жж==*===

IE = = = = = = = X

Healey
Allan
Level le
Barnes
Richardson
MJör
Osborne

1949
1969
1976
1973
1973
1981
1980

Letzel

1981

1521*
201*
6000*
625*
1253*
3527*

36
34
35
360

N = Number of Investigated restorations
* = Defective restorations

1 1

24
51
5

Cross-sectional surveyCross-sectional survey
Cross-sectional survey
Replacement study
Replacement study
Replacement study
Controlled clinical trial on Dispersalloy
Controlled clinical trial on Aristaloy
Controlled clinical trial on 20th Century Micro Cut
Controlled clinical trial
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In controlled clinical trials the restorations are evaluated periodically
by calibrated examiners who apply strictly defined criteria. Moreover,
longitudinal observations of restorations can be carried out at regular
Intervals between the time of completion and recall
An evaluation of the Incidence of bulk fracture of amalgam restorations
Is of more value when It Is based on the results of experimental clinical
research. However, only two controlled clinical trials have reported
results on the Incidence of such fractures (Osborne et al., 1980; Letzel
and Vrljhoef, 1981 ). Unfortunately, no evaluation criteria were described.
Therefore, the aim of this study Is to present a method for the evaluation
of the Incidence of bulk fracture of amalgam restorations and to verify
the reliability of this method.
2.3. Materials and method
Black and white photographs of amalgam restorations placed during two
controlled clinical studies were used for the evaluation of bulk fractures.
In the first study 360 Class I and 2 amalgam restorations were placed In
57 adult patients by two dentists (Letzel et al., 1978). Each patient re
ceived one or two series of six restorations of six different commercial
alloys (five conventional alloys, Standalloy F, Degussa, Germany; Shofu
Spherical, Sofu Dental Co., USA; Cavex SF, Keur and Sneltjes, The
Netherlands; New True Dentalloy, SSWhlte, England and Agestan 68,
Bayer, Germany and one high copper alloy, Dispersalloy, Western
Metalurglcal Ltd., Canada). In the second study 720 Class I and 2
restorations were placed In 103 adult patients by three dentists. In this
study each patient received one or two series of six restorations of four
different alloys, randomly distributed over six cavities. Two conventional
alloys (Standalloy F and New True Dentalloy) and two high copper
amalgams (Dispersalloy, Johnson & Johnson, USA and Luxalloy, Bayer,
Germany) were used. In both studies occlusal photographs were taken of
each completed restoration using a Nikon Medical Nikkor Camera (Nikon,
Tokyo, Japan). These photographs were printed using a 12 cm χ 12 cm
format giving a χ 9 magnification. Further photographs were taken at
yearly recalls over a period of 7 years for the first study and over 5
years for the second study.
Three dentists examined longitudinal series of photographs of the two
above mentioned clinical trials to Identify bulk fractures. Before
evaluating the fractures the following criteria were discussed. A threepoint rating scale, consisting of three standardized photographs was
designed for both the occlusal and approxlmal bulk fractures: (1) no frac
ture; (2) partial fracture; (3) complete fracture (Fig. 11.2.1 ).
The distinction between occlusal and approxlmal fractures were
considered to be those fractures limited to the marginal ridge of a

Occlusal

Approximal

No

Partial

Complete

Fig. 11.2.1: Three-point rating scale for occlusal and approximal bulk fracture of amalgam restorations.
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restoration. Fractures located at the Isthmus of a restoration were
regarded as occlusal fractures. Marginal and bulk fractures were distin
guished on the basis of the extent of the fracture. Fractures along the
margin of the restoration, which were at least 2 mm In length, were con
sidered to be bulk fractures.
Once agreement was reached between the three examiners concerning
the criteria, a training set of 40 longitudinal series of photographs of
fractured restorations, selected from one of the two studies, was
examined. The results obtained were compared and discussed to Improve
rating reliability. There was no need for revision of the above described
criteria.
Finally, the three examiners participated In a test programme. A
further longitudinal series (7 years) of photographs of 152 restorations
was selected. Seventy six of these restorations contained one or more
fractures. This pre-selectlon of fractured restorations was necessary to
ensure the Inclusion of sufficient fractures. However, as one of the
examiners completed this selection Independently, It was not considered
to Influence the results.
During the test programme the examiners used the criteria adopted for
the training programme. In addition, the examiners were asked to draw
the outline of each observed bulk fracture observed on a photocopy of the
Initial photograph of the restoration. These drawings provided data in
respect of the fractures assessed and rated by each of the examiners and
Information In relation to when the fracture became visible. Two or more
fractures, observed on the same restoration were also enlisted. It Is
necessary to keep In mind that the examiners were obliged to give a score
of 1,2 or 3 as well as the fracture time of each restoration.
Statistically, the reliability of rating scores is usually evaluated by
determining the Inter-examlner agreement. The percentage of agreements
between examiners Is often used as a measure of agreement. However,
this measure Is not adjusted for agreement expected by chance (Hunt,
Ι9Θ6). Therefore, It Is more objective to define the probability of a real
agreement using the following equation (Bennett et al., (1954):

Probability of real agreement =

Po - Pc
1 - Pc

This equation shows that the proportion agreement observed (Po) is
diminished by the proportion agreement expected by chance (Pc). In this
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study a derivative formula, known as Cohen's Kappa, was used for the
determination of the Inter-examlner agreement (Cohen, I960). Kappa Is
zero when the observed agreement equals chance agreement (Po=Pc),
Indicating that there Is no real agreement between the examiners.
Exceeding the chance agreement leads to positive values of Kappa.
The reliability of the assessment method used In the investigation was
evaluated by determining the Kappa coefficients for the three examinerpairs, with respect to the enlisted scores assigned to the restorations
after a period of 7 years. Secondly, as the examiners were asked to
Indicate the fracture time of each observed fracture, it could be
statistically analysed whether or not the moment of detection of a bulk
fracture Is reliably reproducible. An analysis of variance was used for
the estimation of this reliability. Only those bulk fractures that were
detected by each of the three examiners were used (i.e. 15 partial and 77
complete fractures). Reliability was expressed by an intraclass
correlation coefficient (ICC) ( Bartko, 1966) which In effect measures
the proportion of total variance due to agreed differences between the
photographs. Avalué of 1.0 Indicates perfect agreement of examiners,
low values Indicate considerable discord. The analysis was carried out
for both partial and complete bulk fractures.
2.4 Results
The results of the Inter-examlner agreement, represented by Kappa
coefficients, are given In Table 11.2.2 (Kappa coefficients being significant at the 5 percent level. The highest agreement was found between
examiners I and 2, whereas examlner-palr 2-3 showed the poorest
agreement.
Table 11.2.2: Kappa coefficients and standard error per examlner-palr.
Examiner
pair

Kappa

Standard
error

1-2

0.71

0.066

1-3

0.58

0.065

2-3

0.56

0.061

The number of restorations on which the examiners agreed or disagreed
in a pair are listed in Table 11.2.3. Column A gives the number of
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restorations on which complete agreement was reached per examinerpair. Column В and С show the number of disagreements. Column В
Indicates the disagreements of one scale point. Column С gives the
number of complete disagreements.
Table 11.2.3: Rating combinations per examiner-pair.
Examiner
pair

A

В

С

Total

=жхзж==хазззззж

ЯЯ33332ЖЖЖЖЯЯЖЗЖЗЗ=

1-2

127

2

23

152

1-3

115

8

29

152

2-3

112

8

32

152

A - complete agreement
В - one examiner scores 1, the other 2
one examiner scores 2, the other 3
С - one examiner scores 1, the other 3
Excluding the scores of the approxlmal bulk fractures, the results of
the agreements and disagreements and the corresponding Kappa
coefficients are presented In Table 11.2.4 There Is less disagreement In
Table 11.2.4 and the Kappas are greater than for the full data-set.
Table 11.2.4: Rating combinations per examiner-pair.
Examiner
pair

A

В

:жжгзсзжза

С

Total

Kappa

:жж = з = ж в := з ж ж ж ж ж ж :В Ж К Ж З З Ж Ж

1-2

98

2

7

107

0.87

1-3

93

7

7

107

0.80

2-3

88

7

12

107

0.71

А = complete agreement
В - one examiner scores 1, the other 2
one examiner scores 2, the other 3
С » one examiner scores 1, the other 3
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The results of the analysis of variance for the detection of the time of
fracture for partial and complete fractures are illustrated In Table 11.2.5
and 11.2.6 respectively The corresponding intraclass correlation
coefficients are 0.89 and 0.90
Table 11.2.5: Analysis of variance for the detection of partial fractures.

Source

SS

df

MS

F

В9ВЯЖ«ПК==39=аЗЗЖВЖ= ======ssK3xxsa==&====a=BSB3s=s=3ss3aBBSs

Between photoserles
Error

160.45

14

11.46

14

30

0.47

24.9

Intraclass correlation coefficient (ICC) = 0.89
Table 11.2.6: Analysis of variance for the detection of complete fractures.
Source

SS

df

MS

F

==вяж«========зв=:г=============================хсг========ся

Between photoserles
Error

1003.60

76

13.21

75.33

154

0.49

26.9

Intraclass correlation coefficient (ICC) = 0.90
2.5. Discussion
From the literature concerning the interpretation of the Kappa
coefficients in terms of strength of agreement, i t is suggested that the
Kappa coefficients obtained In this study (0.71, 0.58, 0.56) may be
considered to be relatively high (Landls and Koch, 1975), and so reflect a
reliable Inter-examlner agreement.
The number of disagreements in Table 11.2.3 (column B), which is
considered to be low, could be attributed to specific problems which
usually occur in Judging processes (De Groot, 1969) and to phototechnlcal
problems such as a scratch on a restoration, porosities or voids, and
areas of corrosion which could be considered to be fractures. By contrast,
the figures in column С of Table 11.2.3 are remarkably high due to scores
given to restorations showing approxlmal bulk fractures. Excluding these
approxlmal fractures, results In a significant Increase In the measured
Kappa coefficients (Table 11.2.4). Hence, the assessment method described
could be considered to be an almost perfect device for the evaluation of
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occlusal bulk fractures rather than approximal bulk fractures. Possible
reasons for the method being found to be less appropriate for approximal
bulk fractures may Include Incorrect scoring of fractured approximal
ridges and limited training of the examiners. Despite their limitations
the method has been shown to be both reliable and reproducible in terms
of identifying bulk fractures.
2.6. Conclusion
The results of this study emphasize the difficulty of scoring bulk
fractures of amalgam restorations. However, two important conclusions
can be drawn:
- The reliability of the method reported for the evaluation of bulk
fractures. Moreover, this method is an excellent device for the
evaluation of occlusal bulk fractures.
- Using this method, the time of fracture of amalgam restorations can
be scored with an acceptable reproducibility.
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3.1. Abstract
In a clinical study 360 posterior amalgam restorations were made in
57 adult patients. Each patient received 6 restorations of 6 different
commercial alloys (5 conventional and 1 high copper alloy system). The
restorations were equally distributed over mandibular and maxillary
premolars and molars. Most of the restorations were of the Class 2 type.
From annually taken black and white photographs of the occlusal surface
of the restorations over a period of 7 years the Incidence of occlusal and
approxlmal bulk fractures was evaluated.
The tooth and Jaw type and the amalgam alloy each have a significant
Influence on the Incidence of both types of bulk fractures.
3.2. Introduction
A fracture through the bulk of the amalgam Is one of the failure
characteristics of amalgam restorations and Is a reason for replacement
of the restoration. Clinical studies on bulk fracture of amalgam
restorations show large differences of Incidence (Healey and Phillips,
1949; Allan, 1969; Barnes et al., 1973; Richardson and Boyd, 1973;
Lavelle, 1976; Osborne et al., 1980; Letzel and VrlJhoef, 1981; MJör,
1981). This Is caused. Inter alia, by differences In the experimental
design of the studies. Therefore, the results cannot be compared
(Marynluk,l984).
Failure of amalgam restorations due to bulk fracture Is attributed to:
faulty cavity preparation or unsufflclent bulk of amalgam, improper
manipulation of the amalgam, occlusal trauma and limitations In the
strength of the amalgam (Easton, 1941; Healey and Phillips, 1949; Barnes
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et al., 1973; Richardson and Boyd, 1973; Elderton, 1976; Lavelle, 1976;
MJör, 1981). However, these are hypothetical causes based on the results
of observational studies. For the tracing of cause-effect relationships in
restorative dentistry only controlled clinical trials are suitable (Wilson
and Ryge, 1963), and only one such a bulk fracture study has been
published (Osborne et al., 1980). It was found that after 8 years of
service the high copper amalgam restorations were less subject to bulk
fracture than conventional alloy restorations. However, the number of
alloys In this study was rather limited and the assessment method for
bulk fracture was not tested for reliability.
During the Introduction of the new high copper amalgam restorations
many controlled clinical trials on the behaviour of amalgam restorations
have been performed. Behaviour was assessed with the aid of the
deterioration of their occlusal margins. In general, it was found that high
copper amalgams are less susceptible to marginal fracture than
conventional amalgams (Mahler et al., 1970; Eames and MacNamara, 1976;
Goldberg et al., 1980; Osborne et al., 1980), because of their higher
corrosion resistance due to the absence of gamma-2 phase (Marshall et
al., 1985; Port and Marshall, 1985). In this respect, Sarkar (1978)
suggested that corrosion-resistant amalgams better retain their
strength In vivo than corrosion-prone conventional amalgams. This
statement, however, has not been confirmed with well-controlled
clinical trials. Moreover, recently the relevancy of marginal fracture as a
durability parameter has been questioned by Hamilton et al. (1983), who
demonstrated that marginal fracture cannot be considered a predictor of
longevity In amalgam restorations.
Bulk fracture appears to be a more objective failure criterion. Because
there Is a lack of reliable Information on this type of fracture, the aim of
this study Is to examine the Influence of the alloy and tooth type on the
Incidence of bulk fracture in amalgam restorations.
3.3. Materials and method
In a previous study 360 posterior amalgam restorations were placed by
2 operators In a group of 57 adult patients (Letzel and Vrljhoef, 1984b).
The restorative procedures are described In a previous publication
(Letzel et al. ,1978). Each patient received one or two series of 6
restorations of 6 different commercial alloys (Table 11.3.1).

29

Table 11.3.1: The amalgam alloys used In the Investigation.

Trade Name

Manufacturer

StandalloyF

(St)

Degussa, Germany

New True Dental loy

(N)

SS White, U.S.A.

Agestan 6Θ

(A)

Bayer, Germany

Cavex SF

(C)

Keur & Sneltjes, The Netherlands

Shofu Spherical

(Sh)

Shofu Dental Co, U.S.A.

Dispersal loy

(D)

Western Metallurgical Ltd, Canada

The alloys St, N, А, С and Sh are conventional alloy systems, alloy D Is a
high copper. Within each series, the alloys were distributed at random.
The number of approxlmal surfaces of the maxillary and mandibular
premolar and molar restorations Is summarized In Table 11.3.2. It can be
seen, that most of the restorations are of the Class 2 type (360
restorations with 555 approxlmal surfaces) and that the restorations are
more or less equally distributed over the two tooth and Jaw types.
Immediately after polishing occlusal black and white photographs were
taken of each restoration (Letzel et al., 1978). These photographs were
printed on a 12 χ 12 cm format, giving pictures approximately 9 times
the original size of the restoration. At yearly recalls over a 7 year period
similar photographs were taken.
Bulk fractures on occlusal and approxlmal parts of the restorations
were assessed on the photographs by one trained operator using 3-polnt
rating scales for both fracture types (See Fig. 11.2.1 ). The Influence of the
tooth and Jaw type and the amalgam alloy on the Incidence of the 2 types
of bulk fracture after 7 years was analysed statistically using KaplanMeier analyses (1958). Therefore, the percentage of occlusal and
approxlmal bulk fractures per tooth and Jaw type were calculated. The
Influence of the alloy on bulk fractures was traced In a similar way by
calculating the percentage occlusal and approxlmal fractures per alloy
after 7 years.
For the relation between bulk fracture and marginal fracture, mean
marginal fracture values of the alloys after 5 years from a previous
publication (Letzel and Vrijhoef, 1984b; Table 11.3.3) were compared with
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7 year occlusal and approxlmal fracture percentages of the alloys from
this study.

Table 11.3.2: Number of restorations with no, one or two approxlmal
surfaces per tooth and Jaw type.
Premolar

Molar

Jaw Type

0

1

2

0

1

2

TotaKX )

Maxilla

0

29

73

9

43

37

191 (53)

Mandible

0

29

35

2

42

61

169(47)

Total ( 2 )

0(0)

Total ( * )

56 0 6 ) 106(30)

I I (3) 85(24) 98(27) 360(100)
194(54)

166(46)

360(100)

Table 11.3.3: Mean marginal fracture scores per alloy , according to Letzel
andVrijhoef, 1984b.

Alloy
Dispersal loy
Agestan 68
New True Dentalloy
Cavex SF
Shofu Spherical
StandalloyF

Marginal Fracture Score
2.4
3.1
3.2
3.8
4.7
4.8

3.4. Results
The number of restorations lost to follow-up and lost to patient
dropout after 7 years was 10 %. There were no traces of selective
dropout.
At 7 years almost all fractures, which showed partial or rupture-like
structures in previous years, had become complete. Therefore, no
distinction was made between partial and complete fractures for the

31

analysis of fracture Incidence at 7 years The percentage occlusal bulk
fractures per tooth and jaw type Is depicted graphically In Fig 113 1 The
Kaplan-Meier analysis of the percentages showed a significance by jaw
type Restorations In mandibular teeth showed a higher Incidence of
occlusal bulk fracture than restorations In maxillary teeth

Occlusal Bulk Fracture
100
>
Mandible
30

20

4-1

•

premolars

LJ

Molars

Maxilla

10-

Fig 113 1 Occlusal bulk fractures in 360 amalgam restorations per tooth
and jaw type after 7 years Vertical lines are the standard
error of the mean (SEM)
The percentage approxlmal bulk fracture per tooth and Jaw type are
Illustrated In Fig 113 2 In this analysis the tooth type has a statistically
significant Influence on the percentages Restorations In molars are more
susceptible to approxlmal bulk fractures than restorations in premolars
In general, the restorations displayed more approximal than occlusal bulk
fractures
The percentages occlusal bulk fractures per alloy In maxillary and
mandible teeth are presented In Fig 113 3 The alloys are ranked
according to their 5 year mean marginal fracture values, alloy D
Indicating the lowest and alloy St the highest extent (Letzel and
Vrljhoef, 1984) In both jaw types the alloy has a significant Influence on
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Approximal Bulk Fracture
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Flg. 11.3.2: Approxlmal bulk fractures In class 2 amalgam restorations
after 7 years per tooth and Jaw type Vertical lines are SEM

Occlusal Bulk Fracture
100
>

Mandible

504030-

Maxilla

20-

10

*

jid

D A

*
N С Sh St

D A

in
N С Sh St

Flg. II.3.3: Occlusal bulk fractures per alloy in maxilla and mandible
amalgam restorations Vertical lines are SEM. (For D, A, N, C,
Sh and St see Table 113.1).
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the percentages. In maxillary teeth alloy D restorations showed the least
(0 %) and alloy Sh the most (20 %) bulk fractures In the occlusal surface.
In mandible teeth alloy A restorations have the least (4 %) and alloy St
restorations the most (53 %) occlusal fractures.
The percentages approxlmal bulk fractures per alloy are given In Fig.
11.3.4 No distinction was made between maxillary and mandible
restorations, because the percentages In both Jaw types practically were
the same. Again the alloy has a significant influence. Alloy D showed the
least (15 JS) and alloy St the most (40 %) fractures, although the
differences between the percentages are not so large as for the occlusal
bulk fractures.
Approximal Bulk Fracture
β

rf

rt

ifl Λ
d- τ

DA

N С Sh St

Fig. 11.3.4: Approxlmal bulk fractures per alloy. Vertical lines are SEM.
3.5. Discussion
The Incidence of bulk fractures found, exceeds that reported in other
clinical studies. The reason for the discrepancy being, that this study
Included small as well as large fractures, without taking Into account
whether or not the restoration has failed clinically due to fracture. Many
restorations with small fractures would probably still be regarded as
clinically acceptable by many dentists. The Inclusion of small fractures
In the percentages also explains the higher Incidence of approxlmal
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versus occlusal bulk fractures. Small fractures were predominantly
located In the marginal ridge of the restoration.
The higher susceptibility of mandibular restorations to occlusal
fractures may be explained by the anatomic form of these teeth which
often results In cavity preparations with a small Isthmus, and a
corresponding weak spot at that point. This statement Is especially
applicable to mandibular premolars. Mandibular molars are more prone to
occlusal bulk fractures, probably because such restorations are generally
much wider and larger than maxillary restorations.
The effect of the alloy on the Incidence of bulk fracture found In this
study is m agreement with the findings of Osborne et al. (1980).
According to Letzel et al. (1984b) Table 11.3.3 shows the mean marginal
fracture score per alloy as used In this study. Comparing these studies,
only the alloy with the highest and lowest marginal fracture scores show
large differences In bulk fracture Incidence. Alloy D (low marginal
fracture score) particularly shows a low Incidence of bulk fractures,
whereas alloy St and Sh demonstrate high percentages of bulk as well as
marginal fractures. In this context, there appears to be a certain
relationship between marginal and bulk fracture. The poor relationship
between these 2 types of fractures with respect to the remaining alloys
(A, N, C) may be caused by other differences between the amalgams, inter
э/іа пь quantity and size of the remaining gamma phase and the amount
and Interconnection of the gamma-2 phase. All these factors have an
Influence on the strength of the amalgam and thus on the fracture
incidence (Phillips, 1982).
Accepting the Important role of corrosion In preceding marginal
breakdown (Sarkar, 1978; Marshall et al., 1985; Port and Marshall, 1985)
and taking Into account our results, corrosion also will have an influence
on the Incidence of bulk fractures.
Furthermore, microscopic porosity In the amalgam can contribute to
the formation of bulk fracture, because porosity or voids within a
material cause high local stress concentrations. Due to such weak sites,
loading of the restoration will Induce cracks and crack growth. Such
perpetual mechanical loading as static and dynamic bite forces or
thermally Induced stresses, leads to the onset and progress of bulk
fractures of amalgam restorations.
However, as suggested by Osborne et al. (1980) alloy Influences the
incidence of bulk fracture, and a correct choice of the alloy will
substantially reduce the need for replacement dentistry.
Bulk fracture can be regarded as a complex problem, which Justifies
further research, In order to gain a better Insight in the long-term
fracture behaviour of amalgam restorations.
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3.6. Conclusion
Restorations In mandibular teeth are more susceptible to occlusal bulk
fracture than restorations In maxillary teeth.
With respect to approxlmal bulk fractures restorations In molars are
more susceptible than In premolars.
The amalgam alloy has an Influence on both types of bulk fracture.
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41 Abstract
A controlled clinical study, containing 720 posterior amalgam
restorations placed In a group of 103 adult patients by three dentists,
was used for the examination of the Influences on the Incidence of
occlusal and approximal bulk fractures. These fractures were evaluated
from yearly taken black and white photographs of the occlusal surface of
the restorations over a period of 5 years, using a three point photo-rating
scale for both fracture sites.
The influence of the dentist as well as the Influence of the alloy and
tooth type were statistically analysed. The results of these analyses
demonstrated that the dentist as well as the alloy and tooth type have a
statistically significant Influence on the Incidence of bulk fracture of
amalgam restorations.
42. Introduction
In a previous controlled clinical trial It was demonstrated that the
Incidence of bulk fracture of amalgam restorations should not be
underestimated (Lemmens et al., 1986). The results of that study also
showed that the cause of these fractures Is a complex problem, which is
Influenced by patient and material dependent factors. Another possible
factor controlling the performance of a restoration Is the Influence of the
dentist. The most important factors governed by the dentist which
possibly are responsible for the failure of the restoration are faulty
cavity design and preparation and Improper handling of the base and
restorative material (Phillips, 1949; Ingraham, 1950; Swartz and
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Phi Hips, 1956; Wolcott, 1958; Nadal et al., 1961, Going and Jendresen,
1972; Mahler and Marantz, 1979; Vermeersch et al., 1980). Different
cross-sectional clinical studies, concerning the factors which have an
Influence on the durability of amalgam restorations, Indicated that the
poor technical skill of the dental practitioner Is probably one of the
principal factors causing failure of amalgam restorations (Healey and
Phillips, 1949; Allan, 1969; Lavelle, 1976; Marynluk and Kaplan, 1986).
However, the results of this type of study should be used only on the
specific patient samples examined and could not be generalised for the
dental population as a whole (Marynluk, 1984).
In this respect, only experimental clinical research can give an accurate
Indication for causal relationship. Therefore, a controlled clinical trial
was set up to examine the influence of the dentist as well as the
Influence of the tooth and alloy type on the Incidence of bulk fracture of
amalgam restorations.
43. Materials and method
In a previous study 720 posterior amalgam restorations were placed In
a group of 103 adult patients by three dentists. The restorative
procedures are described by Letzel et al. (1978). Each patient received one
or two series of six restorations of four different alloys (two
conventional' and two high copper alloy2 systems), which were randomly
distributed over the six restorations. The alloys St and N are conventional
alloys, alloys D and L are high copper alloy systems. The number of
approxlmal surfaces of amalgam restorations In the maxillary and
mandibular premolar and molar region Is quoted In Table 11.41. Table 11.42
gives the distribution of the restorations per operator. It can be seen,
that most of the restorations are of the class 2 type (720 restorations
with 1027 approxlmal surfaces ) and that the restorations are more or
less equally distributed over the two tooth and Jaw types and over the
operators. The different alloy types were also equally distributed over the
restorations.
Immediately after polishing, occlusal black and white photographs were
taken of each restoration (Letzel et al., 1978). These photographs were
printed on a 12 χ 12 cm format, and so photographs were produced that
were approximately nine times the original size of the restoration. At
yearly recalls over a 5 year period similar photographs were taken.

1

2

Standalloy F (St), Degussa, Germany.
New True Dentalloy (N), SS White, England.
Dlspersalloy (D), Johnson & Johnson, USA.
Luxalloy (L), Degussa, Germany.
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Table 11.4.1 : Distribution of restorations with 0, 1 or 2 approximal surfaces in premolars and molars per jaw type.
Premolar
Surfaces

0

1

Molar
2

0

1

2

Total ( % )

t a a s a a a a :s a a a a a a s s a a a a a a a a s a a a a a a e a a a s s a a s a s a a a a a s a s a a a a a a a a s a s a a a a a a a s a a ai a a a a a a a a a a

Maxilla

0.3

10.0

19.1

5.4

9.1

12.5

56.4

Mandible

0.1

Θ.1

7.6

4.0

10.3

13.5

43.6

Total

0.4

1Θ.1

26.7

9.4

19.3

26.0

100

Total

45.3

54.7

100

Table 11.4.2: Distribution of restorations with 0, 1 or 2 approximal surfaces In premolars and molars per operator.

Surfaces

Premolar

Molar

1

1

Total ( S )

1

0.1

6.9

β.3

4.3

5.5

8.3

33.4

2

0.1

5.5

10.7

3.1

6.6

7.3

33.3

3

0.2

5.7

7.7

2.0

7.2

10.4

33.3

Total

0.4

16.1

26.7

9.4

19.3

26.0

100

Total

45.3

54.7

100

CO
CO
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Bulk fractures on occlusal and approxlmal parts of the restorations
were assessed on the 720 series of photographs by a trained dentist using
3-polnt rating scales for both fracture places (See Fig. 11.2.1). The
reliability and validity of the assessment method have been discussed in
detail In a previous publication (Lemmens et al., 1987). In this previous
paper the difference between bulk and marginal fractures has been
explained. This distinction was based on the location and the
extenslveness of the concerning fractures. The paper also discussed the
difference between occlusal and approxlmal bulk fractures. It seems
Interesting to mention that In the current study the so-called Isthmus
fractures are considered as occlusal bulk fractures.
The Influence of the dentist on the Incidence of bulk fractures was
examined In relation to the number of patients having a bulk fracture
after 4 years. When this influence would be related to the number of
fractured restorations a possible patient effect is not eliminated. A
Kruskal-Wallls one-way analysis of variance was used for measuring
statistically significant differences between the data. The lost to
follow-up after 4 years was zero.
Furthermore, the Influence of the tooth and Jaw type and the amalgam
alloy on the Incidence of the two types of bulk fracture after 5 years was
also analysed statistically using Kaplan-Meier analyses (Kaplan and Meier,
1958). The percentage of occlusal and approxlmal bulk fractures per tooth
and Jaw type were calculated. The Influence of the alloy on bulk fractures
was traced In a similar way by calculating the percentage occlusal and
approxlmal fractures per alloy after 5 years.
Mean marginal fracture values of the alloys, derived from a previous
study (Table 11.43, according to Letzel et al., 1984a) were compared to
the results of bulk fracture percentages after 5 years. These marginal
fracture data were obtained with black and white pictures and a 6-polnt
photo-rating scale. The photo-rating procedures, as well as the scale have
been described In another publication (Letzel and Vrljhoef, 1984b).
Table 11.4.3: Mean marginal fracture data (MF) after 5 years per alloy.
(According to Letzel and Vrljhoef, 1984a).
Alloy

MF

Standalloy
New True Dental loy
Dispersal loy
Luxalloy

4.6
3.4
2.5
3.3
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4.4. Results
The recall rate for patients Included In this study exceeded 90 % after 5
years. The number of restorations lost to follow-up was 1.9 %. As almost
all partial bulk fractures had become complete bulk fractures after 5
years, the results of these two types of fractures were combined. The
results of the Influence of the dentist are given In Table 11.4.4 In
particular the percentage of patients showing occlusal and approxlmal
bulk fractures per operator are quoted. The percentage of patients with
approxlmal bulk fractures Is significant higher for operator 2 compared
with the remaining two operators.
Table 11.4.4: Percent patients with occlusal and approxlmal bulk frac
tures of 4 years old amalgam restorations per operator.
Operator
Fracture

1

2

3

жжававкжжщвявжвшшккжввехахтакгхс=а==жжжх==г

Occlusal

23

32

23

Approxlmal

30

55*

32

* - significant (p=0.04, Kruskal-Wallls 1-way Anova)
The percentage occlusal and approxlmal bulk fractures per tooth and
jaw type Is depicted graphically In Fig. 11.4.1. It can be seen, that for
occlusal bulk fractures the difference between mandibular premolars and
the other restoration groups was statistically significant. Regarding the
approxlmal bulk fractures, however, a reverse trend Is seen here as
compared to the results for occlusal bulk fractures. More approxlmal
fractures were reglstrated In the maxilla than In the mandible.
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100?"
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Premolars
Mandible

D

Molars
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ιο·

Occlusal

Approximal

Fig. 11.4.1: Percentage occlusal and approximal bulk fractures In amalgam
restorations per tooth and Jaw type after 5 years. Vertical
lines represent the Standard Error of the Mean (SEM).
The percentage occlusal bulk fractures per alloy In maxillary and
mandibular teeth Is given In Fig. 11.4.2. The alloys are ranked according to
their 5 year mean marginal fracture values, alloy D Indicating the lowest
and alloy St the highest extent. In maxillary teeth alloy D restorations
showed the least (0 %) and alloy St restorations the most (32 Я) bulk
fractures In the occlusal surface. In mandibular teeth alloy N restorations
experienced the least (2 Я) and alloy St the most (27 %) occlusal bulk
fractures.
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Flg. II.4.2.: Percentage occlusal bulk fractures per alloy In maxillary and
mandibular amalgam restorations. Vertical lines represent the
SEM.
The percentage approxlmal bulk fractures per alloy Is Illustrated In Fig.
11.4.3.
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Flg. II.4.3: Approxlmal bulk fracture per alloy. Vertical lines represent
the SEM.
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It can be seen, that no distinction was made between approxlmal In the
maxilla and In the mandible, because the number of these fractures were
approximately equal for both jaw types Alloy L has the least (5 %),
whereas alloy St showed the most (25 %) fractures, although the
differences between the percentages are not so large as for occlusal
fractures.
The distribution of fracture times of the amalgam restorations Is
Illustrated In Flg. 11.44, respectively, for occlusal and approxlmal bulk
fractures.
14-1

12-

I

I Occlusal Bulk Fractures

I.

ι Approximal Bulk Fractures

10-

8-

2-

Year

Fig. 11.4.4: The cumulative percentage occlusal and approxlmal bulk frac
tures per year.
After 5 years 13.4 % of the occlusal amalgam surfaces and 10 % of the
approxlmal amalgam surfaces were fractured.
Comparing the results of bulk fractures per alloy (Figs. 11.42 and 11.4.3)
with the corresponding mean marginal fracture scores (Table 11.4.3), no
firm relationship was found, especially not with respect to alloy L and N.
The marginal fracture behaviour of these two alloys Is almost similar,
whereas their Incidence of bulk fracture Is rather variable. It Is worth
mentioning that correlation tests between marginal and bulk fracture
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(Pearsons' correlation test) did not produce any significant results. These
tests turned out to be below 0.30, In all cases, which Is consistent with a
low correlation.
45. Discussion
After 5 years of clinical service 21 percent of the amalgam
restorations from the current study are affected by at least one bulk
fracture. This Is remarkably high, especially considering the fact that the
preparations and restorations were made under Ideal circumstances by
experienced dental practitioners. Nevertheless, In the Investigation of
Osborne et al. (1980), which was a controlled study too, comparable
results were found. Comparison to other clinical studies (Healey and
Phillips, 1949; Allan, 1969; Lavelle, 1976; Barnes et al., 1973; Richardson
and Boyd, 1973, HJör, 1981 ), In which the Incidence of bulk fractures are
studied, Is unjudlclous. Those studies belong to another type of clinical
Investigation In which the restorations are made as well as Judged under
different circumstances.
It should be stated that not all the fractured restorations from the
current study were replaced. At the scoring of the bulk fractures It turned
out that 5 % of all restorations was replaced. Nevertheless, In the
authors" opinion the remaining 16 % fractured restorations are still
restorations that have failed. More specifically, a fracture large or small
Is a destructive change In the restoration that In the end will diminish
the life time of the restoration. Small fractures are very susceptible
places for corrosion; a process that will also lead to early destruction of
the restoration. Moreover the criteria, used to Indicate the need for
replacement of a restoration, are usually subjective (Elderton, 1976 and
1977). It turns out that In general bulk fractures are observed too late, as
well as that bulk fracture Is a severely underestimated phenomenon.
It is also remarkable that even In a controlled study, like this one, a
significant Influence of the dentist on the Incidence of bulk fracture Is
detected. Especially, because the amalgam restorations are made In an
optimal environment and under the same standardised conditions In the
same type of patient. It appears that each dentist has his own way of
treatment and his own standard of Judgement, resulting In Individual
restoration characteristics. An example to this is certainly the difference
In Incorporation of porosities during the condensation of the amalgam In
the cavity. Cracks will start where these porosities are situated
(Zardlackas and Anderson, 1986).
Regarding the Influence of the tooth type, a remarkably high percentage
of occlusal bulk fractures Is found In mandibular premolars. Analysis of
the raw data Indicates that most of these fractures are Isthmus
fractures. The small dimensions of these teeth are the most likely
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explanation. In this region class 2 preparations and restorations are
usually small and shallow at the Isthmus and In this repect more
susceptible to occlusal bulk fractures. The relation of Isthmus fracture
with a very narrow occlusal cavity design was also Indicated by Smales
and Fenton (1985). In a comparative clinical study concerning Immediatepolished and as-carved Tytin restorations, they found that ΙΟ X of each
group of restorations had failed at the 3-year recall period, because of
Isthmus fracture.
The high Influence of the alloy Is In accordance with other studies
(Lemmens et al., 1986; Osborne et al., 1980). However, the clinical
fracture behaviour of Luxalloy and New True Dentalloy is variable,
whereas Dispersalloy generally shows a low percentage of fracture.
Standalloy F, on the contrary, Is highly affected. Considering these
results, no definite conclusions could be drawn In respect to differences
between conventional and high copper alloys, because of the small number
of different amalgam alloys Involved. However, the significant Influence
of the dentist as well as the significant Influence of the alloy type
emphasize the Important task of the dentist In selecting the alloy to be
used In practice.
Finally In this study It Is shown that the relation between marginal and
bulk fracture Is very small. The only conclusion that can be drawn, Is that
a certain trend exists: alloys with a low marginal fracture score tend to
show few bulk fractures, whereas those showing a high marginal fracture
score may also show more bulk fractures.
4.6. Conclusion
- The operator has a statistically significant Influence on the Incidence
of bulk fracture.
- Amalgam restorations In mandibular premolars are very susceptible to
occlusal bulk fractures.
- The amalgam alloy has a statistically significant Influence on the
incidence of bulk fracture.
- More than 20 % of the amalgam restorations In this controlled clinical
study were affected by an occlusal and / or approxlmal fracture.
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CHAPTER III

STRESS CRITERIA FOR FAILURE OF DENTAL AMALGAM

111.1. Introduction
Through the process of mastication the amalgam restoration is exposed
to a three-dimensional stress situation. As In this thesis, we are dealing
with fracture of an amalgam restoration, knowledge of the magnitude
and type of the stresses at which fracture occurs Is essential. Therefore,
a study of the strength of the material is necessary. Various researchers
have postulated that the strength of amalgam may be adequately
represented by either the compressive, tensile or transverse strength
(Rodriguez and Dickson, 1962; Mahler and Mltchem, 1964; Crulckshanks,
1983; Holland et al., 1985; Bryant and Mahler, 1986). However, the
clinical relevance of these properties of amalgam remains questionable.
Therefore, in the following study a step further Is taken In the direction
of the Interpretation of these strength results. A compressive and
bending test will be undertaken, In which the samples to be studied are
subjected to simple stress conditions. The aim of these experiments Is
to obtain strength results of amalgam under compression and bending.
The finite element method will be used for the calculation of the
compressive, tensile and shear stresses that are present during the
experimental conditions. The Information from the experimental tests
combined with the finite element analysis (FEA) will be used for the
Interpretation and evaluation of the stress situation of the isthmus of an
amalgam restoration, In order to predict Isthmus fractures.
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III.2. Stress criteria for multi-axial failure
2 1 Introduction
When a material such as dental amalgam is exposed to a certain load,
fracture may occur To predict or prevent such a failure It is necessary
to know more about the critical stresses Therefore, various so-called
failure criteria for brittle and ductile materials have been developed
for the evaluation of the calculated stresses or strains Such a criterion
can give an indication whether or not the stress distribution In the
material reaches a limit value
Dental amalgam Is assumed to be a brittle material, because In
instances of extreme stress, fracture rather than deformation occurs.
(Rodriguez and Dickson, 1962, Espevik, 1978; Valdyanathan and
Schulman, 1979, Craig, 1985) Indeed, Rodriguez and Dickson (1962)
showed that under the conditions of a tensile test, amalgams have a low
percentage of elongation, Indicating Its brlttleness or lack of ductility
Regarding stress-strain curves of dental amalgam alloys, fracture
occurs at or near the proportional limit of the alloys or they break at a
certain level still In the elastic region (Espevik, 1978). Basically,
amalgam Is an Inhomogeneous material However, the range on which the
Inhomogenetles become manifest Is small enough to consider the
material as homogeneous In addition, In this study dental amalgam is
assumed to be a linear-elastic and Isotropic material.
2.2. Definition of a stress criterion
Parts of this paragraph are based on a report by van der Varst (1987),
concerning a stress criterion for failure of dental composites. Basically,
a stress criterion for failure Is a mathematical function F that depends
on the stress state (ST) within a material and on a set of material
parameters (MP) In such a way that the material falls whenever the
stress state ST Is such that F reaches a critical value Fo-it :
when F (ST, MP) - 0, failure will occur (assuming that Fcrit - 0),
when F (ST, MP) < 0, no failure will occur.
For an Isotropic material two requirements should be fulfilled
1. F must be Independent of the choice of the coordinate system
2. F may not depend on directional quantities of the stress state.
It can be shown that these requirements entail that F Is a symmetrical
function of the three principal stresses σι, 02 and 03 of the stress

49

tensor. The principal stresses can also be expressed in terms of
Invariants J), J2, and J3 of the stress tensor.
J i - a i + C 2 + 03
J2'0\a2* 02OZ +azo\
J3» σι 0203

(3.1)
(3.2)
(3.3)

Consequently, F(Ji,J2,J3,IiP)*0 can be written as the basic form of the
stress criterion. Often It Is convenient to work with the spherical and
devlatoric stress tensor Instead of the Cauchy stress tensor, in that case
it Is convenient to assume that the stress criterion depends on the
stress variables J i , J2' and J3, (J2' is the second-invariant of the
deviatone stress tensor) because the transformation of the old variables
Ji, J2 and J3 to the new ones J|, J2' and J3 Is regular. This Is so because
J2· ' -( (σι-σ2)2+(σ2-σ3)2+(σ3-σι)2)/6 = J2 - Ji 2 /3

(3.4)

Consequently the basic form of the stress criterion then Is:
G(J|,J2',J3,MP)-0

(3.5)

and the functions F and G are connected by the relation
F (J 1 ,J2,J3,MP) - G (J 1 ¿2 - 1 /3 J12,J3,MP)

(3.6)

One of the most frequently encountered examples of a failure criterion
Is the one named after Von Mises:
J2' - к 2 - О

(3.7)

where MP • к 2 and ST » J2'.
Basically, for this criterion It Is assumed that the tensile and
compressive strength of the material are equal In value. However, as
Indicated In the literature, the compressive strength Is for dental
amalgam 4 to 10 times the tensile strength (Rodriguez and Dickson,
1962; Sweeney and Burns, 1965; Mahler et al., 1970; Leinfelder et al.,
Ι97Θ; Osborne et al., Ι97Θ). Therefore, it Is clear that this criterion is
Inadequate for interpretation of stress analysis results of dental
amalgam; It can only be used for comparative purposes. Two criteria,
which are able to take Into account differences between compressive
(Oc) and tensile strength (щ) are the Modified Von Mises criterion
(MVM) (Williams, 1973):
(Oc-ot) J) - 3J2' - OcOt - 0

(3.8)
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where MP - ((Oc-ot), (OcoO and 3) and ST « (J) andОг')
and the DrOcker-Prager criterion (DP) (Drücker and Prager, 1952):
(Oc-ot) J ι • (Ofc+at) V-3J2' - 2 cicOt - 0

(3.9)

where MP - ((Ος-σΟ, (Oc-'-ot), (ofeot) and -/3) and ST - (Ji and J?)
From these two criteria two equivalent stresses, ои гі and оьр, are
obtained:
^ J l ' ^ V
2k "•
2k

OOP

ohvti

ж

(k-l) Ji

1

^

• V(k-I)2 Ji2 - 12 J2' к
^ —

(3.10)
.,,..
(3.11)

where к Is the ratio of the compressive and tensile strength. The
derivation of these two equivalent stresses from the two stress criteria
Is described by De Groot (1986). The magnitude of such an equivalent
stress offers a realistic means of assessing the stress state within a
material.
2.3. Graphical representation of a stress criterion
The stress state, present In a material, can be visualized by means of
three mutually orthogonal axes that span a three-dimensional space.
Along these axes the values of the principal stresses are plotted. These
values define a point In the three dimensional space (Fig. 111.2.1).
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Flg. III.2.I: A stress state at a point P, visualized In the three-dimen
sional space (σι, 02, and 03 are the principal stresses).
Using the three-dimensional space as aforementioned In paragraph 2,
the failure criterion F (ST,MP) - 0 can also be represented graphically. To
do so consider an arbitrary material. Basically, this means that the
material parameters, though unknown, are fixed. In that case the function
F (ST.MP - fixed) - 0 defines a surface In the three-dimensional space,
spanned by the principal stresses (Fig. 111.2.2).

Fig. 111.2.2: The stress criterion represents a surface In the space
spanned by the principal stresses.
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The surface divides the space In two sets of stress states. One set,
which Is lying Inside the surface, represents the stress state situation
when the material does not fall. The second set, on the outside of the
surface. Is composed of all stress states the material cannot withstand.
Therefore, reaching the boundary between the two sets, that Is reaching
a stress state for which F(ST,liP = fixed) - 0 represents failure of the
material.
The graphical representation of the stress state of the Modified Von
Mises and the Drücker-Prager criterion Is Illustrated In Figs. III.2.3 and
111.2.4.
These two failure criteria, In combination with the results of the following described laboratory experiments, will be used for examination
and Interpretation of the stress distribution In the Isthmus region of a
two-surface amalgam restoration, which Is subjected to a certain load.
If the failure criterion depends on Ji and J2 only, the failure surface is
rotational symmetric around the hydrostatlcal axis. In that case the
criterion can be represented in a two-dimensional plane (See Fig. 111.2.5).

О",

,σ,
hydrostatic axis
/

^
/
/

χ

/

/

failure surface

•Oí

Flg. III.2.3: The Modified Von Mises criterion In stress space.
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hydrostatic axis

Fig. 111.2.4: The Drücker-Präger criterion In stress space.

(N/mm2)

__ hydrostatic axis
J)

(K7mm2)

Fig. 111.2.5: A two-dimensional representation of the MvM failure surface. V-3J2' Is the distance to the hydrostatic axis. Apart
from sign, J | Is three times the hydrostatic pressure.
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111.3. Materials and Methods
3.1. Transverse strength of dental amalgam
3.1.1. Definition
Transverse stress In a material Is obtained when a load Is applied in
the middle of a simple beam, which Is supported at each end (Fig.
111.3.1.1).

P/2
Flg. III.3.I.I: Schematic representation of a transverse test, as used In
these Investigations.
The transverse strength (T) or the flexure strength of a simple beam
Is by definition (Timoshenko, 1968):
3PS

(3.12)

2BW2
where Ρ Is the applied load, S the span length between the supports, W
the width and В the thickness of the beam as represented In Fig. 111.3.1.3.
According to the simple beam theory the transverse strength is the
maximum stress that a material can withstand, when subjected to
transverse loading.
Table 111.3.1.1 shows results of the transverse strength of 7 days old
amalgam using a three-point bending test, as gathered from the
literature.
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3.1.2. Transverse strength testing
The products selected for the three-point bending test are listed In
Table 111.3.1.2. Two amalgam alloys were used. An admixed (Dispersalloy)
and a single composition alloy system (Tytln). These two alloys are
widespread used and are representative of those amalgams embodying
recent developments. The composition of these alloys Is given In Table
III.3.1.3. Eight Dispersalloy (the test of one of the specimens had failed)
and nine Tytln test specimens were made, which were triturated
according to manufacturer's recommendations. The specimens were
fabricated In a stainless steel mold (Fig. 111.3.1.2).

Table 111.3.1.1: Transverse strength (T) of 7 days old amalgam, as derived
from the literature.
Product
Dispersalloy
Tytln

Samples
N

Loading rate
(mm/mln)

Τ
(N/mm2)

5
5

1
1

141.8
164.6

1.27

128.3

1.25
1.25

120.0
145.0

Dispersalloy
Dispersalloy
Tytln

5
5

Literature
Reference
Crulckshanks
(1983)
Johnson
(1985)
Bryant and Mahler
(1986)

Table 111.3.1.2: Materials used In this study.
Materials

Manufacturer

Batch No.

Particle shape

Copper addition

жкхжввзжажшважжжжшжежЕзжа

120283A

Dispersalloy

J&J
Eest Windsor
NJ 08520
USA

Tytln

82985
SS White
South St. Holmdel
NJ 07733
USA

Ης/allcv
СЖЖЖЖЖЖ

blend

admixture

0.98/1

spherical

ternary alloy

0.74/1
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Table 111.3.1.3: Element composition of amalgam alloys (According to
Crulckshanks-Boyd, 19Θ2).

Material

Ag

Composition (weight Я)
Sn
Cu

Zn

Dispersal loy

68 6

ΙΘ5

113

0 75

Tytln

58.4

27.8

12 4

0 002

Fig. 111.3.1 2: An explolded view of the mold used for the fabrication of
transverse testing samples. (The location of the amalgam
specimen Is Indicated by an arrow).
Condensing the amalgam in the mold was done by a load which was
repetitively applied by hand. Immediately after packing the mould, the
mercury-rich top layer was removed. The specimen remained In the mold
for 2 hours. The dimensions of the specimen are Illustrated In Fig.
111.3 1.3. Upon removal, they were stored at room temperature for 7 days.
Specimens were placed In a transverse loading device In an Instron
Universal Testing Machine, using a span of 17 mm and tested at a crosshead speed of 0.5 mm/mln. The long thin faces (20 χ 2 mm) of the
specimens were ground flat by hand using 800 grade SIC paper and prior
to testing, the width and thickness of each specimen were measured
with a micrometer. During the experiments the load as well as the
deflection for each test sample were recorded. The deflection was
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measured, using an extensometer. In Tables 111.3.1.4 and 111.3.1.5 the
deflection at the moment of fracture, width, thickness of the bar as well
as the span length and the fracture load are presented for Dlspersalloy
and Tytln respectively.

Table 111.3.1.4: The deflection (u) at the moment of fracture, width (W),
thickness (B), span length (S) In mm and the fracture load
(P) In N for each of the alloy D specimens.
Specimen

u

S S B B B S S B B B S :x=sBs==sBsa

1
2
3
4
5
6
7
8

0.069
0.064
0.065
0.067
0.062
0.070
0.048

W

В

S

Ρ

t = s x s s = 3 = = a: = s z s s e s s B B S B B B S B S S S B S S S B O

4.104
4.107
4.064
4.067
4.070
4.063
4.099
4.063

1.878
1.880
1.881
1.882
1.886
1.887
1.880
1.883

16.9
16.9
16.9
16.9
16.9
16.9
16.9
16.9

143.23
147.15
145.19
152.06
143.23
139.30
167.75
120.66

Table 111.3.1.5: The deflection (u) at the moment of fracture, width (W),
thickness (B), span length (S) In mm and the fracture load
(P) In N for each of the alloy Τ specimens.

Specimen

u

W

В

S

Ρ

1
2
3
4
5
6
7
8
9

0.060
0.069
0.070
0.072
0.070
0.062
0.080
0.070
0.080

4.054
4.057
4.057
4.093
4.075
4.070
4.100
4.067
4.118

1.884
1.880
1.880
1.880
1.887
1.881
1.887
1.886
1.884

16.9
16.9
16.9
16.9
16.9
16.9
16.9
16.9
16.9

197.18
194.24
227.59
202.09
188.35
189.33
222.69
200.12
191.30
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P/2
W = 4 mm
В = 2 mm
S =17 mm
Flg. III.3.1.3: Schematic representation of the dimensions of the transverse testing samples.
3.1.3. Results and Discussion
The results of the analytically calculated transverse strength are
presented In Table 111.3.1.6. The mean value as well as the standard
deviation per alloy Is given. Alloy D has a mean transverse strength
of 117 N/mm2. For alloy Τ a mean value of 163 N/mm2 was found. In
general, the mean values are somewhat lower compared with the results
of other studies especially for alloy D, as given In Table III.3.1.1.
However, It should be noticed that not all the experimental conditions
were similar. More specifically, the following conditions differed:
- The dimensions of the beam, particularly the thickness,
- The packing procedure of the amalgam into the mould,
- The span between the supports,
- The orientation of the beam on the supports.
The difference In loading rates should not have an Influence on the
bending strength results (Caul et al., 1963; Mahler and Mltchem, 1964).
The orientation of the beam on the supports In our tests, as Indicated
In Flg. III.3.1.4A, Is different from that used In other Investigations,
which »s shown in Fig III.3.1.4B. Further In this chapter It is proved that
the orientation of the beam has an Important Influence on the stress
distribution within that beam.
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Table 111.3.1.6 : Seven days transverse strength (N/mm2).
Material

Olspersalloy

Tytln

ажвгвквкЕвяаакк»

115
118
118
123
116
113
134
99
—
117(10)

Mean

162
159
183
163
153
152
180
159
155
163(11)

Figures In parentheses Indicate the standard deviation

sr

Δ/

В

Flg. 111.3.1.4 Schematic representation of a transverse strength test, as
used In our Investigations (A) and by Crulckshanks (1983),
and Bryant and Mahler ( 1986) (B).
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3.1.4. The determination of the modulus of elasticity (E)
The results of the transverse strength test can be used for the
calculation of the modulus of elasticity (E), because the load Ρ and the
deflection u (Fig. 111.3.1.5) were recorded during the experiments.

Fig. 111.3.1.5: A bar showing a deflection u as a result of a bending force
P.
The load Ρ and the deflection u are related by the equation:
P-K.u

(3.13)

In this formula, К Is the stiffness of the bar. It holds that:
„
Κ

"

4 E В W3
S3cf

(3.14)

where E Is the modulus of elasticity, В is the thickness of the bar, W Is
the width of the bar, S Is the span between the supporting points and Cf
Is a correction factor.
From the equation (3.13) and (3.14) It Is obtained that:
11

_P_S3ci_
4 В W3 u

(3.15)

The value of Cf depends on the theory used for the analysis of the
transverse loading experiment. For the simple beam theory the value of
this correction factor Is:
C f ( l ) - 1 when the shear Is negligible, or
(3.16)
Cf(2)- 1 *Z( 1 • 1/2v)W2/s2 when shear is not negligible. (3.17)
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For a beam with dimensions В - 1.883, W - 4063 and S - 16.9 and ν 0.3 one finds Cf<2) - 1.199. Using the finite element method (FEM), an
analysis of the FE-calculatlons showed that the magnitude of the
correction factor Cfж Cf(3) « 1.277. More Information on the FEM Is given
In chapter 4 of this thesis. Table 111.3.1.7 gives the result of the values
of E, applying the correction factor cf(3). Alloy D showed a mean value of
28019 N/mm2, whereas the value for alloy Τ was 34913 N/mm2.
Table 111.3.1.8 gives the results of the E, as found In the literature. The
differences In values of the E could be attributed to the differences In
experimental conditions, such as test conditions, loading rates, etc
The results, as described In Tables 111.3.1.6 and 111.3.1.7, will be used
for further examinations In this study.
Table 111.3.1.7: Modulus of elasticity (N/mm2), as derived In this study.
Material

Dlspersalloy

Tytln

24320
28978
29534
26476
28944

40379
33726
39028
34794
32704
37405
33809
33520
28850

28485
29396

Mean

28019(1926)

34913(3522)

Figures In parentheses Indicate standard deviations
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Table 111.3.1.8: Modulus of elasticity of amalgam (E), as derived from the
literature.
Test conditions

E
(N/mm2)

Literature
Reference

0.2
0.2

Compr.test

34000
36300

Powersend
Fartf(1975)

7days
7 Луз

1.0
1.0

Compr. test

38700
40700

Dlspersalloy

7 deys

0.5

Compr.test

22700

Holland (1985)

Dlspersalloy
Tytln

7deys
7de/s

1.25
1.25

3-point bending

52400
53000

Bryant and
Mah1er(1986)

Product

Samples
Age

Dlspersalloy
Tytln

24 hours
1 month

Dlspersalloy
Tytln

Loading rate
(mm/mln)

Espevlk
(1978)

Dlspersalloy: Johnson & Johnson, East Windsor, USA
Tytln: SS White, Philadelphia, USA
3.1.5. Finite element calculations
3.1.5.1. Introduction
When the simple beam theory (equation 3.12) Is applied. It Is assumed
that the bending strength Is equal to the maximal tensile stress of
amalgam at the onset of fracture. However, as previously Illustrated for
the determination of the E of amalgam, the simple beam theory might be
a rather crude approximation.
For that reason It was decided to Investigate the relation between the
bending strength and the maximum tensile stress, because only In the
simple beam theory equals the bending strength the maximum of the
tensile stress at the onset of fracture. Therefore, It Is relevant to
examine the stress state situation In the lower layers of a beam, which
Is subjected to a three-point bending test. The results of this stress
analysis are compared with the results derived from the simple beam
theory of Table 111.3.1.6.
3.1.5.2. Materials and method
The stress situation In the experimental test condition of the beam, as
represented In Flg. III.3.1.4A of this chapter 3, was analysed using the
FEM. The theory behind this method Is described In chapter 4 of this
thesis.
For reasons of symmetry the modeling and the calculations of the 3-D
stress distribution with the Finite Element Analysis (FEA) can be
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restricted to one quarter (Θ.5 xl x4 mm3) of the bar (Fig. 111.3.1.6). Fig.
III.3.1.7 shows the three-dimensional (3-D) computer mesh of that beam.
The type of element used was the 3-D Isoparametric 20-node brick. A
description of this element Is given In Chapter 4.

Fig. 111.3.1.6: A rectangular bar used for a three-point bending test. The
shaded area represents a quarter of the bar, used for the
FEA.

Flg. III.3.I.7: A quarter of the bar containing 12 twenty-node elements as
used for the FE-calculatlons.
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The dimensions and the E value (Tables 111.3.1.4, 111.3.1.5 and 111.3.1.7)
of the test samples from the laboratory experiments were used as Input
data for the FEA. A displacement was prescribed at the nodes Α, θ and С
The value of this displacement corresponds with the deflection at the
onset of fracture of the material, as Indicated in Tables ΙΙΙ.3.Μ and
111.3.1.5. The nodes at the supporting area of the bar (Χ, Y and Z) were
fixed. Gap-link elements (Marc, 1984) were also applied at the load
application area at the nodes A, B, and С and at the supporting area. The
value of the Poissons ratio (v) was 0.3 ·.
3.1.5.3. Results and Discussion
The results of the FEA were focused on the principal stresses, the
normal and shear stresses, the nodal reaction forces and the nodal
displacements. In Table 111.3.1.9 the results are presented of the sum of
the principal stresses and the six components of the Cauchy stress
tensor in six Integration points In the lower fibres of the beam (See Fig.
III.3.I.4A). The stress components are with respect to the coordinate
system which is shown in Fig. 111.3.1.7. From this Table it is clear that
for this experimental condition a unl-axtal stress state situation Is
obtained.
The stress situation of a bended beam with an orientation as shown in
Fig. 111.3.1.4B Is given In Table 111.3.1.10. It should be noticed, that this is
not the stress state at the onset of fracture. The stress situation in the
lower fibres of the beam is no longer unl-axlal, but bl-axlal in nature,
1

The Influence of different values of v, between 0.2 and 0.4 with Intervals of 0.05, on the
FEA was Investigate! This Influence Is graphically depicted In Fig. 111.3.1.6. The stiffness of
the ematgam beam Is plotted as a function of v. From Fla НІ.З. Ι .β It is clear that the deviation
of the stiffness, when the value of ν differs from 0.2 to 0.4, Is only 1 %, Indicating that within
this range the choice of ν has no Important Influence on the FEA results.
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Indicated by σΧχ and Oyy. This means that, for the calculation of the
transverse strength of amalgam, In the Investigations of Mahler and
Mltchem (1964), Crulckshanks (19Θ3) and Bryant and Mahler (19Θ6), the
simple beam theory Is applied to a situation where no unl-axlal stress
situation exists.
Table 111.3.1.9: The six components of Cauchy stress tensor and the sum
of the principal stresses (dot) In N/mm2 In six Integration
points, concerning a beam with an orientation as repre
sented In Flg. 111.3.1.4A.

Οχχ

-0.1795
-0.0888
-0.0694
-0.3570
-0.3209
-0.4011

Oyy

77.64
77.67
77.61
77.44
77.33
77.05

Ü2Z

-0.0416
-0.0777
-0.0578
-0.0064
0.1983
0.1813

Oxy

Oyz

0.0452
0.1887
0.3301
0.3713
0.4964
0.6207

Οχζ

otot

0.9812 -0.0500 77.42
1.0047 0.1039 77.66
1.0498 0.2523 77.60
1.0943 0.0490 77.09
1.2081 0.1868 77.21
1.3493 0.3255 76.83

Table 111.3.1.10: The stress situation In six Integration points In a beam
with an orientation as represented In Flg. III.3.1.4B.

Οχχ

Oyy

3.80
3.40
2.88
1.87
0.99
1.22

16.20
15.86
15.47
14.89
14.27
13.73

Ozz

-0.1124
-0.0724
0.0300
-0.1590
-0.0480
0.0600

Oxy

Оуг

-0.0352
-0.0816
-0.1206
-0.1497
-0.1432
-0.1001

0.0212
0.0359
0.1640
0.2875
0.1175
0.1049

Οχζ

0.3271
0.3430
0.2687
0.1847
0.0553
0.0320

These results show that, the first described experimental condition,
which was used In our tests, has to be prefered for the evaluation of the
stress situation In the lower layers of a beam, which Is subjected to a
three-point bending test.
Table III.3.1.I1 gives the results of the highest value of the tensile
stresses, for the experimental conditions as used In our tests,
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respectively for each beam and alloy type. These stresses are calculated
by extrapolation of the stresses calculated In the Integration points,
which are located In the area of the middle and lower layers of the beam.
Tlmoshenko's "exact" beam theory (Timoshenko, 1968) was used to
perform the extrapolation. It should be noticed that this theory Is only
valid for the experimental condition of a beam as represented In Fig.
III.3.1.4A.
Table M 1.3.1.11: The highest tensile stresses (OQ per alloy In the lower
fibres of each of the tested beams.
Dispersal loy

Tytln

Specimen

σι

ot

1
2
3
4
5
6
7
8
9

110.9
122.5
1141
117.3
118.6

160.2
153.8
180.6
165.6
151.3
153.3
178.8
155.1
152.6

Mean

131.8
93.2
115.5

161.2

However, when a beam with dimensions S = 16.9 mm, В - 1.88 mm, W 0.5 Is fractured In bending, the bending strength Is approximately A %
higher than the highest tensile stress. Particularly:
ut-0.958 Ob

(3.18)

where ot Is the maximum tensile stress and o\¡ is the bending strength,
determined by equation (3.12). This means that the results of Table
111.3.1.6 should be multlpllcated by a correction factor of 0.958. From
Table III.3.1.11 It can be derived that the mean tensile stress (a\) differs
only 2.5 % from the mean bending strength (0.958 оь) as given In Table
111.3.1.6.
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3.1.5.4. Conclusion
- When a beam with dimensions S - 16.9 mm, В - 1.88 mm and W - 4.05
Is fractured under bending conditions, the bending strength Is approxi
mately 4 % higher than the highest tensile stress in the middle and
lower layers of that beam, as was indicated by the exact beam theory
(Tlmoshenko, 1968).
- In the lower region of the beam, the FEA-calculatlons of the tensile
stresses (aO are equal to the so-called "exact" stresses (0.958 оь).
They differ only 2.5 %.
- The experimental set-up as shown in Fig. III3.1.4A Is the one that leads
to a unl-axlal stress state, whereas the other experimental set-up
(Fig. 111.3.1.4B) leads to a bl-axlal stress state.
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3.2. Compressive strength of dental amalgam
3.2.1. Definition
In an axial compression test the specimens, having either a cubical or a
cylindrical shape, are placed between the two plane surfaces of a testing
machine and loaded until fracture takes place (Fig. 111.3.2.1).

Fig. 111.3.2.1: A schematic representation of a compressive strength test.
The compressive strength (C) Is calculated from the original crosssectional area of the sample and the maximum applied force according to
the following equation:
Maximum force
(3.19)
Cross-sectional area
Table 111.3.2.1 gives some values derived from the literature for the
compressive strength of 7 days old Dlspersalloy and Tytln amalgam.
3.2.2. Compressive strength testing
Six amalgam specimens were prepared as cylinders 4 mm In diameter
and 10 mm In length, following both the manufacturer's Instructions and
the testing procedures according to ADA Specification No.l. The amalgam
alloys used for these tests are the same as used in the transverse tests.
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Table 111.3.2.1 : Compressive strength of 7 days old amalgam.

Prtrtirt

Samples
N

Loading rate Oompr. Strength
(N/mm2)
(mm/mln)

Literature
Referen»

Dispersal toy

422.0

Ostarne et al. 1974

Dispersal ley
Tytln

444.7
534.4

EamesandMacNamara
1976

0.5

438.2

Lelnfeldaretal. 1978

10
20
10
20

0.05
0.2
0.05
0.2

339.7
387.0
442.7
515.5

MelhotraandAsgar
1978

Dlspersalloy
Tytln

6
6

0.51
0.51

424.0
499.9

Rhodes et al. 1979

Dispersal lu/

4

1

353.0

Berge 1982

0.5

499.2

Johnson 1985

0.5

425

Holland 1985

Dlspersalloy
Dispersal toy
Tytln

Dlspersallcy
Dlspersalloy

5

Dispersal loy. Johnson & Johnson, Eest W1 ndsor, USA
Tytln: SS White, Philadelphia, USA
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Flg. 111.3.2.2 shows the mold used for the fabrication of the samples. The
amalgams, pre-capsulated, were triturated In a mechanical amalgamator
(Sllamat, Vlvadent Schaan Liechtenstein). The trituration time (sec.)
corresponded with the recommendations of the manufacturer.
Both ends of the specimens were wet ground, using grit paper size No.
800. The length of each sample was measured to the nearest 0.01 mm
using a micrometer. The samples were stored In air at 37 0C for 7 days
prior to mechanical testing. The specimens were fractured using an
Instron Universal Testing Machine, with a cross-head speed of 0.5
mm/mla Load-deformation curves were recorded. The highest point on
the linear region of these curves was defined as the fracture load.

a. amalgam specimen
b. holder
с spacer
Idle
e. spacer
f. plunger
g. plunger

Fig. 111.3.2.2: Schematic representation of the mold, used for the fabrica
tion of compressive testing samples.
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3.2.3. Results and Discussion
The results of the compressive strength tests are presented In Table
111.3.2.2. For each alloy, the mean value as well as the standard deviation
Is given. Alloy D showed a mean value of 406 N/mm2, whereas alloy Τ
469 N/mm2.
The results of the compressive tests are within the range of previously
published results for the alloys tested (Table 111.3.2.1). This has to be
expected, because the experimental conditions between the different
Investigations are almost similar. However, It should be noticed that the
differences in values In Table III.3.2.I are especially ascribed to the
differences In loading rates. Indeed, Caul et al. (1963) and Mahler and
Mltchem (1964) demonstrated the Influence of the rate of loading on the
compressive strength results: the higher the rate of loading, the higher
the compressive strengths.
Table 111.3.2.2: Seven days compressive strength (N/mm2)

Material

Individual results

Mean

Dlspersalloy

407

390

429 390

410 410

406(15)

Tytln

449

468

468 453

507 469

469(21)

Figures In parentheses Indicate standard deviations.

3.2.4. Finite element calculations
3.2.4.1. Introduction
In compressing the specimens between the plane surfaces of a testing
machine the stress Is not uniformly distributed over the cross-section,
even If the surfaces are In perfect contact and the load Is centrally
applied (Sander et al., 1986). This Is caused by a friction force acting
between the ends of the cyllndrlc specimen and the plane surfaces of the
testing machine. As a result of this friction the cross-section of the
amalgam cylinder does not Increase at both ends of the sample as much
as It does In between. The deformation of the cylinder Is not uniform and
neither can a uniform stress distribution be obtained at the ends of the
specimen. A barrel-shaped test specimen Is obtained during compression.
The adverse effect of the friction can be decreased by applying an oil or a
foil between the specimen and the surfaces of the testing machine.
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The purpose of this study was to examine the stress distribution
within an amalgam cylinder which Is subjected to a compressive force,
In order to know what the relation Is between compressive strength
(Table 111.3.2.2) and the stress obtained at the onset of fracture. Two
experimental conditions were considered. More specifically, the situation
with ("Ideal" fixed) and without ("ideal" free) Incorporation of the
friction force.
3.2.42. Materials and Method
The FEM was used for the examination of the stress distribution within
an amalgam cylinder under compression. The FE model consisted of 30
elght-noded axlsymmetrlc elements. The dimensions of the cylinder were
In accordance with the samples used In the laboratory experiments, being
approximately 10 mm long and 4 mm In diameter.
Specific values for the material properties were assigned to the model.
More specifically, E - 28000 N/mm2 and 35000 N/mm2, respectively for
Dlspersalloy and Tytln and ν - 0.3. At the top of the model a uniform
displacement of 0.15 mm was prescribed. The magnitude of this
displacement, corresponding with the deformation of the amalgam
samples at the moment of fracture under compression, was based on the
results of the previous described laboratory experiments. The material
(amalgam) was assumed to be Isotropic, homogeneous and linear elastic.
Principal and normal stresses, reaction forces and nodal displacements
were calculated, for two experimental conditions, being the "Ideal" free
and "Ideal" fixed situation respectively.
3.2.43. Results and Discussion
Fig. 111.3.2.3 shows the stress state situation for the "Ideal" fixed
situation, within an amalgam cylinder, subjected to a compressive load,
respectively for Dlspersalloy and Tytln. V-3J2' is plotted as a function of
Ji. Point A represents the highest stress situation, which Is Indicated at
the ends and the circumferential surface of the cylinder. The unl-axlal
and the lower stress situation, Indicated by the arrow on Fig. 111.3.2.3 is
situated In the center of the cylinder. The highest compressive stresses
for the "Ideal" fixed situation are schematically Illustrated tn Fig.
111.3.2.4 by the dotted line. Fig. 111.3.2.4 shows also that at the onset of
fracture, the material at the sides of the amalgam cylinder does
desintégrate, as a result of the location of the highest stresses In the
middle and the both ends of the specimen. Though, with the FEA the
highest stress concentrations In the cylinder can be Indicated, It Is
difficult to detect the point of fracture under laboratory conditions,
because of the complexity of the fracture.
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Flg. Il 1.3.2.3:

(N/mm2)

-зЗг" Is plotted as a function of the sum of the principal
stresses (Ji), respectively for DIspersalloy and Tytln.
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Fig. 111.3.2.4: A schematic representation of the highest compressive
stresses In a compressed cylinder at the moment of
fracture, Indicated by the dotted line.
3.2.4.4. Conclusion
The stress situation In a cylinder, which Is subjected along its longaxis to a compressive load, Is very complex. Because of this complicated
stress distribution It Is difficult to predict at which point In the
amalgam cylinder the fracture Is Initiated. However, considering the
"Ideal" fixed situation, the highest stresses were found at the ends of the
specimen.
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3.3. The determination of the failure surface of the MVM and
DP failure criteria.
The main purpose of the previously described laboratory and FEstudles was to obtain Information on compressive and tensile strength of
amalgam, In order to be able to develop a failure criterion for amalgam. A
choice was made for the Modified Von Mises and the Drücker-Prager
criterion, as was described In the beginning of this chapter. Besides the
determination of the compressive and tensile strength, the ratio between
these two properties or к In equation (3.10) and (3.11) has to be
calculated. However, the maximal tensile stresses In a test sample,
obtained In a three point bending experiment, are usually higher than
from a pure unl-axlal tensile test. Therefore, when the previously
described tensile stresses will be used for the determination of the
maximal tensile stress of dental amalgam, a correction has to be made.
The calculation of this corrected tensile stress proceeds as follows:
For a bar under a unl-axlal tensile stress test and a three point bending
test, assuming a volume distribution of flaws and similarity of sample
magnitude and shape, the relative mean strengths are as follows:
Peralto .
1
Obending
(2(m4)2)l/m

(

320)

where m Is known as the Welbull modulus (Welbull, 1951). The Welbull
analysis Is often used for the calculation of the fracture probability as a
function of the applied stress (Davldge, 19Θ4- Me Cabe and Carrlck,
1986). This modulus Is a measure for the scatter of the strength values:
m Increases with decreasing variability In strength.
From (3.20) the following equation can be derived:
σ

otereile

.

дмкііпд—
(2( т ч)2)1/т

(

321)
{o¿ii

Assuming that the Welbull modulus Is the same for the bend and
compressive test, the value of m can be determined from the following
relation:
in (In (fip) ) « m In (σ)

(3.22)

where Ρ = n/N+1 (n Is the ranking number of the specimen, N Is the total
number of the samples Investigated) and σ Is the corresponding
compressive strength. The specimens are ranked by calling the weakest
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specimen rank 1 and the strongest rank N. Fig. 111.3.2.5 shows a plot of
the fracture probability against the stress, respectively applied on the
compressive strength results of alloy D and T. From this Figure It can be
estimated using a linear regression that m =• 23.8 and 18.7, respectively
for alloy D and T. Therefore, with respect to alloy 0 when m - 23.8 and
(Tbending = 45.5 N/mm? as obtained from the FEA-calculatlons of the
transverse strength test, the otensiie = 85.66 N/mm2 as calculated from
equation (3.21).
When:
k-^

(3.23)

where Oc Is the compressive strength and ot Is the tensile strength, and
knowing that the mean compressive strength for alloy D - 406 N/mm2, it
can be derived that:
406
85.66

4.7

For Tytln the results are as follows:
m - 18.7 and Ob = 161.2 N/mm2. Substitution of the data In equation
(3.21 ) result In a ot = 112.9 N/mm2. As the mean compressive strength of
alloy Τ - 4 6 9 N/mm2:
14

112.9

4.2

Finally, In Fig. 111.3.2.6 the situation of maximum compressive stress
state (Point A), unl-axlal compressive stress state (Arrow) and
maximum tensile stress state situation (Point B) are depicted alltogether, for Dispersalloy and Tytln respectively. -зЗг" Is plotted as a
function of J\. Fig. 111.3.2.6 gives also a two-dimensional graphical
representation of the MVM ( — ) and DP ( — ) failure criteria. More
specifically, the stress state which Is lying Inside this surface,
represents the stress situation when the material does not fall, as was
explained In the beginning of this chapter. Outside of the surface, the
stress state corresponds with a situation which the material cannot
withstand, in other words the material falls. Table 111.3.2.3. shows the
critical stress (ом м and opp) for Dlspersalloy and Tytln.
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In In (1/1-Ρ)

5.96

5.98

6.00

6.02

6.04

6.06

6.08

Ιη(σ)

In In (1/1-Ρ)

6.10

6.15

6.20

6.25

In (α)
Flg. 111.3.2.5: Compressive strength data for Dlspersalloy and Tytin con
forming to Welbull statistics.
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Flg. III.3.2.6: yJ-ZJz' Is plotted as a function of the sum of the principal
stresses (J|)and the failure surface according to MVM
( — ) and DP ( — ) for DIspersalloy and Tytla (A-maximum
compressive stress state, B-maxImum tensile stress state,
arrow-unl-axial compressive stress situation).
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Table 111.3.2.3: The critical stress (оц м and σρρ) for Dlspersalloy and
Tytln respectively.
Dlspersalloy

Tytln

ом м (N/mm2)

85.66

112.9

ODp(N/mm2)

85.66

112.9

This Information, concerning the stress situation of amalgam at the
onset of fracture as a result of a compressive and bending force, will be
used for the Interpretation of the stress distribution In the Isthmus
region of an amalgam restoration, which Is subjected to a certain load
application.
111.4. Summary.
A laboratory three-point bending test and a compression test, in
combination with FEA-calculatlons, were used for the determination of
the maximum tensile and compressive strength of Dlspersalloy and Tytln.
From this combination. It was also suggested that the determination of
strength properties of amalgam Is not so evident, as Is often suggested
In the literature In various laboratory studies. The results of this study
show that the critical stress of OMYM and ODP - 85.66 N/mm2 and 112.9
N/mm2 for Dlspersalloy and Tytln respectively.
Until today, In dental biomechanica! studies the Von Mises criterion
was used for the interpretation of a stress state situation. In this study
two criteria, which have the possibility to account for the ratio of
compressive and tensile strength, were presented.
Both of these two parameter criteria with the Information concerning
the maximal strengths of the two amalgam alloys, will be used for the
interpretation of the stress distribution In the Isthmus of a distoocclusal amalgam restoration which Is subjected to a certain load
application.
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CHAPTER IV

A FINITE ELEMENT APPROACH OF BULK FRACTURE OF AMALGAM
RESTORATIONS

I V.l. Introduction
Fracture of an amalgam restoration occurs when the Internal stresses
resulting from an external load, reach a magnitude which can no longer be
withstood by the restorative material. To predict the occurrence of these
fractures, a study of the stresses Is essential. The finite element method
(FEM) Is chosen for the evaluation of the mechanical behaviour. The
purpose of this stress analysis Is to examine type and magnitude of the
stresses In a two-surface amalgam restoration In a mandibular second
premolar, as a result of a certain load applied. The Information
concerning the strength properties of amalgam In combination with a
failure criterion (MVM and DP) (Chapter 3) will be used to Interpret the
results. Finally, the stress calculations will be used to formulate
recommendations In preventing bulk fracture of amalgam restorations.
A short description of the used investigation method (FEM), the threedimensional modeling and the results of the stress analyses will be
successively presented and discussed.
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IV.2 Method of Investigation (FEM)
In general, the mechanical behaviour of restored teeth can be studied In
two different ways. Experimental methods or mathematical methods can
be used (Brekelmans and Poort, 1973; Poort and Peters, Ι9Θ2).
An experimental method which is often applied in dentistry, Is the
photo-elastic method (РЕМ) (Granath ,1963 a,b; 1964 a, b, e; Craig et al.,
1967; Farah 1972, Hood et al., 1975; Sutherland et al., Ι9Θ0; Irvln et al.,
1985). Photoelastlc stress analysis consists of the examination of
stressed, double refracting, plastic models In a field of polarized light.
The theoretical background and the method of conducting the РЕМ are
described In detail by Granath ( 1963a).
In mathematical methods the characteristics of the system to be
studied are described in terms of mathematical equations. An example of
such a mathematical method, which Is now extensively used, Is the finite
element method (FEM). The application of this technique Is widely used
not only In aerospace and civil engineering, but has also proven to be
effective In research on dental blomechanlcal problems (Tresher and
Salto, 1973; Farah et al, 1974; 1975; Peters and Poort, 1983; Splerlngs
et al., 1984). The basic theory behind the FEM Is given by, e.g.,
Zlenklewlcz (1977). A comparative study of the two methods (РЕМ and
FEM), used for the analysis of the mechanical behaviour of dental
structures and constructions, has been made by de Vree et al. (1983).
Essentially, the FEM Is a numerical approximation method, reducing the
physical reality of, e.g., a human tooth under load Into a mathematical
model. Such a model should give an adequate description of that real
tooth. Since the sixties this method became more In use than the РЕМ,
mainly because by using a computer very complex problems can be solved.
It is because of this combination that the FEM Is often considered as a
specific computer-based method. Basically this Is Incorrect. However,
using a computer It is possible to establish and solve algebraic equations
for complex systems In a very effective way.
In the FEM, the schematlcal representation of a real object Is essential.
The basic concept is the Idealization of the actual structure as an
assemblage of a finite number of discrete structural elements,
Interconnected at a finite number of points or nodal points. These
elements can have simple forms such as triangles or squares for a twodimensional model and tetrahedrons or prisms for a three-dimensional
model. The magnitude and the shape of the elements can be chosen In such
a way, that objects with a very irregular geometry can be described at
any level of accuracy. It should be emphasized that an element entails not
only geometrical concepts such as an area or a volume but also a
collection of mathematical functions. These functions, which can be
linear, quadratic, etc
approximate In the FEM quantities such as
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displacements. Physical properties are assigned to the elements and can
differ from one element to another. The mechanical behaviour of the
whole structure Is described by a number of mathematical equations. The
formulation and the solution of these mathematical equations takes place
with the aid of a computer. Strains and stresses can be calculated.
The following information Is needed for the calculation of the stresses:
A. Geometry
-

The coordinates of each nodal point,
The total number of the nodal points,
The total number of the elements,
A numbering system Identifying each nodal point,
A numbering system Identifying each element,
The connectivity of the elements In order to define the shape of
the model.

B. Materials properties
Quantities which characterize the material behaviour, such as
Young's modulus and Polsson's ratio, are associated with each
element.
С Boundary conditions
Once this Information Is specified, the displacements as well as
the stresses can be calculated.
As a result, the following numerical data are obtained:
- the displacements of each nodal point,
- the strains within each element,
- the stresses within each element,
- the principal stresses within each element.
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IV.3. A simulation model for stress analysis of a restored tooth
3.1. The three-dimensional model
3.1.1. Introduction
The complex system of a tooth with a Class 2 amalgam restoration in
combination with an occlusal load application can be described In an
approximate way by a mathematical model. In such a mathematical
model, which describes properly that part of the reality In which we are
specifically Interested, the following steps can be distinguished:
- The description of the shape and the division of the shape Into
elements (mesh division).
- The specification of the boundary conditions and the suppression of
certain degrees of freedom In some nodal points.
- The specification of the material properties of the composing parts,
such as the modulus of elasticity (E) and the Polsson's ratio (v).
- The Initial conditions of the system If this has an Influence on the
stress calculations.
The various steps In the development of a mathematical model to the
production of numbers using a computer are given In the following
scheme:
REALITY
*
FIRST SIMPLIFICATION
\
MODEL DESCRIBED BY
LAWS OF PHYSICS
\
SECOND SIMPLIFICATION

•

MODEL SUITABLE FOR
NUMERICAL ANALYSIS

I

FE-PROGRAM
RESULTS
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In order to facilitate following discussions of mechanical aspects and
procedures it seems desirable to describe Initially some fundamental
factors Involved In the construction of a complex 3-D model.
Successively, the schematica! representation of the model, the choice of
the elementtype, the boundary conditions and the material properties
will be described.
3.1.2. The schematic representation
The first step Is to describe the shape of a mandibular second premolar
(MSP) with a dlsto-occlusal (DO) amalgam restoration and to divide this
shape into elements (mesh creation). The following steps were carried
out:
- Six times enlarged plaster tooth models with and without a DO cavity
were prepared for the determination of the shape of the MSP and the
restoration (Fig. IV.3.1). The dimensions of this tooth were based on the
data as reported by Kraus et al. (1969). Concerning the dimensions of the
cavity preparation, a choice was made for a 'conservative " class II
cavity with an Isthmus width of one quarter of the bucco-llngual
Intercuspal distance. The depth of the cavity is considered to be 1.5 mm.
This depth Is measured from the occlusal central fossa to the floor of
the cavity.
- On both models strategic Important locations were indicated, 14 points
altogether. These points were used to describe the shape of tooth and the
cavity.
- A three-dimensional measuring apparatus was used In order to obtain
the positions of these 74 points.
- As a FE model is an assemblage of a finite number of elements, a choice
was made for the so-called 20-node brick element, a three-dimensional
element, which contains 20 nodes. In the next paragraph more details of
this element are presented.
The different materials such as the enamel, the dentin and amalgam
(the restoration), all are Incorporated In the model. In view of the aim of
this study and the complexity of the model, the pulp and the root were
not Included. The Incorporation of the root Into the model will not give
supplementary Information relevant to the aim of this study.
Finally, It should be mentioned that the interfaces between enamel and
dentin are Interconnected In the nodal points.
A 3-D mesh, containing 164 twenty-node brick elements and 76Θ nodal
points, was obtained. The enamel Included 63 elements, the dentin 87 and
the restoration 14 elements. Figs. IV.3.2 and IV.3.3 show the results of
this schematlcal representation. Fig. IV.3.2 shows the 3-D mesh of the
restored MSP and that of the DO amalgam restoration. The results of the
computer representation using different viewpoints are presented In Fig.
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Flg. IV.3.1: A bucco-occlusal view of the six times enlarged plaster tooth
model of a mandibular second premolar used for the construction of the three-dimensional mesh.

Fig. IV.3.2: The three-dimensional mesh of the restored tooth and the
restoration.
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IV.3.3. Finally, a picture of the mesh of the cavity preparation without
restoration Is Illustrated In Fig. IV.3.4.
3.1.3. The 20-node brick element
This element Is an Isoparametric, three-dimensional block. Each edge
forms a parabola, so that θ nodes define the corners of the element and a
further 12 nodes define the position of the mid-point of each edge (Fig.
IV.3.5). Eight comerpolnts and 12 mtd-polnts give a total of 20 nodes. It
Is an element for three-dimensional stress analysis. The geometry of the
element Is Interpolated from the Cartesian coordinates of the 20 nodes.
This element may be reduced as far as a wedge or a tetrahedron (Fig.
IV.3.6). Finally, It should be mentioned that for analysis with the FEprogram, the element Is Integrated numerically using 27 Integrationpoints (Fig. IV.3.7). The stresses, given by the computer output, are those
which are calculated In the 27 Integration points In each element.
3.1.4 Material properties
As previously described, the various materials of the model used In the
actual study are assumed to be linear-elastic, homogeneous and
Isotropic. The material constants (E and v) used In this Investigation are
shown In Table IV.3.1. The data for enamel and dentin were taken from
the literature as gathered and evaluated by Peters (1981). The
determination of the value of E for amalgam as well as the choice for the
magnitude of ν are described In chapter 3 of this thesis.

Table IV.3.1 : Material properties of the materials used In this study.

MATERIAL

Enamel
Dentin
Amalgam
DIspersalloy
Tytin

PROPERTIES
Ε
(l03N/mm2)

v
(-)

50.000
13.000

0.3
0.3

28.000
35.000

0.3
0.3
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Flg. IV.3.3: A bucco-occlusal (A), lingual (В), distal (С) and occlusal (D)
view of the three-dimensional mesh.
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enamel
dentin

Flg. IV.3.4 The three-dimensional mesh of the tooth with a dlstoocclusal cavity preparation.

Fig. IV.3.5: Two different forms of the 20-node brick element.
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Flg. IV.3.6: The 20-node brlck dement reduced Into a wedge (A) and Into a
tetrahedron (B).

Fig. IV.3.7: The position of the 27 integration points of the 20-node brick
element, In which the stresses and the strains are calculated
by the FE program.
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3.1.5. Interface conditions
In the model as described a perfect bonding between enamel and dentin
Is present. This corresponds with the actual situation. As far as the
Interface between amalgam and the cavity wall Is concerned two
possible situations will be considered:

1. a perfect bonding,
2. no bonding and frlctlonless sliding.
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IV.4. A study on the Influence of the amalgam-tooth Interface
on the stress distribution In the Isthmus region.
41. Introduction
It Is well-known that the Interface between an amalgam restoration
and the cavity wall Is very Irregular. Dental amalgam is unable to bond to
tooth structure. The adaptation or contact between amalgam and tooth
tissue depends on many factors of which condensing of the amalgam Into
the cavity preparation appears to be the most Important (Symons et al.,
1987). It was suggested that by a good manipulation of the amalgam the
interface can be less than 5 μτη thick.
Peters and Poort (1983) demonstrated for an axlsymmetrlc finite
element model of a lower molar that changes In the amalgam-tooth
Interface situation resulted In significant changes In the stress
distribution. More specifically, if a perfect bonding Is assumed between
amalgam and the cavity wall a considerable reduction of the stresses
occurs.
Therefore, It was decided to examine the Influence of the Interface
condition on the stress distribution in the Isthmus region of a twosurface Idealized amalgam restoration. Two load situations were
considered.
4.2. Material and method
A three-dimensional (3-D) model of an Idealized dlsto-occlusal (DO)
amalgam restoration was constructed. A simplification was made of the
model of the restoration described in paragraph IV.3. of this thesis. Fig.
IV.4.1A shows a picture of the 3-D mesh of the model. For reasons of
symmetry the modeling and the FEA-calculatlons can be restricted to one
half of the model, which is Indicated In Fig. IV.4.IB. The number of
twenty-node brick elements was 8. The general dimensions of the model
remained unchanged compared with the original. However, the vertical
walls were perpendicular to the cavity floor, not Incorporating any
convergence.
Amalgam was considered to be linear-elastic, isotropic and
homogeneous. The values of the material properties of amalgam were
those of Dispersalloy: E * 28000 N/mm2 and ν - 0.3. To make the analysis
as simple as possible, It was assumed that the surrounding tooth
structure was rigid.
An axial and a horizontal point load, which corresponds with 1 N in
reality, was applied on the marginal ridge of the restoration, as
Indicated by the two arrows In Fig. IV.4. IB.
The Influence of two different Interface designs was Investigated:

Flg. IV.4.1: The 3-D mesh of the Idealized two-surface amalgam restoration (A, B, C, and D are 4 Integration points for which the stresses are shown). The directions In which the loads were
applied are indicated by arrows.

œ
(д)

Э4

1. Perfect bonding was assumed between the restoration and the vicinity
(tooth tissue In reality).
2. The restoration and the surrounding tooth tissue were not bonded to
each other, and able to slide frlctlonless with respect to each other.
For the schematic representation of this situation, gap-link elements
were added to the nodes on the vertical walls and the floor of the
restoration (Fig. IV.4.2). Fig. IV.4.2 shows a two-dimensional repre
sentation of the restoration and the rigid tooth. For reasons of clarity
the gap Is extremely enlarged depicted. In reality It Is Infinitísima!
small. Sliding between the restoration and the tooth is possible In the
model.

Fig. IV.42: A two-dimensional view of the FE-mesh of the restoration
and the rigid tooth.
To study the Influence of the Interface conditions the stresses within
the restoration were calculated for each of the Interface types.
Moreover, vertical and horizontal loads were considered. Special
attention was paid to the equivalent stresses according to the modified
Von Mises (ohvn) and the Drücker-Prager criterion (obp) and to the second
component of the Cauchy stress tensor (Oyy), respectively for each
Interface model. This stress component (Oyy) corresponds with the
normal stresses, which are directed perpendicular to the vertical plane
through the Isthmus.
43. Results and Discussion
Attention was focused on the Isthmus region. It was found that the
magnitude of the stresses were highest at the occlusal surface. At the
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bottom of the restoration the magnitude of the stresses became
negligible In all the models. Additionally, It can be stated that the
stresses were also highest towards the Interface rather than within the
structure. Therefore, the results are presented In only 4 Integration
points (Points А, В, С and D of Fig. I VA IB).
Fig. IV.4.3 shows the results of the stresses (Oeq and Oyy) as a function
of the distance from the smallest part of the Isthmus, Indicated by the
vertical dotted line, when a vertical load Is applied on the marginal
ridge. The Oeq according to the Modified Von Mises and Drücker-Prager
criterion and Oyy In the four aforementioned Integration points are
presented for the two Interface conditions. From the Figs. IV.4.3 and
IV.4.4 It follows that the situation of a no bonding interface gives rise to
much higher stresses (three to ten times) when compared with the
situation of the bonded Interface. Therefore, It was decided to model the
interface between restoration and tooth of the actual Class II
restoration as a no bonding one.
4.4. Conclusion
For the loading conditions as described above. It can be concluded that,
when amalgam and tooth tissue are considered to be "no bonding" to each
other, a significant increase of all the stresses In the Isthmus region
will occur.
As the stresses were the highest at the surface and near the Interface
between restoration and surrounding tooth tissue, the Influence of the
Interface Is considerably In this region of the restoration.
Hence, the results of this study demonstrate that, using a FE-model for
the evaluation of the magnitude and distribution of the stresses in the
Isthmus region of an amalgam restoration, a correct simulation of the
Interface condition between amalgam and tooth tissue Is necessary to
approximate the clinical situation more realistically.

9Ö

IV.S. Stress analysis In the Isthmus region.
5.1. Introduction
In the past, several biomechanica! Investigations, using the
photoelastlc method or the finite element method (FEM), have been
undertaken to gain more Insight Into the influence of the design of the
cavity preparation or restoration on the stress distribution In amalgam
restorations (Hasklns et al., 1954; Mahler, 1958a and b; Guard, 1958;
Granath and Edlund, 1968; Johnson, 1968; Peters and Poort, 1983;
Williams et al., 1987). The following general conclusions can be drawn
from these studies:
- Potentially deleterious tensile stresses occur In the Isthmus region of
the restoration under any type of loading (Mahler 1958a and b; Granath
and Edlund, 1968).
- Stresses Increase closer to the surface of the restoration (Mahler
1958a and b; Williams et al., 1987).
- Rounding Internal line angles of the cavity preparation, Including the
axlo-pulpal line angle, show the most favourable stress distribution,
as compared to sharp line angles (Hasklns et al., 1954; Guard, 1958;
Johnson, 1968; Granath and Edlund, 1968).
- Considering a certain load situation, the interface condition between
the restoration and tooth structure seems to have an Important Influence on the stress distribution within the restoration (Peters and
Poort, 1983).
From these conclusions It appears that Information concerning the
magnitude and type of the stress situation In the region of the Isthmus
of the restoration Is lacking. Furthermore, until now simplified models,
such as two-dimensional models, have been used for the analyses of the
stress state In amalgam restorations. However, isthmus fracture is a
three-dimensional problem.
Therefore, the aim of this Investigation Is to study the 3-D stress
distribution In the region of the Isthmus of a DO amalgam restoration on
a MSP, given a certain cavity design and load situation. The reason for
using this type of restoration and tooth was based on the results as
described In Chapter 2.
5.2. Materials and method
The 3-D FE-model, Including the description of the material properties,
used for this study, was described previously In this Chapter.
The remaining research time taking Into account as well as considering
that Dlspersalloy Is not as strong as Tytln, It was decided to restrict the
examination to one amalgam alloy, namely Dlspersalloy.
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A "perfect bonding" and a "no bonding" situation between the
restoration and the cavity wall were considered. The "no bonding"
situation Is realized by Incorporating gap elements between these two
materials.
The representation of the cemento-enamel Junction of the theoretical
model was supposed to be fixed.
Finally, it should be noticed that no results of stress analysis will be
presented for the adjacent materials, being enamel and dentin, since in
this study we are only Interested In the stress situation in the amalgam
isthmus region.
5.3. Results
For the presentation of the results of the stress analyses the following
stresses will be presented:
I. The normal and shear stresses:
These stresses are presented for the plane formed by the nodes x, y, ζ
andw(Flg.lV.5.1).

Fig. IV.5.1: A picture of the DO restoration with the shaded plane x, y, ζ
and w, for which the normal and shear stresses were calcu
lated. The two straight lines, Indicated on the marginal
ridge, represent the direction of the vertical and horizontal
load application, φ Is the angle under which a load 6 Is ap
plied.
The two straight lines, Indicated on the marginal ridge In Fig. IV.5.1
represent the direction of the two load applications.
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The normal stress (ση) has been calculated by the formula:
T

On"U . (<*· U>

< 4 , )

In which u Is the normal to the shaded plane In Fig. IV.5.1, and σ Is the
stress matrix. Calculation of the shear stress (os) was done using the
following equation:
Оз-л/ш.цііг - On2

(42)

In Figs. IV.5.2, IV.5.3, IV.5.4 and IV.5.5 the normal On and shear σ$
stresses acting on the plane x, y, ζ and w are presented. Figs. IV.5.2 and
IV.5.3 show the results of the ση and 0$ per unit load in six points along
the Unes Α-B, C-0 and Ε-F of the plane x, y, ζ and w when a vertical
load Is applied on the marginal ridge of the restoration. This restoration
Is assumed to be either "perfect bonding" or "no bonding" to the
surrounding tooth tissue. Figs. IV.5.4 and IV.5.5 give the On and 03 when a
horizontal load Is applied. In both load situations a remarkable
Increase of the stresses In amalgam was obtained when the "no bonding"
amalgam-tooth Interface was considered. Furthermore, the highest
normal stresses were found buccal ly and occlusal ly (along line Α-B) for
the "no bonding" Interface condition. For the vertical load the maximum
normal and shear stresses are respectively 0.29 I/mm2 and 0.17 I/mm2
per unit load. For the horizontal load these values are 0.75 1/mm2 and
0.27 1 /mm2 respectively.
2. Equivalent stresses:
Two failure criteria according to Modified Von Mises and DrückerPrager were used for the determination of the equivalent stresses (Oeq)
(Chapter 3):
The Drücker-Prager equivalent stress (ОЬР):
POP

k-1
k+l r —
" Ц Т J l * "ik" ^'^2'

and the Modified Von Mises equivalent stress (он п)

( 4 3 )
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where к Is the ratio of the compressive and tensile strength, Ji Is the
first Invariant of the stress tensor
j j χ a\ * 02 • 03,

(4.5)

σι, 02 and оз are the principal stresses and J? Is the second Invariant of
the deviatone stress tensor
J2' - -1 /6 ((Ol - 02)2 • (02 - 03)2 • (03 - Ol )2)

(46)

Because of the great amount of FE results, It was necessary to make a
selection for presentation of the most relevant equivalent stresses in
the isthmus region. Equivalent stresses at various points In the isthmus
region, along the buccal wall of the restoration were chosen (Flg. IV.5.6).

Fig. IV.5.6·. The 12 points along the buccal wall In the Isthmus region of
the restoration, In which the equivalent stresses were calcu
lated.
The highest equivalent stresses were obtained In this region of the
Isthmus, for both load situations and for the 'no bonding* Interface
situation. These results are shown In Figs. IV.5.7-IV.5.10. The equivalent
stresses are plotted as a function of the distance from the smallest part
of the isthmus, indicated by the vertical dotted line. For the vertical
load application the maximum он м * 0.54 l/mm2 per unit load and ОЬР 0.52 l/mm2. For the horizontal load these quantities are он и "1.12
l/mm2 and оьр-1.01 1/mm2 respectively.
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Flg. IV.5.11: V-3J2' versus the sum of the principal stresses (Jι), in the
isthmus region, when a vertical (above) or horizontal
(bottom) load Is applied.
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In Flg. IV.5.11 -ЗОг" is depicted versus the sm of the principal
stresses (Ji), for various points In the Isthmus region, when a vertical
or horizontal load Is applied respectively. The stress situation differs
remarkably from the unl-axlal compression and tension situation.
Determination of the critical load (6crlt)
Basically, when a gap formation Is possible, the system Is not linear.
However, the results of this study showed that this non-linearity Is
negligible (Flg. IV.5.12). This can be seen In Fig. IV.5.12where the normal
stress Is plotted as a function of various load (vertical or horizontal)
values, for three points respectively. These three points are located at
the surface In the Isthmus region. Therefore, the results for the two
loadcases can be combined to obtain the stress In case the load has a
horizontal
Fhor " 6. sin φ
(4.7)
and a vertical
Fyert - G. sin φ
(4.8)
component simultaneously, 6 and φ are Indicated In Flg. IV.5.1.
As the stress Increases almost linear In relation to the load (Fig.
IV.5.12), the principal stresses σι, ог and 03 can be considered
approximately as linear functions of the load:
σι • ai Fhor • bi Fvert

(49)

or,
σι - G (ai зіпф • Ь\ созф ) - σι (б.ф)

(4.10)

So, It can be stated that:
ϋΐ-ϋΐ(6,φ)

(4.11)

Jz'-JÍÍG.f)

(4.12)

Form the definitions of Ji and J2' It follows that:
Jl (6,φ) - G J1 (G-Ι,φ),
ν-ϋ2(6,φ)-6>/-ϋ2(6-1,φ),
and,

(4.13)
(4.14)

оц м(6,ф)- 6ои м(6-І,ф>.
аьр(6,ф)- G DDP (G-1,φ).

(4.15)
(4.16)
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The critical load Gcrit can be defined as the load at which the equivalent
stresses reach a critical value он м ( c r U ^ Consequently, If Modified Von
Mises is used as failure criterion, Gent Is the solution of the equation:
0Н м(6сгИ,ф)-0Н м (сги >

(4.17)

A combination of equation (4.15) and (417) gives:
Ohvn (6сгН,ф) - Gerit Ohvn (б-1 ,φ)

(4.18)

So,
Gcrit 0Ηνη<6=1,φ)« Ohvn(crU)

(4.19)

or,

In case the Drücker-Prager criterion Is used one finds:

(4 2,)

^"-íífeW

·

where,
0Ьр(6«1,ф)" ^ J i (G-1,φ) • ^¡Н-3#<6-1,ф)

(4.22)

and,
wnvntc-i,;)-^" 0

иі((3

"||ф) *

(к

"1)2 ^ в - и н а г т е ч - * ) к
(4.23)

Jl (6,ф) - G (Ji(H) sin φ • Ji<V) cos φ)

(4.24)

j ^ H ) and Ji( v ) are the first invariants of the stress tensor when
respectively a horizontal or a vertical load Is applied.
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ϋ2*(6-1,φ) - - Ι / 6 ( 5 ΐ η 2 φ ( ( σ ι - 0 2 ) 2 + ( 0 2 - О з ) 2 + ( 0 3 - 0 | ) 2 ) ( н ) ) *
COS2 φ ((0| - 02) 2 • (02 - оз) 2 • (оз - 0\ ) 2 )(ν)) •
2 COS φ Sin ф((0| - 02)(Н) (σι - 02)(V) • (сгз - 02)(Н)
(03 - 02)(V) • (03 - 0|)(H) (03 - 0|)(V))
(425)
(Subscript (Η) and (V) Indicate horizontal and vertical loadcase
respectively).
J2' Is the second Invariant of the stress tensor.
In Figs. IV.5.13 and IV.5.14 the Go-it (MVM) and Gcrit (DP) respectively
are plotted as a function of various angles under which the load Is
applied on the marginal ridge of the restoration. The load which Is acting
axially on the marginal ridge Is considered to have an angle of 0°. These
Gcrit (MVM) and беги (DP) were calculated In six points, which are located
at the surface of the restoration and along the smallest bucco-llngual
section of the Isthmus (Fig. IV.5.15). In this region the highest equivalent
stresses were noted.

Fig. IV.5.15: The 6 points In the Isthmus region, In which the Gcrit (MVM)
and Gcrit (DP) were calculated.
The Interpretation of e.g. Fig. IV.5.13 Is as follows: The most upper curve
represents the Gcrit ^ " ^ for point I (the location of this point In the
Isthmus Is Indicated In Fig. IV.5.15) as a function of the angle (φ) under
which the load Is applied on the marginal ridge. In this point I Gcrit ( M V M )
has Its highest value ( 1713 N) when the angle (φ) - 0». Gcrit ( f 1 V M ) has Its
lowest value (324 N) when φ - 75°.
The lowest curve In Fig. IV.5.13, which shows Gcrit ^ M V M ^ as a function of
(f1VM)
φ In point A (Fig. IV.5.15), Indicates that the critical load (Gcrit
)158 N when φ - (fi and 70 N when φ - between 60° and 75°. So, It can be
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concluded that, when the load Is applied on the marginal ridge under an
angle of between 60° and 75° the most critical load situation Is obtained
in point 4 of the Isthmus region. Ga-u ( D P ) • '65 N and Gcrit ( D P ) - 77 N
when φ * 0° and between 60° and 75° respectively.
An estimation of the lifetime of an amalgam restoration
The results obtained above can be used to estimate the lifetime of the
amalgam restoration. To do so the results of the previous stress analyses
were used In combination with the results of a study of Zardlackas and
Bayne (1985), concerning the fatigue properties of various dental
amalgams subjected to cyclic loads. They evaluated the compressive
fatigue behaviour of, e.g., Dlspersalloy to at least 106 cycles (frequency
of 10 Hz). The results of the fatigue strength as a function of the number
of cycles to failure, for Dlspersalloy, are presented In Fig. IV.5.16.
400 η
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<N/mm2)
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Fig. IV.5.16: The compressive stress versus the number of cycles to
failure for Dlspersalloy (According to Zardlackas and Bayne,
Ι9Θ5).
To use these results two assumptions have been made:
- The first assumption Is that the ratio к between compressive and
tensile strength Is independent of n, the number of cycles to failure. (As
far as dental composites are concerned Soltész et al. (1985)
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demonstrated the validity of this assumption.) In that case Fig. IV.5.16
Is, apart from a multiplicative constant, also a plot of the tensile
strength as a function of n, the number of cycles to failure. Because of
the definition of the equivalent stresses It then holds that Fig. IV.5.16
(cr1
also can be considered as a plot of the fatigue critical values ои п
^
(cr,t)
(n) or obp
(n) as function of n.
- The second assumption Is that the ratio between the fatigue critical
value of the equivalent stress and the critical value at the start of the
fatigue test depends only on n, the number of cycles to failure. That Is:
OHVH

(cr,t

j(n)

erfn)

(426)

or,
ObP <вч»(п)

,

(427)

x

¡¡¡¡<сгЮ(і)-*п>

Because of these two functions the experimental results of Zardlackas
and Bayne (1985) can be used to obtain a(n) (See Fig. IV.5.17).
I.Ot

ar(n)
0.8
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0.4
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Flg. IV.5.17: α (n) Is plotted as a function of the number of cycles to
failure for Dispersalloy ( Based on the study of Zardlackas
and Bayne, 1985). (Gcrit (n) - Gcrit ( 1 ) a(n))
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From equation (420) or (4.21 ) It follows that:
(4.2Θ)

Gcrit (n) - Gcrit ( 1 ) *(n)
(MV,1)

In which Gcrit (1) ts either Gcrit
or ( W ^ ) , the parameters that
were Introduced In the previous paragraph. The results of Gcrit In point 4
(See Fig. IV.5.15) were used, since this Is the first point at which the
equivalent stress reaches Its critical value.
Fig. IV.5.18 shows the results of the critical load GcrU (MVM) (n) as a
function of the angle φ under which the load Is applied on the marginal
ridge, for various load cycles.
200

Gent < M V M > (n)

N-1
N-10*
N-1/210 5
Ν=1θ5
N»1/2 10 6
N=10 6

(N)

100

—г20

40

60

60

100

φ (Degrees)
Fig. IV.5.18: The critical load Gcrit (MVM) (N) versus the angle under which
the load Is applied, for various load cycles.
The lowest value for Gcrit (Mvri) (n) Is obtained after 10 6 load cycles.
Particularly, Gcrit (MYM) (n) - 80 N when φ - 0° and Gcrit (riVM) (n) - 35 N
when φ - between 60° and 75°. From Fig. IV.5.18 an estimation of the
lifetime of the amalgam restoration can be done. Especially, when the
load Is always lower than 35 N, the lifetime of this restoration will be
at least 3 years, Irrespective of the angle (φ) of the load application. The
number of Intra-oral load cycling Is considered as being of the order of
103 cycles each day. On the other hand, when the load Is higher than 35 N,
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the lifetime of the restoration depends on the angle under which the load
Is applied on the marginal ridge of the restoration.
5.4 Discussion
The results of this FE-analysls have demonstrated that the stress
situation In the isthmus region of a two-surface amalgam restoration Is
much more complicated than described In the literature. An example of
this complicated stress state Is shown In Fig. IV.5.11. (In case a stress
Is predominantly unl-axlal the points In a plot of V-3J2' versus Ji are
concentrated around the lines J) - -зЗг"). It can be concluded that the
stress state In the region of the Isthmus is essentially multi-axial.
The results of the normal and the shear stresses show that both the
tensile (or compressive) stresses as well as shear stresses play an
Important role. Until today, to little attention has been paid to the
contribution of the shear stresses In causing Isthmus fractures. Another
Important finding of the results of the normal and shear stresses is the
Influence of the type of restoration-tooth Interface on the stress
magnitude In the Isthmus; a remarkable Increase of these stresses
occurs when the restoration and the surrounding tooth tissue are
assumed to be "no bonding" compared to the "perfect bonding* situation.
However, It should be mentioned, that though amalgam Is unable to bond
to tooth tissue, In a clinical situation the Interface condition will
approximate a condition between the perfect bonding and the no bonding
situation. It must be expected that, because of the irregular surface of
amalgam, friction will occur between amalgam and the tooth structure.
It Is advisable to examine In a following study the Influence of friction
on the stress distribution In the Isthmus region. Moreover, the results
suggest that for materials, which can be bond to tooth structure and have
comparable strength properties, the stresses In the Isthmus region will
be much lower, Indicating that restorations can withstand much higher
loads.
The results of the equivalent stresses showed that the highest
stresses occurred In the bucco-occlusal region In the Isthmus of the
restoration. For the Interpretation of the magnitude of the equivalent
stresses, the critical load Gcrtt was calculated as a function of the angle
under which the load Is applied. From these results it follows that
horizontal loads can be much more destructive than vertical loads. These
results also Indicate that, the marginal ridge of a two-surface amalgam
restoration should be designed In such a way that horizontal components
of the load, caused by protrusive movements of the mandible, are as
small as possible.
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Finally, taken Into account certain assumptions and using the results of
the study of Zardlackas and Bayne (1985), It was possible to estimate
the lifetime of a dlsto-occlusal amalgam restoration on the mandibular
second premolar. Particularly, when the applied load on the marginal
ridge Is always lower than 37 N the lifetime of this restoration will be
at least 3 years, Irrespective of the angle of the load application.
5.5. Conclusion
1. The stress state In the region of the Isthmus Is essentially multiaxial In nature.
2. The tensile (or compressive) and shear stresses, which occur In the
Isthmus region of a two-surface amalgam restoration, both play a
role of equal importance.
3. When frlctlonless sliding and gap formation Is possible between a
loaded restoration and the surrounding tooth tissue, a remarkable
Increase of all stresses will occur, compared to the stresses In a
perfect bonding situation.
4 Under the above described experimental conditions, the highest
normal and equivalent stresses were obtained In the bucco-occlusal
area of the Isthmus region of the restoration.
5. A horizontal load on the marginal ridge of an amalgam restoration
results In higher stresses In the Isthmus region of the restoration
than a vertical load of equal magnitude.
6. The marginal ridge of a restoration should be designed in a way that
horizontal loads, caused by protrusive movements of the mandible,
are as small as possible, In order to prevent Isthmus fracture.
7. For the given circumstances, when the applied load on the marginal
ridge Is always lower than 37 N, the lifetime·of the restoration will
be at least 3 years. Irrespective of the angle of the load application.
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CHAPTER Y

FINAL CONCLUSIONS AND RECOMMENDATIONS

This thesis comprises three major parts: a clinical study, the
formulation of a specific failure criterion for amalgam, and a stress
analysis study. In the first part (Chapter 2), the results of a clinical
evaluation of bulk fracture of amalgam restorations are described. This
Investigation was performed In order to obtain more reliable Information
on the factors causing these fractures. One surprising finding which
emerged from this controlled clinical study was the high Incidence of
Isthmus fractures (more than 20 %) on the MSP. Consequently, we decided
to examine the type and magnitude of the stresses, which occur In the
Isthmus of such a restoration as a result of a vertical or horizontal load
on the marginal ridge. In order to Interprete the magnitude of such
stresses, a failure criterion would be a helpful tool. However, until now
no specific failure criterion for amalgam has been developed. The
development of two possible criteria Is demonstrated In the second part
of this thesis (Chapter 3). Since not enough Information for the
determination of the critical stress of amalgam could be found In the
literature, an experimental study (a compressive and bending test) was
undertaken In order to be able to formulate this failure criterion.
The third part of this study (Chapter 4) deals with determining the
stress state In the Isthmus region of a two-surface amalgam
restoration. A 3-D FE-model of a restored tooth was set up. All the

120

materials (enamel, dentin and amalgam) were assumed to be
homogeneous, Isotropic, and linear-elastic.
The results of the FE-study describe the stress state situation In the
Isthmus region of a two-surface amalgam restoration. Previously, photoelastic studies or hypothetical considerations suggested that Isthmus
fractures were attributable to tensile stresses In the Isthmus region.
However, the stress situation In this region of the restoration Is much
more complicated. In particular, we demonstrated that the stress state
in the isthmus Is multl-axlal In nature. The shear stresses which occur
in the Isthmus are of equal Importance as the tensile stresses.
Using the results of these FE-analyses together with results taken out
the literature concerning the fatigue properties of amalgam, an attempt
was made to estimate the lifetime of the restoration.
The described 3-D FE-model, when slightly modified, can be used for
other investigations, such as the evaluation of the stress distribution in
a two-surface composite restoration or In other restorative materials.
This model can also be used to examine the stress state within the tooth
tissue, given different cavity designs and load situations.
Finally, It should be mentioned that in addition to high Internal
stresses In the Isthmus of an amalgam restoration, other systems, such
as corrosion processes In conjunction with dynamic cyclical loading, may
also contribute to the occurrence of Isthmus fractures (Mueller, 1984;
Port and Marshall, 1985; Bayne et al., 1986).
Conclusions with respect to restorative dentistry
» Dlsto-occlusal amalgam restorations In mandibular second premolars
are highly affected by Isthmus fractures (Chapter 2).
•

Since there Is no bonding between amalgam and tooth tissue In the
clinical situation, high stress values may occur In the isthmus region.
However, for a material having comparable properties, but with bonding characteristics, the chance for fracture as a result of high
stresses will be much lower (Chapter 4).

* A horizontal load at the marginal ridge causes higher stresses In the
Isthmus than a vertical load of equal magnitude. Therefore, it seems
advisable from a mechanical point of view to design the marginal
ridge of a two-surface amalgam restoration so that horizontal loads
on the ridge will be as small as possible (Chapter 4).
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» Under the above described experimental conditions and assumptions,
and when the applied load Is always lower than 37 N, the lifetime of
the respective amalgam restoration will be at least 3 years, Irre
spective of the angle of load application (Chapter A).
Conclusions with respect to dental biomechanics
• The critical stress of two amalgam alloys (Dlspersalloy and Tytln)
was found to be 86 N/mm2 and 113 М/тггк, respectively (Chapter 3).
« The described 3-D finite element model Is a reliable and valuable
tool In determining and evaluating the stress state situation of a
two-surface amalgam restoration (Chapter 4).
«

The stress state In the region of the Isthmus Is essentially multiaxial In nature (Chapter 4).

* The tensile (or compressive) and shear stresses, which occur In the
Isthmus region of a two-surface amalgam restoration, have equally
Important roles (Chapter 4).
# The Modified Von Mises and the Drücker-Prager criteria are found to
be effective parameters for the Interpretation of the stress state
situation In the Isthmus region of a two-surface amalgam restoration (Chapter 4).
The following suggestions for additional research may be
formulated:
« To study the Influence of different cavity designs (a deeper or
wider Isthmus, or a combination of these two) on the stress distribution In the Isthmus region of a two-surface amalgam restoration.
« To Improve or vary the following Input data:
- A more realistic characterization of the respective materials, In
particular with respect to homogeneous, Isotropic, linear, and elastic
properties,
- load application: Instead of a point load on the marginal ridge of the
restoration other load situations,
- incorporation into the FE-model of friction between amalgam and
tooth tissue,
- Incorporation Into the FE-model of fatigue behaviour of amalgam.
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•

To Improve the Interpretation parameters of the FEA;
A laboratory experiment, such as a shear test, may show which of the
two criteria used (Modified Von Mises and Drücker-Prager), Is the
most effective parameter for Interpretatlng the stress analysis.

*

To slightly modify the described 3-D model for further studies such
as:
- the use of composite or other restorative materials Instead of
amalgam
- the stress distribution within the tooth tissue, as a result of a
certain cavity design and load application.
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SUMMARY

Bulk fracture of restorative material Is often quoted as a reason for
replacing amalgam restorations. The purpose of the study presented In
this thesis was to gain more Insight Into the incidence of such a bulk
fracture of amalgam restorations as well as to make an attempt at
preventing and predicting these fractures.
Chapter I begins with a definition of bulk fracture. This Is given in
order to distinguish It from other types of fractures, such as the
marginal fracture. A review of the most relevant literature on potential
factors causing bulk fractures Is then presented. This Includes, In
particular, the Influence of the cavity preparation, the restorative
material and the occlusal load application. The conclusion to be drawn
from the literature Is that bulk fracture Is a very complex problem, many
different factors are Involved. The relationship between the various
methods of Investigation used In this thesis is also explained. Finally, a
general description of the contents of the study Is given.
In Chapter II, the results of a clinical study on the incidence of
occlusal and approxlmal bulk fractures are presented. The aim of this
clinical study was to obtain more reliable information on the incidence
of bulk fracture and the factors Involved In the occurrence of bulk
fractures. A method for assessing bulk fractures was developed Initially.
Three trained dentists examined longitudinal series of enlarged
photographs of the occlusal surface of restored premolars and molars. A
score was given to each of the restorations, using a 3-polnt rating scale.
Score I Indicates no occlusal or approxlmal fracture; score 2, a partial
fracture and score 3, a complete fracture. Statistical analysis of the
results showed that the method is reliable for assessing bulk fracture of
amalgam restorations. In addition, this method was used for the
examination of occlusal and approxlmal bulk fractures In two controlled
clinical trials with a follow-up of seven and five years respectively. The
general conclusion drawn from these two controlled clinical studies was
that the Incidence of bulk fracture of amalgam restorations should not be
underestimated: they occur much more often than what was expected
from the literature. The dentist, the material used, and the tooth type:
each of these factors has a significant Influence. A remarkably high
percentage of Isthmus fractures was found in mandibular second
premolars. Consequently, It was decided to examine the stress state In
the Isthmus region of a dlsto-occlusal amalgam restoration in the
mandibular second premolar, given a certain load situât loa However, for
the interpretation of a stress situation, the use of a failure criterion Is a
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helpful tool. Until now, no such criterion for amalgam has been developed.
Moreover, there Is a lack of unambiguous Information concerning the
mechanical properties of amalgam. Therefore, laboratory experiments (a
three-point bending and a compressive test) were performed. The results
of these experiments are discussed In detail In Chapter 3. This chapter
begins with a theoretical consideration of stress criteria. Two possible
candidates for such a criterion are presented: the criteria according to
Modified Von Mises and those of Drücker-Prager. These criteria will be
used for the Interpretation of the following finite element analyses
(FEA). The choice of these two criteria was based on the fact that both
criteria are able to take Into account differences between the
compressive and tensile strength of amalgam. The results of the bending
and compressive strength tests are discussed In combination with the
FEA of both experiments. The tensile strength « 86 N/mm2 and 113
N/mm2, respectively, for Dispersal loy and Tytln. The compressive
strength • 406 N/mm2 and 469 N/mm2, respectively for Dlspersalloy and
Tytln. The modulus of elasticity for both alloys was also calculated:
28000 N/mm2 and 35000 N/mm2, respectively, for Dlspersalloy and
Tytln. The results of these experiments were used to determine the ratio
of the tensile and the compressive strength of amalgam. This ratio - 4.7
and 4.2, respectively, for Dlspersalloy and Tytln. The results of this
laboratory and finite element method (FEM) study showed that the
critical stress of ом м and <JDP - 86 N/mm2 and 113 N/mm2,
respectively, for Dlspersalloy and Tytln.
The results of the stress analysis study on a dlsto-occlusal amalgam
restoration In a mandibular second premolar are presented In Chapter 4.
The FEM Is described first briefly and then a description Is given of the
complex 3-D model used for FEA The different steps In the construction
of the 3-D model are described In detail. Before the stresses of the
complex 3-D model were calculated, an Idealized 3-D model of a twosurface amalgam restoration was used In order to facilitate the
Interpretation of the results. The surrounding tooth tissue In this model
was supposed to be rigid. The results of this study demonstrated that the
Influence of the Interface condition on the stress distribution in the
Isthmus region of the restoration Is considerable. Finally, the results of
the stress analyses study of the complete 3-D FE-model of a dlstoocclusal amalgam restoration In a mandibular second premolar are
presented. Based on the calculation and the Interpretation of principal,
normal, shear and equivalent stresses of the Isthmus region of the
restoration, the following conclusions were made with respect to the
stress state In the Isthmus region of the restoration:
- The "no bonding" effect between amalgam and tooth tissue results In a
remarkable Increase In the stresses,
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both tensile (or compressive) and shear stresses are equally Important
the stress state Is essentially multl-axlal In nature,
a horizontal load on the marginal ridge of an amalgam restoration
results In higher stresses than a vertical load of equal magnitude,
for any given circumstance, when the applied load on the marginal
ridge Is, In any case, lower than 37 N, the lifetime of the restoration
will be at least 3 years. Irrespective of the angle under which the load
Is applied.

SAMENVATTIN6

Uit de kliniek blijkt dat bulk fraktuur van het restauratlematerlaal een
niet onbelangrijke oorzaak is voor het overleggen van een amalgaam
restauratie. Om antwoord te kunnen geven op het ontstaan en het
voorkómen van deze frakturen werd gestart met het In dit proefschrift
beschreven onderzoek.
In Hoofdstuk 1 wordt eerst een beschrijving gegeven van wat In dit
proefschrift onder het begrip "bulk fraktuur" wordt verstaan. Dit
ondermeer om verwarring met andere types van breuken zoals randbreuk
uit te sluiten. Vervolgens, wordt aan de hand van de meest relevante
literatuurgegevens aandacht besteed aan de mogelijke faktoren die een
rol kunnen spelen bij het ontstaan van dit soort frakturen, met name de
Invloed van de kavlteltspreparatle, het restauratlematerlaal en de
belasting. Uit deze literatuurgegevens blijkt dat bulk fraktuur een
complex probleem Is, waarbij de huidige kennis zeer beperkt Is.
Aansluitend op deze probleemstelling wordt de samenhang geschetst
tussen de verschillende onderzoeksmethoden die in de onderhavige studie
werden gebruikt voor de bestudering van bulk frakturen van amalgaam
restauraties. Tenslotte, wordt een kort overzicht gegeven van wat In dit
proefschrift achtereenvolgens aan de orde zal komen.
In Hoofdstuk 2 worden de resultaten gepresenteerd van een klinische
studie naar het onstaan van okklusale en approximate bulk frakturen. Het
doel van deze studie was, na te gaan hoe vaak bulk fraktuur optreedt en
welke de mogelijke oorzaken ervan zijn. Eerst werd een methode
ontwikkeld om de frakturen op te sporen en te beoordelen. De methode
bestond uit het bekijken van reeksen vergrote zwart-wlt foto's van de
okklusale vlakken van gerestaureerde premolaren en molaren. Drie
getrainde tandartsen gaven een skore aan elk van deze restauraties,
gebruik makend van een 3-punt schaalverdeling. Skore 1 betekende geen
okklusale of approximate bulk fraktuur aanwezig, skore 2 een onvolledige
en skore 3 een volledige fraktuur. Statistische analyse van de resultaten
toonde aan dat de methode betrouwbaar is om bulk frakturen van
amalgaam restauraties op te sporen en te skoren. Vervolgens werd deze
methode gebruikt om de okklusale en approximate bulk frakturen op te
sporen bij twee gekontroleerde klinische studies, met een follow-up van
respektlevelljk 7 en 5 jaar. Een algemene konklusie van deze twee
gekontroleerde klinische studies Is dat bulk fraktuur van een amalgaam
restauratie niet onderschat mag worden. Duidelijk bleek dat bulk fraktuur
vaker voorkomt dan verwacht zou worden op grond van de literatuur
gegevens. De tandarts, de gebruikte legering en het type tand, elk van
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deze faktoren bleek een signifikante Invloed te hebben. Opvallend was het
grote aantal Isthmus frakturen dat werd gevonden bij de dlsto-okklusale
restauraties In de tweede onderpremolaren. Op grond van deze resultaten
werd besloten om de spanningstoestand te bestuderen In een dlstookklusale amalgaam restauratie In een 2de onderpremolaar, gegeven een
bepaalde belastlngssltuatle. Voor de Interpretatie van spanningsanalyseonderzoek Is het gebruik van een bezwtjkkrlterlum een hulpvol middel.
Een dergelijk krlterlum voor amalgaam Is echter niet bekend. Meer nog,
het ontbreekt aan éénduidige Informatie omtrent de mechanische
eigenschappen van dit materiaal. Vandaar dat laboratorium experimenten
(een 3-punts bulgproef en een drukproef) werden uitgevoerd. De
resultaten van deze experimenten komen uitvoerig aan de orde In
Hoofdstuk 3. Dit hoofdstuk start met een theoretische beschouwing
over spannlngskrlterla. Voorgesteld wordt om twee spannlngskrlterla,
zijnde het krlterlum naar Modified Von Mises en dat naar Drücker-Prager,
bij de Interpretatie van de eindige elementen analyse te gebruiken. Deze
keuze was gebaseerd op het feit dat belde krlterla rekening houden met
het verschil tussen druk- en trekstrekte van het gebruikte materiaal
(amalgaam). Vervolgens worden de resultaten van buig- en drukexperlmenten besproken In komblnatle met een eindige elementen analyse van
belde experimenten. Voor de trekstrekte werden waarden van 86 N/mm2
en 113 N/mm2 genoteerd, terwijl voor de druksterkte de waarden 406 en
469 N/mm2 bedroegen, respektlevelljk voor Dispersalloy en Tytln. Tevens
werd voor belde legeringen de elastlclteitsmodulus bepaald, zijnde
28000 N/mm2 en 35000 N/mm2 voor Disperai loy en Tytln respektlevelljk. De resultaten van deze experimenten werden gebruikt voor de
berekening van de verhouding tussen de trek- en druksterkte van
amalgaam, namelijk 4.7 voor Dispersal loy en 4.2 voor Tytln. Met behulp
van deze resultaten werd berekend dat de kritische spanning voor
Dlspersalloy en Tytln respektlevelljk 86 N/mm2 en 113 N/mm2 was.
De resultaten van het spanningsanalyse onderzoek bij een dlstookklusale amalgaam restauratie op een 2de onderpremolaar worden
besproken In Hoofdstuk 4. Dit hoofdstuk start met een korte
theoretische beschouwing over de eindige elementen methode. Verder
wordt een beschrijving gegeven van de Ingewikkelde drle-dlmenslonale
(3-D) modelvorming. De verschillende stappen die werden uitgevoerd voor
de schematisering van het 3-D model komen uitvoerig aan de orde.
Alvorens de spanningsanalyse te bestuderen bij dit complexe 3-D model,
werden eerst, ter vereenvoudiging van de Interpretatie van de resultaten,
spanningsberekeningen uitgevoerd op een geïdealiseerd 3-D eindig
elementen model van een twee-vlaks amalgaam restauratie. Het
omringende tandweefsel werd bij dit model als star beschouwd. Uit deze
studie bleek het opmerkelijk effect van de slechts hechting van
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amalgaam aan tandweefsel (Interface) op de spanningstoestand In het
Isthmus gebied.
Tenslotte, worden de resultaten besproken van het spanningsanalyse
onderzoek met het volledige drle-dlmenslonaal eindig elementen model
van een dlsto-occlusale amalgaamrestauratle In een tweede
onderpremolaar. De berekeningen en de Interpretatie van de hoofd-,
normaal-, schuif- en vergelijkspanningen die er optreden In het Isthmus
gebied van de restauratie, ten gevolge van een horizontale of een
vertikale belasting op de marginale randlljst, leidde tot de volgende
bevindingen:
- De slechte hechting van amalgaam aan tandweefsel resulteert In een
opmerkelijke verhoging van alle spanningen,
- Zowel de trek- (of druk-) als de schulfspannlngen spelen een belangrijke rol,
- De spanningstoestand Is multl-axlaal,
- Een horizontale belasting op de marginale randlljst van een restauratie veroorzaakt grotere spanningen In vergelijking met een evengrote
vertikale belasting,
- Onder de gegeven omstandigheden en wanneer de belasting op de marginale randlljst steeds kleiner Is dan 37 N, zal de boven beschreven
restauratie een levensduur hebben van ten minste 3 Jaar, ongeacht de
Invalshoek van de belasting.
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APPENDIX

TERMS OF ORIENTATION (Kraus et al., 1969)

BUCCAL

LINGUAL

Figure: An occlusal view of the mandible left canine, premolars and
molars.
Buccal surface:

That surface of a posterior tooth positioned Immediately adjacent to the check.

Lingual surface:

The surface of a tooth which faces towards the
tongue.

Distal surface ( 1 ): The surface of a tooth (second premolar) facing away
from the median line following the curve of the
dental arch.
Mesial surface (2): The surface of a tooth (second premolar) facing toward the median line following the curve of the dental arch.
Occlusal surface:

The surface of a premolar or molar within the
marginal ridges which contacts the corresponding
surfaces of antagonists during closure of the posterior teeth.

Isthmus (3):

The Junction between the occlusal part and the proximal, facial or lingual parts of the restoration
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STELLINGEN

behorende bij het proefschrift
CLINICAL AND MECHANICAL ASPECTS OF BULK FRACTURE OF AMALGAM
RESTORATIONS

1.

Het verwerken van grote teleurstellingen behoort tot het geestelijk
rijpingsproces. (C. Rijnsdorp).

2.

Gezonde naijver kan nooit kwaad en heeft al aan de basis gelegen van
veel wetenschappelijke vooruitgang, maar vetes zijn contraproduktlef.

3.

Een algemeen aanvaarde mening hoeft nog niet Juist te zijn

4

Uit onderzoek blijkt dat de kans groot Is dat men voor kwik uit
andere bronnen dan een amalgaamrestauratle overgevoelig wordt,
zoals bijvoorbeeld uit geneesmiddelen (diuretica) en antiseptische
oplossingen (mercurochroom) (Arends, 1986)

5.

Het grootste deel van de vermoeidheid waarmee w i j kampen is van
psychische oorsprong; feitelijk Is vermoeidheid van zuiver fysieke
oorsprong zeldzaam.

6.

Bedenk dat wanneer Iemand u een schop geeft of kritiek op u levert,
hij zoiets vaak doet omdat hij er een gevoel van belangrijkheid aan
ontleent.

7.

De manier om het beste dat In Iemand steekt te ontwikkelen Is het
laten blijken van waardering en het uitspreken van bemoedigende
woorden.

8.

Een goede hechting tussen het restauratlematerlaal van een klasse
2 restauratie en het tandweefsel zal de kans op Isthmus frakturen
doen afnemen (Hoofdstuk 4 van dit proefschrift)

Philippe Lemmens, 8 september 1988.

