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ABSTRACT

{“urrent uses Lo polymer concrete generally cxploil valy the compressive propenies of the materal. For
pouential applications, such 35 casings, il beCOmcs necessiry o understand the behaviour of tbess mageriaks
wnder ensile loading. This paper cxamines the fracture bebidione of polymer concretes contining (wo diffemnt
sand size ranges, in comparison wilh the filled polyester mawix The relevance of Facture toughness
esurements and the e[icls of noich reot diumeter in combinaton with the statistical strength variability s
inrsadeerd.
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INTRODUCTION

The fracture Woaghiess of conventional meta lic materials i generally mesaied by iosting specimens conkaiming
sharp cracks, usually intreduced by fatipee. For composile materials, such as polymer concrete, Wis method i3
penerally inapgeoprize, both because of the difficullies in inroducing fatigue cracks into britlle marerials ad
the uncertainty s 10 the ineraction bepween a sharp crack and the relately large particles and woids foand in
these macrials

The torm, polymer concrete, usually refers 1o a4 mixture of 3 polymer resin with a sand-hased appregate, 45
examined in the present pager. {The ke is akso used io describe various combinations of coment based concoets
with polymer addilives.) Polymer concretes Jo nod fic sasily inio any of the common groups of compasits
manzrials which inchate continuous fhre polyther epmpesites, metl MAtix composiles, cement concrecs. and
shon fibee and particulae composites. nstesid, ey show some individual fedtures in common with sech
zroaips, whilst in other respects they e very dillesend

Pechaps the inost obvions material for inikal comparison is COMEDL CONCTELe $10CE G nanrs of the fillor is very
similar, ie samd or barger aggrepate. Many, of the presenl uses fon polymer concreie are also very similar 1o
those for cement mactele, c.g. oad carmiageway repairs, loor dles, sewage pipe Lnings, e, (Fowler, 1947,
iomdev, 1975 Dares, 1978). Sech uses mainly exploil (e compressive strength of the material which is
strongly influenced by the quantity of aggregate present. [n this type of application the inclusion of large
yuamtities of aggregate is therefore desirahle, aggregale/agErtgate coniel i& not seocssarily detrirnental and may
even be advantageous. However, cire must be laken when comparing palymer and cement concreies s e
matrix behavioar of (he materizls is somes i different.

Imierest is currenily arowing in the use of polymer concretes in applications where tensie ading will be
experienced, Designing with polymer concrete in Ension requincs miommation on the appropriates parmeErs o
Cleraeterise strength wihen siress coneeplating feapores are present. bor Lhis eason. an investigation of the noich
sensitivity of polymer concnetes, as a luncuon of eolch foot diameter, has been conducted. 1t is also mportant
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to study Lhe.s‘ren.glh. yarigbility inherent in these materials and the way in which it interacts with the effect of
notches. This variability is quantified in terms of the Weibull modulus.

In this myesugaliqn polymer concretes containing two different sand filler sizes are examined and compared with
the matrix material, a n.licrosilica filled polyester. Consideration is given to three areas: whether fracture
toughness is a useful design parameter for polymer concrete; the effect of the size of the filler in relation to the
stress concentrator by means of a study of the effects of notch diameter and filler size; whether notch strength
can be predicted using a Weibull modulus/specimen volume approach.

MATERIALS

The materials used were a polyester resin filled wi i ili ] i i
fdinnicop den iy poly th a fine microsilica powder and sand, in the following
MS (microsilica): 1 part polyester resin : 0.15 parts microsilica : 0 parts sand.

SF (sand, fine): 1 part polyester resin : 0.15 parts microsilica : 3 parts sand (size range 0.3-0.7mm).

SC (sa_nd, coarse): 1 part polyester resin : 0.15 parts microsilica : 3 parts sand (size range 0.7-1.4mm).
Material MS was yhe matrix material used for the two polymer concretes. All specimens were heat-cured at 80°C
for four l}ours prior to testing. Fractographs of the three materials are shown in figure 1, in which vo*! ‘nd
particle size and distributions can be seen.

Fig. 1b: SF material.
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Fig. 1c: SC material.

Fig. 2 Schematic view of loading arrangement.
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EXPERIMENTAL TECHNIQUES

Specimens 25mm x 25mm X 100mm, with notch diameters of 0.4mm, 0.8mm, 1.1mm,
2.0mm, 2.5mm, 3.0mm, 4.0mm, 6.0mm, 8.0mm were used for each material, with the addition of 0.15mm,
0.25mm and 1.5mm notches for the MS material. The notches were machined into the specimen using drills and
slitting wheels and were nominally 10mm deep. Un-notched specimens of each material were also tested for

comparison.

Procedure, The specimens were tested in symmetrical four point bend loading, with a major span, Sy, of 80mm
and a minor span, S, of 40mm. A schematic view of the loading arrangement is shown in figure 2. Tests were
performed on a 100kN servo hydraulic Mayes testing machine at a constant cross-head speed of 0.1lmm per
minute and the load at failure was recorded for each specimen. A clip gauge was mounted across the notch for the

fracture toughness tests, and a plot of clip gauge opening against load made during each test.

: This was measured using 30mm long strain gauges attached to un-notched four-point bend
test specimens of the dimensions specified above. Strain was read from a digital strain gauge amplifier for
particular loads and the Young's modulus calculated assuming that the behaviour at low strains was described by
simple beam theory.

RESULTS

Un-Notched Strength, Average un-notched strength values measured for the materials in four point bending are
as follows:

MS: 21MPa (4 specimen average with a range of 15 - 27MPa)

SF: 18MPa (6 specimen average with a range of 15 - 22MPa)

SC: 17MPa (4 specimen average with a range of 16 - 19MPa)

Young’s Modulus, The Young's modulus values used in calculations are: MS: E=3GPa; SF and SC: E=13GPa.
Measured values of Young's modulus appeared fell as the applied load was increased. This may be due to a small
amount of debonding between matrix and sand, occurring within the specimen prior to failure. Measured values
of modulus ranged from 2.4 to 3.2 GPa (MS material), and from 11.5 to 13.9GPa (SF and SC materials). These
values are similar to those found in the literature, typically E=~3.2GPa, at room temperature, for polyester resin
(Vipulanandan et al., 1987; Vipulanandan et al., 1988), and E~13-18GPa for sand filled polyester (Ahmed and
Jones, 1988).

Weibull Modulus, For all three materials an approximate Weibull modulus of 10 has been used. This value was
determined for a polymer concrete, containing sand and gravel, from a series of tests on 100 bend specimens
(Tarafder and King, 1990; Pemberton and King, 1991). The limited data for the three materials in this paper and
for other polymer concretes of similar types suggest that a similar value of m is appropriate.

Fracture Toughness Measurement, The apparent fracture toughness of the specimens, Kapp, Was calculated on
the assumption that all notches could be treated as a sharp cracks, using, the equation:

Kapp={ YP(S-52))/[6b0*?2] oy
where K,y is the apparent fracture toughness, Y is the compliance function given by:
Y=9(1.99(a/h)}2 - 2.47(a/h)*?2 + 12.97(a/h)*2 - 23.17(at)’? + 24.80(a/h)*2} V)
(Walker and May, 1967) and other parameters are defined in figure 2.

Apparent fracture toughness (averaged from a minimum of three tests for SC and SC, and data from single tests
for MS) is plotted against notch diameter in figure 3. For the microsilica material, MS, the data show a degree
of scatter, however the apparent fracture toughness is approximately constant at notch diameters below 2mm,
and then rises to'a higher constant value at larger diameters. For the fine sand material, SF, apparent fracture
toughness initially rises with increasing notch diameter and then becomes approximately constant. The
toughness of the coarse sand material, SC, is almost independent of notch diameter, but shows a slight drop off
towards the largest diameters. Apparent toughness values at smallest and largest notch diameters are listed in
table 1.
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Fig. 1a: Apparent fractore wughness: M5 magerial, Fig. b Appanent fraciare ioughngss: SF matzrial

Ex ] -
e
E zof
;_.E' e The apparent encrgy release rawes, (iyye, bave also
U heen calculated using the cquation:
2 falle Bag gy
e L] 3, ) P
% e Grape | {1~V )K g | /E 11
aa
w PCE whers v is Poisson's ratie and has been taken & 0.3
‘E :; (Kimura et al., 1987 Gapp values al smallest and
g - e =i larpest notch dizmeters are also given in Lable 1.

Polch Dlires tar {mem)

Fig. 3¢ Apparct frociure songhness: SC material.

Table 1: Apparcat ioeghness values at smallest nodch dimeters and Lrgest nouch diameters

Adaacrial Kyop at snallest K g A largest Uiy 28 smabls Cigpy t Largest
nodch diurneter Boich deameter noich dHameter nich dizmeter
(M) (MPaym) i) )
M5 1.2 1.2 543 1219
SF 12 1.4 1 1441
sC 1.2 1.1 L] uz

Microssmotun: and Crack Pah, Fracmre srfaccs from notched MS, 5F and 50 specimens are shown in ligurs
1. Tni the bano sand filled mamermls, SF and SC, thers is po obvvicos effect on the fracter: surface dee (o e noch
geometny, o between the noiched and wn-nobched specimens. In both of ibese mterials Failure involves
debemting of the sand from the matrin and there is no sign of saed particle Failure in the bulk mazerial. In the
matrix material, M5, the fracmre surface in the region of Bilors W0 becomes rougher 35 the motch dizmeter
increases with the effect being most prosoance:d in the un-noched specimen: There is scome evidence in all
thres materials, that Caibere may nitiate at or pear W Qaws 0 e el cear e mse of the nowch, ez, voids
and broken or poorly bonded samd particles, Inoall thre materials numereys vouls ang vizible on the fractare
srfaces,
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Mt Section Stress Analvsis, In order o delcrmine o ]
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DISCUSSION

Micopsilica Filled Resin - M3, For the matrin material, the microsilica Glled resin, an approximitely comstant
value of fracture wighness is produced for potch diameters loss than 2mm. The value of Ky, spproximately
1 ZMPav'm, is similar to values reporied in the lilesature for un-reinforced polvestors (Price and Hull, 195T). Fos
larper pobch dismeters (e apparent wughioess initally incrcascs and then levels ofF, ie. the use of large noh
diameters in wsts resalts in misleadingly barge valees of fracose woghoess.

The nett section stress data in Apure 4a) also inclnke wo scarter bands for fractsre stengths of un-nosched bars
in four and three point hend. The three point bend Jsta bave been predicted from the valees muau‘eﬂi{l pures
bend, assuming that the suength of the marial can e desenbed wsing the approach developed by Welbull
(Weibull, 1951). Weibull proposed thar the failure probability, Py, of a specimen af valume, V. with an applied
sIress, o, was given hy: £

PVI=1-expl-y (et dV] 5

whers o is the applisd siress, o, is 2 makenal consant, m is e Weiboll modulus of the :n:w:nal.. Becauss
applied stress varies tenogh the specimen volurne i bend bars, it can be shown Lt he Tdlure sess in 3 point
hened, Fypg. 16 rebued o the fadlone stress at equal failure probabdlity in four point bend, dapg, by e cquation:

Owp /Oy = | (m2)/2] Ve ()

Im nesched specinsens, the highest strosses are experienced only bedow e notch, so, although the samples wers
1zsied in pure bend, i % mere appepriate o compare them with the scatter band predicted For throe point bemd,
This comparison sugpests that the material is only nolch snsitive for noch ool dlameters below 2. Far
blunter notches, Failure appears 1o be described by the craigrion of the nett section siwess reaching the failure
sirgss, his can be undersiood in terms of he defects within the material which witiate fracture. [n wi-noiched
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material. This would suggest that for notches with small diameters, i.e. less than about 0.5mm, the notch
would be the main stress concentrator and the failure would be notch dominated. For larger notch diameters, the
voids, inherent in the material, would be more effective than the notch and would therefore become the primary
stress concentrators, leading to void dominated failure similar to that seen in the un-notched specimens.

The distance over which significant stress elevation occurs at the notch root is also relevant here. With a fracture
toughness value of approximately 1MPavm and a fracture strength of around 15MPa (these values have been
used as they apply, approximately, to all three materials) the radius of the region at the crack-tip, over which the
stress would exceed the fracture strength of the material is only around 0.2mm, calculated from the conventional
equation for plastic zone size in metals (Knott, 1973), in plane strain. Furthermore, if it is assumed that the
spherical voids concentrate stress locally to 3 times the maximum applied stress at fracture, the presence of a
notch only raises the stress above this level for approximately 20pum.

It is notable, in figure 4, that when failure is notch dominated, at small notch diameters, the scatter is small,
whereas at large notch diameters similar scatter to that observed in un-notched tests is seen. Figure 5a shows
local crack initiation from a large void below the largest diameter notch (8mm).

Polymer Concrete — SF, The toughness value of the SF material, 1.2MPavm is similar to those reported in the
literature for epoxy/marble mortar (Sachan and Kameswara Rao, 1988) where fracture toughness is in the range
0.75-1.1MPavm, marble (1.2MPaVm), cement/sand mortar (0.7MPavm) and cement concrete (0.67-0.8MPavm)
(Carpinteri, 1982). This value is similar to that for the matrix material alone, see table 1. In many particulate
reinforced materials, the fracture toughness of the material containing the reinforcement is higher than that for
the matrix material alone. Such observations are generally put down to crack deflection and crack pinning in
coarse particle reinforced materials (Newaz, 1987; Mall et al., 1987). However, when the critical energy release
rate, Gyc, values are compared the fracture energy for MS is in fact highest. This may be due to the fact that the
sand particles debond relatively easily from the matrix when the material fails, leading to weak regions within
the material and a relatively low energy fracture path. There is also a suggestion (Newaz, 1987) that although,
crack pinning is seen in sand filled plain resins, this is not an active mechanism in resin materials containing
both sand and very fine particles, such as clay. The apparent fracture toughness of the SF material is independent
of notch diameter for diameters greater than around 1mm. With sand sizes in the range 0.3 to 0.7mm, once the
notch diameter exceeds the sand diameter, the sand particles themselves become the dominant local stress
concentrators. This causes the notch to behave simply as though it were reducing the nett section.

Polymer Concrete — SC, In contrast to the two previous materials the coarse sand polymer concrete shows no
drop in toughness or nett section stress for small notch diameters. Given that the distance over which the stress
at a crack-tip would exceed the fracture stress is calculated to be significantly less than the smallest sand particle
size, it is not surprising that the very high local stresses at the tip of a sharp crack have no more effect on
fracture behaviour than those around a relatively blunt notch of the same depth.

Scatter in toughness in metallic materials has been related to the need for a critical stress to act over a critical
microstructural distance, to activate an initiation site (Ritchie et al., 1976). This has in tum, been related to the
distribution of defects in the form of initiation sites. In this case it appears that the distance over which the

critical stress acts is too small to be of any significance.

It can be seen (figure 4c) that for this material the nett section stress falls with increasing notch diameter for
notch diameters larger than about 2mm. This reduction in strength at larger notch diameters may be explained in
terms of Weibull modulus and the volume sampled by the highest stress levels. Larger volumes of material are
statistically more likely to contain more and larger defects than smaller volumes. This approach has been used

to predict the values of failure stress for smaller diameter notches from that measured from the 8mimn diameter
notch.

By assuming equal failure probabilities in equation 6 for different volumes of material it should be possible to
predict the failure stress of one volume of material if the failure stress of the other is known. It can be shown
that:

o™V =0;mV; (@)

where o; is the failure stress of a specimen with a volume, V;, experiencing maximum stress, and m is the

Weibull modulus. If all notches and specimens are assumed to be of the same dimensions, except for notch
diameter, D;, then equation 8 reduces to:

Glle = Osz'z ®
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Fig. 5b: SC material, showing broken sand

Fig. 5a: MS material, showing crack initiation particle near base of notch.

at a void.

% The results of this are plotted in figure 6 which shows

T 7 that there is a good match between the predicted and
NN

measured values of failure stress for notch diameters
NN NN
- -

of 2mm and above. In contrast to the MS results, the
2 et nett section stress at failure for all the slit and drilled
notches for the SC material is significantly lower
than the three and four point bend predictions. This
appears o0 be associated with the damage introduced
by the notching operation. Figure 5b shows a
fractured sand particle immediately below a machined
notch in an SC specimen. Damage of this type was
not observed for MS of SF specimens, and would be
expected to result in lower strengths than for the un-
notched material.
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Fig. 6: Plot of predicted and measured failure stress
for SC material.

CONCLUSION

MS Material, The measured fracture toughness of this material is similar to Lhose.. quqted in the literatureixf)o:
un-reinforced polyester resins and can be measured reasonably_ by using notches with dlamelersr?ess n;(h:rl :0 muh
2mm. Use of larger diameter notches results in misleadingly high values of fracture toughness. For sh o
diameters the failure is dominated by the stress concentration effgcl due ] the presence of the notch, vlv erea.sffec.t *
larger diameter notches the failure tends to initiate at flaws inherent in the material and the only el
notching is to reduce the specimen Cross section.

SF Material, The fracture toughness value measured is similar to those in the li_leralure for con.l;?arable ma!z(x;als
and is slightly higher than that for the matrix alone. This leads to the conclusion that }he addition off san£ o:::
result in a composite with enhanced fracture properties. However, fracture energy 1S lower than for the
reinforced material. )

SC Material. The fracture toughness, of this material, is apparently constant over the range of notch diameters
used. Examination of the nett section stress data suggests that failure tends to \jesult, not f::m d;e S:Cu!‘f;ls]
concentration around the notch, but from flaws inherent in the material itself. For this n}atenal, bee nel sectio
stress decreases with increasing notch diameter for notch diameters g;-eal.er than 2mm. Tl'ns‘ coul(fim_ expl :nrial tz;
the use of a Weibull type, statistical flaw distribution approach. I} is suspected that drilling o ‘St ;x\;nle not'ch
form notches, places excessive stress on the sand panic]eg. causing damage to the malenall] er:iear fumd y
and, thus reducing the apparent strength of the notched specimens as compared to the un-notcl specimens.
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