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Determination of bond strength in glass fibre
reinforced cement using petrography and
image analysis
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The reinforcement in glass fibre reinforced cement (grc) is not present as discrete fibres,
but as ‘strands’ of about 200 filaments each. This configuration greatly complicates
determination of the ‘perimeter’ of the reinforcing elements, a crucial parameter in bond
strength determination. Previous investigators have attempted to quantify strand
perimeters but their methods have always involved at least one subjective step and are
prone to operator bias. This paper describes an objective method of determining strand
perimeters using digital analysis of images captured from petrological thin sections. The
measured perimeters were found to be sensitive to the “threshold value” chosen for the
analysis, and consideration of perimeter vs. threshold value curves eliminated subjectivity
involved in the analysis. The perimeter value obtained, together with microscopic analysis
of the crack patterns produced during tensile testing, were used for calculating bond
parameters for different cement matrices. The development of bond with both ageing time
and temperature were also studied. The method uses fundamental image analysis
concepts and as such is readily adaptable to solve conceptually similar problems in a wide
range of materials. © 2000 Kluwer Academic Publishers

1. Introduction perimeter, results are generally presented in terms of
The mechanical properties of commercial glass fibréshear flow’ [2], which is defined as the product of bond
reinforced cement (grc) are strongly dependent on thstrengthz, and the strand perimeté. More refined
fibre-matrix bond. Evaluating this bond in traditional tests using a micro-indentation apparatus [6, 7] have
composites is difficult [1] and in the case of grc, assesshot yet produced quantitative results.
ment is further complicated by two factors. First, as the Indirect measurementof bond strengthin continuous,
cement continues to hydrate the nature of the interfacanidirectionally-reinforced, brittle-matrix composites
and hence magnitude of bond between fibre and masan be effected using Aveston-Cooper-Kelly (ACK)
trix is likely to change, with implications for long-term theory [8-10]. This relates the spaciXg between the
durability. Secondly, the unit reinforcement element inparallel transverse cracks formed during tensile testing
grc is not a single glass filament with a well definedof such composites to the frictional shear stress trans-
perimeter, and hence contact area, but a strand of mofer rate, i.e. frictional bond, between the fibre and the
than 200 individual filaments whose perimeter is diffi- matrix as given by Equation 1:
cultto define. Inspection of cross-sections of grc clearly V. o A
shows that, at least at early ages, the matrix does not T = 1.364<—m) <ﬂ> (—f) 1)
penetrate far into the strand and the contact perimeter Vi X Px
between fibre and matrix is not the sum of the filamentwhereV,, andV; are the matrix and fibre volume frac-
perimeters. Furthermore the cross-sectional morpholtion respectivelygn, is the matrix strength ané; and
ogy of these strands is highly varied. Pr the cross-sectional area and perimeter of the rein-
Direct measurement of bond strength in grc has beeforcing strands respectively. Examples of using this
attempted by many investigators, generally by meanapproach are given in references [11] and [12]. Al-
of pull-out tests, see e.g. [2-5] where a strand is pulledhough other models of the stress-strain behaviour of
out of a collar of matrix and a load-displacement curvebrittle matrix composites have been advanced, they re-
obtained. The analysis of these curves is not straightguire parameters which are very difficult to measure or
forward; results are heavily dependent on embeddederive for grc [5, 13] and often involve complex frac-
length and often exhibit large scatter owing to unstature mechanics [14] which can be difficult to apply in
ble debonding effects. To avoid calculating the strandpractical situations. The ACK model uses quantifiable
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parameters to model the stress-strain behaviour of grstrain curves using in-house software. Crack spacings
and predict frictional bond values. over a gauge length of 75 mm were measured using
To derive frictional bond values (as opposed toa travelling microscope at 1860 magnification. Four
shear flow values) a knowledge 8% is required and traverses were made per sample and the average num-
investigators who have used the indirect method geneer of cracksC, recorded.X was then calculated as
ally attempt to obtain it. Oakley and Proctor [11] exam-75/C mm.
ined sections of grc and deduced a perimeter of 2.83 mm Standard 30um petrographic thin sections were
for the ‘'standard’ 204 filament strand although they didthen prepared from selected coupons. Final grinding
not give their method. This value has been used withwas performed using a non-aqueous medium to pre-
out comment by later authors [15, 4]. More recently,vent further hydration of the sections. In order to in-
Kakemiet al. [12] traced the shapes of the glass fibrevestigate any possible effect of ageing on reinforce-
strands and analysed them using a Quantimet 920 imageent cross-sectional morphology, samples were taken
analyser. They deduced a perimeter of 1.097 mm (SOrom unaged, control coupons and compared with those
0.143) for a 100-filament strand. Assuming that strandaken from coupons aged for 56 days underwater at
perimeter is approximately proportional i (where  20°C. Preliminary results suggested this ageing regime
N = the number of filaments thereinand@ a<1;a  promoted the development of a relatively large bond
will be close to unity for a cross-sectional morphology strength.
with a high aspect ratio) this appears a broadly similar The thin sections were examined using a petrologi-
result to Oakley and Proctor’s [11]. Kakeetial.[12]  cal microscope at 100 magnification. Cross-polarised
also estimated that the glass occupied 66% of the strarldyht was used with a 530 nm shift plate inserted to allow
cross-sectional area. Although this approach uses inthe non-crystalline glass fibres to be strongly contrasted
age analysis it still relies on a manual tracing and isagainst the matrix. The microscope was equipped witha
hence subjective. video camera and PC allowing the capture of 51212
All of the above work has been concerned with port-pixel, 16 million colour TIFF images.
land cement matrix grc. Composites made with new
matrices may have differing strand cross-sectional mor- ) ]
phologies. In particular, sulpho-aluminate modified3' Image analysis technique

matrices are known to be expansive which may in A wide variation of glass strand cross-sectional mor-

duce ‘squeezing’ of the fibre strands, causing them t(phologles was encountered, a ‘lens’ shape being the

adopt more compact initial morphologies than in tradi-d.om'r.]ant feature, F'g: 1.1n °fd‘?f to take these varia-
tional grc. tions into account during analysis, the images of nine

The objectives of the work to be described were to: different str_ands were capture_zd from each sample. Im-

age analysis to derive the perimeter/area of each strand
was performed on a UNIX workstation using the public-
domain, open-system GRASS package developed by
e u.s Army Construction Engineering Laboratory,
Oand was carried out in the following stages:

e Produce a fully objective method of determining
strand perimeters and cross-sectional areas, usi
an image analysis technique.

e Determine whether the values of perimeter an
area were affected by ageing time or matrix
formulation.

e Determine the bond vs. time behaviour under var
ious ageing conditions.

(i) The as-captured image, Fig. 2a, is distorted in
that this square image actually represents an area of
1.011x 0.689 mm and so the image is first corrected
to give the actual rectangular field of view as seen in
Fig. 2b. During this correction it is also converted to
2. Materials and sample preparation 256-level greyscale and equalised; the brightest pixel is
GRC boards, 50& 500x 6 mm, were manufactured setto 255, the darkest to zero and the other pixels scaled
by a hand lay-up process to incorporate 1.3%6 in brightness accordingly. This procedure increases the
of continuous, unidirectional, alkali-resistant glass fi-contrast of the displayed image without changing the

bre. Three cementitious matrices were used, represefhformation contained within it. The fibres appear much
tative of those commonly employed in commercial prighter than the surrounding matrix.

products; (i) A cursor, which indicates the brightness of the
pixel beneath it, is run over the interfacial area and
e Matrix O: a standard OPC, a threshold brightness valu&, chosen. Parts of the
e Matrix M: a mixture of OPC with 20% w/w image brighter thaim are assumed to represent fibre
metakaolin, and those darker to represent matrix. A ‘binary slice’
e Matrix C: a commercial blend of OPC, calcium is then performed on the image on the basi3 pit is
sulpho-aluminate clinker and metakaolin. re-plotted with each pixel assigned a value of either 1

(fibre) or 0 (matrix) depending on whether its original
The boards were cured for 28 days af@D95%  grey-scale value (0 to 255) was above or belbwto
RH. Tensile test coupons, 26550 mm, were cut from give an image as shown in Fig. 2c.
the boards. Some coupons were immediately tested to (iii) This latter image must now be ‘clumped’. Un-
provide control data. Others were aged underwater fowanted artefacts inthe originalimage, e.g. pores, micro-
periods up to 1 year at 20, 38 and*65prior to testing.  cracks and small crystals, may also have appeared
Matrix strength was derived from the resultant stressbrighter thanT and hence been erroneously classed
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Figure 1 Typical strand cross-sectional morphologies.

as fibres. The image will have a large number (typi-always close to that chosen by visual means in the ini-
cally a few thousand) of small clumps of continuously tial analysis. It was also found thap was unique to
adjoining 1-value pixels as well as the large clump rep-each image i.e. a single threshold value could not be
resenting the fibre strand. The program scans the imagapplied across a number of images despite their being
for these clumps and re-plots it, assigning each clumpaken from the same composite under the same lighting
a unique colour value, Fig. 2d. A further binary slice conditions etc.
is then performed on the image with the unique colour The main justification for using the minimum
value of the fibre clump used as the threshold valueperimeterfy rationale is thally is always close to the
This removes all extraneous pixels, Fig. 2e. value intuitively chosen and that it can be objectively
(iv) Theimage now consists of a single clump of pix- applied across all samples. It can be further justified
els. A small algorithm is then used to isolate the pixelsby considering the changing shape of the fibre clump
forming the perimeter, and the image is finally plottedas the chosen threshold is varied. WHeaT, the op-
with just these pixels displayed, Fig. 2f. The perimetereration is being less selective about what is included;
can then be determined by either using vectorisation othe fibre clump and hence the measured perimeter will
the ‘random walk’ hypothesis. Vectorisation involves be larger. Extraneous, non-fibre pixels may also be in-
the GRASS system’s vector image capabilities draw-cluded further inflating the perimeter. As the linit>0
ing a line through the centre of all the pixels and mea4is approached, nearly all the pixels in the image will be
suring its length. The random walk hypothesis (RWH)classed as fibre and the measured perimeter increases
see Appendix, assumes that the length of the perimeapidly.
ter is proportional to the number of pixels therein. The WhenT >T, the operation is being more selective.
perimeter algorithm also evaluates the area boundeBewer pixels will be included, but the coastline of the
within the perimeter; this allows the proportion of the fibre clump will become more convoluted thus increas-
strand not occupied by glass (i.e. the interfilamentaing its perimeter. This coastline will become increas-
area) to be deduced. ingly unlikely to model the contact perimeter between
(v) It is important to note that occasionally the fibre and matrix accurately. Groups of fibre pixels will
strand may be represented by more than one clumpeparate from the main clump and care must be taken
e.g. Fig. 1d and f, in which case the stages shown imot to exclude these from the analysis. In the limit,
Fig. 2d and e must be repeated for each clump. the measured perimeter will approach the sum of the
perimeters of the individual filament&, therefore rep-

The perimeter measurement process as described fRS€nts a balance point between exclusion of noise and
stages (i)—(v) does not in itself represent an improve&nsuring a realistic perimeter morphology.
ment on existing methods, as it still contains one sub-
jective step. Since the fibre-matrix boundary is not un4. Results and discussion
ambiguously defined, a judgement of the best initial4.1. Perimeters - Influence of matrix
threshold value to be used in the analysis mustbe made. composition/ageing
In order to investigate whether this subjectivity could The derivation ofly (and the corresponding perimeter)
be removed, the effect of varying the threshold valuecould be applied consistently to all samples, removing
on the number of perimeter pixels extracted (which isthe subjectivity involved in choosing a threshold value.
closely proportional to the perimeter) was evaluated. Using this approach, the average strand perimeter after
It was found that for all samples the number of curing but before ageing for each matrix was derived,
perimeter pixels passed through a minimum, Fig. 3Fig. 4 (un-hatched bars). No significant differences in
at some optimum threshold vallg. This value was perimeter between the three different matrix grcs were
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GRASS 4.1 - Monitor: x1

W __
Stage 1: 256-grey image from which
threshold is estimated.

B 3 GRASS A1 — Monitor: x1 G Rt 0 7 T GRASS 47 - Moalorxl

Stage 2: Density sliced image based Stage 3: 'Clumped’ image uniquely identifying
on the threshold chosen. each image arfifact,

=f GRASS 4.1 ~ Manitor: x1 T GRASS 4.1 ~ Manitor: x1

Stage 4: Re-classed image isolating the _ Stage §: Image after perimeter processing
fibre bundle. showing only the perimeter pixels.

]

Figure 2 (a) Original image; (b) re-mapped grey image; (c) binary slice; (d) clumped image; (e) reclassed image; (f) isolated perimeter.
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Figure 3 Number of perimeter pixels vs. threshold value.
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Figure 6 Strand inter-filamental areas. Error bars-1 standard devia-
tion.

tracting the constant cross-sectional area of glass in a
strand (0.030 mr) from the area bounded by the mea-
sured perimeter. The results are shown in Fig. 6, where
it can be seen that the medy for unaged matrix O
and M composites is not significantly different, 0.0179
and 0.0161 mrhrespectively. In unaged matrix C com-
posites A is about 25% lower, 0.0125 nimAnalysis

of variance confirms this as a significant result at the
95% level. Ageing, however, had no significant effect
on A, as shown for matrices O and C, Fig. 6 (hatched
bars).

4.3. Frictional bond

Since neither matrix formulation or ageing had a sig-
nificant effect on the strand perimeter, the global value,
2.40 mm, was used in Equation 1 to derive the frictional
bond for all samples.

Fig. 7 shows bond vs. time curves for grc samples
aged at 20C. It may be seen that the frictional bond ini-
tially rises with ageing time, reaching a terminal value
between 28 and 56 days i.e. after such time there is no
statistically significant change in the frictional bond.
Matrix C composites develop a significantly higher ter-
minal bond than matrix O and M composites. It was

observed. For matrices O and C, strand perimeters after
ageing were also derived, Fig. 4 (hatched bars). The
ageing appeared to have no significant effect on the
strand perimeters. The global mean perimeter (the mean
of all measured perimeters) was found to be 2.404 mm
with a standard deviation of 0.467 mm. This is about
15% lower than that derived by Oakley and Proctor [11].

In preliminary studies, both RWH and vectorisation
were used in the final stage of perimeter determination.
Results obtained (both from full, e.g. Fig. 1a, and par-
tial, e.g. Fig. 1d, strands) using either method did not
differ significantly, Fig. 5. RWH was used in the final
study as it is the simpler procedure.

4.2. Interfilamental areas
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The ‘interﬁl_a_mental'area, (i.e. the area within the strandrigure 7 Frictional bond vs. ageing time @ 20. Error bars= 1 stan-
that was initially void spaced,) was deduced by sub- dard error.
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also found that the value of terminal bond attained was The inverse relationship between ageing temperature
dependent on the ageing temperature, Fig. 8. Ageingnd terminal frictional bond was unexpected. The rea-
at higher temperatures produced lower terminal bondons behind it are unclear, although it is known that
values. It did not, however, appear to affect the rate oflifferent hydration products are formed in matrices M
bond development, as is clearly shown for matrix Cand C at higher temperatures [16, 17]. This finding may
composites in Fig. 9. have implications for short fibre composites designed

The lowerA, in matrix C composites may be a con- to exhibit pseudo-toughness via low-bond, fibre pull-
tributing factor to the development of higher bond in out mechanisms. Since the bond formed at elevated
these composites. Compared to the other grcs, the fitemperatures, Fig. 8, is rather less than that formed at
aments within the strands are more efficiently packedn-service temperatures, the hot water accelerated age-
together and there may be little room available withining regime may give false grounds for confidence with
the strand for further rearrangement of the filamentsregards to long-term retention of toughness.

Any growth of hydration products at the strand-matrix

interface and hence reduction in the space available to

the strand would be less able to be taken up by furthes. Conclusions

packing of the filaments. This may resultin a‘pinching’ An objective method of determining strand perimeters
force being applied to the strand in matrix C compos-in grc composites has been developed using digital anal-
ites, thus increasing frictional bond. ysis of images captured from petrological thin sections.
This should make comparison of results from different
investigations easier.

The perimeter oin-situ AR-glass fibre strands does
not vary significantly between matrices or with ageing
time. A constant mean perimeter of 2.40 mm can be
used in all calculations. However, the analysis does sug-
gest that with calcium-sulphoaluminate modified ma-
trices the filaments within a strand became more effi-
ciently packed during initial setting, probably due to

c the expansive nature of the matrix.
\ \i Using the perimeter value derived, bond vs. time
M——3 curves for grc with three different matrices have been
produced. Frictional bond reached a terminal value be-
tween 28 and 56 days of ageing. Matrix C grc devel-
oped a significantly larger terminal frictional bond than
the other grc composites studied. The value of terminal
. y . bond achieved is affected by accelerated ageing temper-

' ' ' ature; higher temperatures produced a lower terminal
0O 20 40 60 80 bond.
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Figure 8 Terminal frictional bond vs. ageing temperature. Error kars Appendix: Random walk hypothesis

+1 standard error. Consider traversing a closed loop consisting of a string
of N pixels each of widthx and heighty. If the loop
is sufficiently long and convoluted that each of the 8

3 possible step paths, Fig. 10, (OA, QBOH) from one
pixel centre to the next is taken an equal number of
&« o times during the traverse then the length of the loop
£ 20°C (i.e. the perimeterP) is given by;
E \-
227 . L 2 4 y2
g 38 c;\n P=ZN[x+y+2¢(x +y9)l.
o
Q 65°C
21 B C
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Figure 9 Frictional bond vs. ageing time & temperature; Matrix C. Figure 10 Possible pixel-pixel step paths.
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