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ABSTRACT: Aggregate grading is guided by the aim of achieving the greatest possible
aggregate packing density in a concrete mixture. However, little consideration is given
to the direct influence of aggregate grading on concrete properties, including
durability. This research aimed at enhancing understanding of how grading influences
potential concrete durability. The research involved laboratory experiments on
concretes made with different binary blended aggregates, each containing a fine and
a coarse aggregate constituent. Each of the binary blends had a different particle size
distribution but the same packing density. Fine aggregates varied, according to
fineness modulus (FM), within a range from 1.5 to 3.0, and coefficient of uniformity
(Cu), within a range of 3.3 to 6.8. Coarse aggregates were varied to achieve either a
gap or a continuous grading in the binary blend, and were characterised by FM. The
concrete specimens were tested using the South African Durability Index test
methods to characterise potential durability. In the tested ranges, a change in FM
resulted in a maximum difference in water sorptivity index (WSl) of 1.33 mm/h0.5 and
chloride conductivity index (CCl) of 0.31 mS/cm. Change in Cu resulted in a maximum
difference in oxygen permeability index (OPI) of 0.30. A correlation coefficient smaller
than 0.3 was found for the relationship between FM and OPI and between Cu and
both WSI and CCI. These relationships were deemed not to be meaningful, statistically
or practically. For all of the durability indexes, the binary blend with gap grading
resulted in better performance than with continuous grading: OPl increased by 0.45,
WSI decreased by 1.14 mm/h0.5 and CCl decreased by 0.16 mS/cm, on average.
Nevertheless, these effects, as well as those derived from variation of fine aggregates,
were relatively small compared to the changes observed in other research, resulting
from variation in water/binder ratio and binder type and content. It was thus
concluded that, within the range of aggregate properties studied, aggregate grading
per se, while important for plastic properties and compactibility of concrete, has a
minimal influence on potential durability, and will therefore generally not be a
primary consideration in durability-focused concrete mix design. This does not detract
from the significance of aggregate type — it speaks only of the aggregate grading for a
given aggregate type
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The influence of aggregate grading on concrete
potential durability and penetrability

Michael Loseby, Mark Alexander and Hans Beushausen

Concrete Materials and Structural Integrity Research Unit (CoMSIRU)
Department of Civil Engineering, University of Cape Town, Cape Town, South Africa

ABSTRACT

Aggregate grading is guided by the aim of achieving the greatest
possible aggregate packing density in a concrete mixture. However,
little consideration is given to the direct influence of aggregate grading
on concrete properties, including durability. This research aimed at
enhancing understanding of how grading influences potential concrete
durability. The research involved laboratory experiments on concretes
made with different binary blended aggregates, each containing a fine
and a coarse aggregate constituent. Each of the binary blends had a
different particle size distribution but the same packing density. Fine
aggregates varied, according to fineness modulus (FM), within a range
from 1.5 to 3.0, and coefficient of uniformity (Cu), within a range of
3.3 to 6.8. Coarse aggregates were varied to achieve either a gap or a
continuous grading in the binary blend, and were characterised by FM.
The concrete specimens were tested using the South African Durability
Index test methods to characterise potential durability. In the tested
ranges, a change in FM resulted in a maximum difference in water
sorptivity index (WSI) of 1.33 mm/h®> and chloride conductivity index
(CCl) of 0.31 mS/cm. Change in Cu resulted in a maximum difference
in oxygen permeability index (OPI) of 0.30. A correlation coefficient
smaller than 0.3 was found for the relationship between FM and OPI
and between Cu and both WSI and CCl. These relationships were
deemed not to be meaningful, statistically or practically. For all of the
durability indexes, the binary blend with gap grading resulted in better
performance than with continuous grading: OPI increased by 0.45,
WSI decreased by 1.14 mm/h®> and CCl decreased by 0.16 mS/cm,
on average. Nevertheless, these effects, as well as those derived from
variation of fine aggregates, were relatively small compared to the
changes observed in other research, resulting from variation in water/
binder ratio and binder type and content. It was thus concluded that,
within the range of aggregate properties studied, aggregate grading
per se, while important for plastic properties and compactibility of
concrete, has a minimal influence on potential durability, and will
therefore generally not be a primary consideration in durability-focused
concrete mix design. This does not detract from the significance of
aggregate type — it speaks only of the aggregate grading for a given
aggregate type.

1 INTRODUCTION
Concrete is generally perceived as being an inherently durable
material. However, many concrete structures need substantial repair
and maintenance during their service life, with resultant costs to the
economy reaching 3 -5 % of gross national product in some countries
(Alexander, Mackechnie & Ballim, 1999). Durability is therefore
critical in concrete design and specification. Aggregates constitute
between 60 and 80 % by volume of typical concretes, and can have a
profound influence on the physical properties, including durability, of
hardened concrete.

Mix proportioning guidelines laid out in the Cement and Concrete
Institute Method in South Africa (Addis & Goodman, 2009), as well

as the ACI Standard 211.1-91 (American Concrete Institute, 1999),
aim at achieving the greatest possible aggregate packing density for a
combination of given coarse and fine aggregates. This is done to:-

a. Minimise the cost of concrete production by maximising the volume
of cheaper aggregate and minimising the volume of expensive
cement;

b. Reduce the environmental impact of concrete, as cement is
associated with significant carbon emissions;

c.  Maximise workability. It has been found that in most applications,
aggregates with greater (but not always the greatest) packing
density give better workability (de Larrard, 1999; Johansen &
Andersen, 1991);

d. Reduce shrinkage and creep deformation. Cement paste is the
component of concrete which undergoes these deformations.
Thus by reducing the paste component, the amount of creep and
shrinkage deformation is reduced (Fennis et al., 2012).

However, research suggests that greatest packing density may not
necessarily give the best strength and durability properties. There are
conflicting mechanisms at play. With increasing volume fraction of the
stronger and less permeable aggregate, by way of the dilution effect,
improved strength and durability can be expected (Alexander & Mindess,
2005). Furthermore, greater tortuosity of the flow path of a permeating
agent — achieved through greater aggregate content - would also
contribute to improved durability. On the other hand, the interfacial
transition zone (ITZ) can lead to reduced strength and durability with
increased aggregate packing density. The ITZ is a region of greater
porosity which forms at the paste-aggregate interface of aggregate
particles, extending into the paste some 30 to 50 pm (Bentz, et al.,
1992; Scrivener & Gartner, 1987; Bentur & Cohen, 1987). In isolation
of each other, the ITZs of individual particles have a limited influence.
However, with increased aggregate packing density, a percolation effect
occurs, whereby the ITZs begin to overlap. The percolation effect results
in connected regions of greater porosity, and at a point, a flow path
through the concrete develops (Scrivener & Nemati, 1995; Winslow
et al. 1993). With these effects, it can therefore be expected that
the greatest packing density is not always optimum for strength and
durability, suggesting that the selection of aggregate grading may need
to be conducted with consideration of more than just its effects on
packing density.

Similar to aggregate packing density, aggregate grading may
influence durability. For example, aggregates of the same packing density
but different gradings may influence durability through mechanisms
of tortuosity and the ITZ. A concrete made with an aggregate with
a greater amount of larger particles will be less tortuous than one of
the same aggregate volume fraction but a smaller average particle size.
Furthermore, larger aggregate particles tend to produce a larger ITZ.

This research further investigated the influence of aggregate
grading on potential concrete durability, independently of aggregate
packing density.
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2 METHODOLOGY

The influence of aggregate grading on potential concrete durability
was investigated through laboratory experiments. Crushed greywacke
aggregate was used because of its availability in coarse and fine
aggregate sizes. Thus, the effects that may have arisen from differences
in particle shape and material properties were avoided. Binary blends of
the coarse and fine aggregates were created to have different particle
size distributions (PSDs) but the same packing density. This was done by
using coarse and fine aggregates of different PSD’s in predetermined
volume fractions.

2.1 Fine aggregate

Fine aggregate grading was characterised by fineness modulus (FM) and
coefficient of uniformity (Cu). FM is obtained by adding the total
percentage of material retained on each of the standard sieve sizes,
excluding the 75 um sieve, and dividing the total by 100. Cu, as given
by Equation 1, is the ratio of the diameter of the aggregate particle for
which 60 percent of the aggregate, by mass, is smaller than (D), to
the diameter of the particle for which 10 percent of the aggregate is
smaller than (D,,). FM describes the average particle size and Cu gives
an indication of the uniformity of the aggregate grading, which is
represented by the gradient of the grading curve. These are illustrated
in Figures 1 and 2.

D

5 M
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Nine different fine aggregate combinations were tested, with FM
varying between 1.5 and 3.0, and Cu varying between 3.3 and 6.8 -
see Table 1. These ranges are within the practical limits for aggregates
used in concrete production. It is possible to vary FM whilst holding Cu
constant. However, this requires going beyond the limits of nominal
aggregate particle sizes recommended for inclusion in concrete.

Table 1: Fine aggregate grading properties

Percentage passing by mass

100~
Increasing FM
Same C,
—>
0- :
0.01 0.1

Sieve size (mm)

1

Figure 1: Grading curve depicting a change in FM

Percentage passing by mass

Figure 2: Grading curve depicting a change in Cu

100

Increasing C,
Same FM

0.01 0.1

Sieve size (mm)

Aggregate FM Cu o*
F1 1.5 4.3 0.596
F2 2 3.3 0.571
F3 2 4.4 0.611
F4 2.05 6 0.61
F5 2.25 3.8 0.585
F6 2.3 6.8 0.587
F7 2.5 5.6 0.607
F8 2.55 5.9 0.581
F9 3 52 0.581
C1 8.37 - 0.486
C2 9.03 = 0.458

‘F’ — Fine aggregate; ‘C’ - Coarse aggregate

* See Equation 2

2.2 Coarse aggregate

Two coarse aggregates were used. One had FM = 8.37 which, when

2.3 Binary blend

The packing density of the binary blends of coarse and fine aggregates
was held constant by adjusting the volume fraction of the coarse and
fine constituents. The required volume fractions were calculated using
the modified-Toufar packing model, which is represented by Equations
2 below (Goltermann et al., 1997).

1

mixed with the fine aggregate, gave binary blends with a continuous
grading, and the other with FM = 9.03 which gave binary blends with
a gap grading (C2). See Table 1.
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Where:

y./e, bulk volume of fine particles with y, being the fine
aggregate volume fraction, and ¢, the packing density of
the fine aggregate.

y, /e, bulk volume of coarse particles with y, being the coarse

aggregate volume fraction, and ¢, the packing density of
the coarse aggregate.

Y :(32'1 ) void volume between coarse particles.

characteristic diameter (or average particle diameter) of
fine and coarse aggregate particles respectively, which, for
an aggregate used in concrete, is the particle diameter for
which 36.8 % of the particles are greater than that size
(Johansen & Andersen, 1991).

factor that accounts for the effects of diameter ratio, given
above.

k a statistical factor given above.

Water/cement ratio and water content were kept constant throughout.
CEM 1I-B/M (LS) cement of strength class 42.5N was used. Chryso
Optima 175 (a high-range water reducing admixture based on
polycarboxylate and modified phosphonate) was added to achieve a
slump between 50 and 100 mm. A mean quantity of superplasticiser
equal to 0.48 percent of the cement mass was used for continuously-
graded aggregates. For gap-graded aggregates, the mean was 0.69
percent. This was unexpected, since gap-graded aggregates tend to
overcome the internal friction caused by intermediate sized particles
which results in reduced workability (Alexander & Mindess, 2005). The
concrete mix designs are provided in Table 2.

Table 2: Mix designs for laboratory experiments (per m?)
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The South African durability indexes, (oxygen permeability (OPI), water
sorptivity (WSI) and chloride conductivity (CCl) indexes), were used
to characterise the potential durability of the concrete. These tests,
particularly the OPI and CClI tests, have been found to give accurate
reflections of the concrete durability properties and yield results with
strong correlation to other internationally accepted methods (Torrent &
Fernandez Luco, 2007; Romer & Fernandez Luco, 2005). Compressive
strength tests were conducted for quality control to ensure that sample
preparation, including batching, mixing and curing, had been done
correctly and consistently throughout.

Laboratory test specimens were prepared in accordance with
the specifications of the Concrete Durability Index Testing Manual
(Alexander, Ballim & Mackechnie, 2010). The samples for all durability
index tests were 30 mm thick slices of 70 mm diameter cores cut from
100 mm cubes. A core was cut perpendicular to the cast face of a cube,
through to the opposing face, and the slices were taken 5 mm from
each end of the core. For the durability index tests, four 100 mm cubes
from each mix were cast and cured in a water bath at 23 °C for 28 days.
Thereafter, the cubes were cored and cut and the test samples were
placed in an oven at 50 °C for 7 days.

3 RESULTS

Correlation andregression analyses were employed to determine whether
FM and Cu had a meaningful effect on the measured parameters. This
involved the calculation of the correlation coefficient r. The correlation
coefficient ranges from -1 to 1 and describes a linear relationship,
where negative values indicate an inversely proportional relationship
and positive values describe a directly proportional relationship. Values
close to -1 or 1 indicate that data points are clustered around a definite
line (i.e. there is a strong relationship between the two variables), whilst
a value close to zero indicates a large scatter.

Water wib CE:;I.ISI B Sand 153;;?121 159t;r'|1r: Superplasticiser Slump

Mix v, % of

kg - kg kg kg kg 1/m?3 cement mm

mass

C1F1 200 0.55 364 0.34 598 585 585 2.77 0.8 75
C1F2 200 0.55 364 0.37 646 561 561 2.00 0.6 85
C1F3 200 0.55 364 0.34 608 580 580 2.31 0.7 70
C1F4 200 0.55 364 0.35 610 579 579 2.15 0.6 95
C1F5 200 0.55 364 0.37 649 559 559 1.54 0.4 90
C1F6 200 0.55 364 0.37 648 560 560 1.31 0.4 80
C1F7 200 0.55 364 0.36 637 566 566 0.92 0.3 65
C1F8 200 0.55 364 0.38 670 549 549 0.77 0.2 85
C1F9 200 0.55 364 0.42 769 520 520 1.15 0.3 90
C2F1 200 0.55 364 0.40 699 - 1069 4.15 1.2 70
C2F2 200 0.55 364 0.45 790 - 979 2.69 0.8 90
C2F3 200 0.55 364 0.40 702 - 1066 1.77 0.5 95
C2F4 200 0.55 364 0.40 704 = 1064 2.69 0.8 90
C2F5 200 0.55 364 0.44 777 - 991 2.08 0.6 80
C2F6 200 0.55 364 0.44 773 - 995 2.08 0.6 80
C2F7 200 0.55 364 0.42 741 - 1027 1.46 0.4 70
C2F8 200 0.55 364 0.46 813 - 955 2.38 0.7 80
C2F9 200 0.55 364 0.60 1061 = 707 2.00 0.6 70




Oxygen Permeability Index

Oxygen Permeability Index
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R? (which is the same as r?) is the coefficient of determination, which
specifically indicates the goodness of fit of the fitted linear relationship.
Since it was necessary to know whether a change in the controlled
variable resulted in an increase or decrease in test parameters, it was
beneficial to use r rather than R2. The correlation coefficients are given
in Table 3.

Table 3: Correlation coefficients (r)

Aggregate OPI WSl Ccl
grading FM C, FM C, FM C,
Continuous | -0.171 -0.472 |-0.186 0.004 | 0.488 0.147

Gap 0.067 -0.198 |-0.342 0.144 | 0.033 0.283

Cohen (1988) suggests that |r] < 0.3 indicates little correlation. With
a low correlation, there is little relationship between the variables of
interest, which means that a regression analysis is not of value. The
correlation analysis was therefore used as an indicator of whether or
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Figure 3: Scatter plot showing the influence of FM (a) and C, (b)
on OPI at different aggregate gradings

not to perform a regression analysis. For cases in which regression
analysis was performed, the regression coefficient, B, described
the magnitude of the effect that the aggregate grading had on the
measured parameter.

3.1 Oxygen permeability index

The scatter-plotin Figure 3 presents the OPI results. Correlations between
Cu and OPI, in concretes with continuously graded binary aggregate
blends, gave r = -0.472. With B = -0.086, an increase in Cu of 3.5
units - the greatest range tested in this research and which is practically
possible within the limits of FM and fines content requirements
specified in design codes - caused a decrease in OPI of 0.3 units. It
is hypothesised that this was caused by the increase in D,, which, by
attracting a greater level of localised bleeding at the aggregate surface,
causes a greater porosity in the ITZ. However, there is little meaningful
correlation between the same two parameters in concretes with a gap
grading. There is also little meaningful correlation between OPI and FM.
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3.2 Water sorptivity index

The scatter-plot in Figure 4 presents the WSI results. Correlations
between FM and WSI gave r = -0.342 in concretes with gap grading.
With B = -0.885, an increase in FM of 1.5 units — which is the range
between the upper and lower values tested and around the greatest
range that may be achieved whilst within the limits for fines contents
and upper FM value specified by design codes - caused a decrease in
WSI of 1.33 mm/hr®>. This was explained by the relationship between
FM and the volume of the total aggregate that was constituted by fine
aggregates (y,) whereby, in order to maintain constant packing density,
as FM increased, so did y,. As a result, there was a greater proportion
of particles of 75 um and smaller, which refines the pore structure,
particularly in the region of the ITZ. However, there is little correlation
between the same two parameters in concretes with a continuous
grading. There is also little meaningful correlation between WSI and Cu.
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3.3 Chloride conductivity index

The scatter-plot in Figure 5 presents the CCl results. Correlations
between FM and CCl, in concretes with continuous grading, gave
r = 0.488. With B = 0.206, an increase in FM of 1.5 units — which
is the range between the upper and lower values tested and around
the greatest range that may be achieved whilst within the limits for
fines contents and upper FM value specified by design codes - gave an
increase in CCl of 0.31 mS/cm. It was hypothesised that this was a result
of the increase in the average particle size. The larger particles would
cause greater amounts of localised bleeding at the aggregate particle
surfaces, resulting in greater porosity in the ITZ. Furthermore, with a
greater average aggregate particle size, there is less tortuosity which
allows for easier passage of a penetrating substance. However, there
is little meaningful correlation between the same two parameters in
concretes with a gap grading. There is also little meaningful correlation

between CCl and Cu.

4 DISCUSSION

To gain an idea of the significance of the observed changes in the
concrete caused by the variations in aggregate grading, the results were
compared with observations in other research resulting from changes in
water/binder ratio and binder type and content (Heiyantuduwa, 2008).

This comparison is presented in Table 4.

4.1 Fine aggregate

In each of the durability indexes, the aggregate gradings studied had less
influence than what has been observed for changes in binder type and
content and, in particular, changes in water/binder ratio. The correlation
between FM and OPI is not meaningful, by Cohen’s (1988) measure.
Similarly, there is no meaningful correlation between Cu and both WSI
and CCl. An increase in FM led to improved performance as measured
by the WSI, but poorer performance as measured by the CCl. Together
the minimal influence of both FM and Cu, and the variable effects of
FM, suggest that the grading of fine aggregate, at least by the studied
characteristics of FM and Cu, is not a strong determinant of concrete
durability performance. In cases where more meaningful effects were
observed, these are hypothesized to be attributed to changes arising
in the ITZ. Scanning electron microscopy (SEM) analysis, similar to that
carried out by Elsharief et al. (2003), would be useful inconfirming this.

Table 4: Comparison of experimental findings: typical influences
observed for change in wib ratio and binder type and content as
found by Heiyantuduwa (2008) (indicative only)

Increase WSl ca

Property Range (%) OPI (mm/h2s)| mscm)
Change in w/b ratio 0.2 50 -1.0 +5.5 +0.7
Change in binder
type and content* ) ) TS |k iz
Fineness modulus 1.5 100 - -2.03 +0.47
Co'efﬂculent of 35 106 03 ) )
uniformity t
Grading Continuous| | 545 114 | -0.16

to Gap

*These values are magnitude only
tWhere no value is given, there was no meaningful effect found

4.2 Overall binary aggregate grading

As shown in Figures 3, 4, 5, and Table 4, binary aggregate blends with
an overall gap grading yielded better performance than those with
continuous grading across all durability indexes.

This observation may be explained as follows: The greater
distribution of particles in coarse aggregate C1 (the coarse aggregate
that gave rise to binary blend with a continuous grading) gave
it a greater particle packing efficiency than C2, which was more
uniformly graded. Thus, to achieve the same overall packing density
in aggregate blends, a greater proportion of fine aggregate had
to be blended with C2 than with C1. This meant that for each fine
aggregate, vy, for coarse aggregate C2 was greater than Y, for coarse
aggregate C1, with a correspondingly greater amount of fine material,
specifically sub-75 pm material, which refined the pore structure
and vyielded less particle friction, thus improving consolidation.
Penetrability was thus reduced, as shown by improved durability
index values.

Notwithstanding this, the improvement in potential durability,
resulting from the change from continuous grading to gap grading
is between 55 and 79 % less than that which results from a change
in water/binder ratio from 0.6 to 0.4, as observed by Heiyantuduwa
(2008). Binder type and content has also been observed to have a
much greater influence on potential durability than that observed for
overall grading of the binary blend of coarse and fine aggregate. Thus,
in durability focused concrete design, consideration should be given to
the water/binder ratio and binder type and content ahead of aggregate
grading, provided the grading is suitable to achieve a compactable
concrete.

In Table 3, continuously graded aggregates exhibited two regression
coefficients greater than 0.45 in magnitude (-0.472 and 0.488) whilst
there was only one regression coefficient greater than 0.30 (0.342)
recorded for gap graded aggregates. It is therefore, evident that
the potential durability performance of gap graded binary blends is
generally less sensitive than continuously graded blends to changes in
aggregate grading. This is of benefit in construction where changes in
aggregate grading will occur.

The observed relationship between aggregate grading and the
required amount of superplasticiser poses further consideration. The
higher demand for superplasticiser observed with gap graded aggregate
suggests that a gap graded aggregate yields a less workable mix. This
was unexpected, as gap graded aggregates usually overcome particle
interference, by omitting some intermediate particle sizes, thereby
improving workability (Alexander & Mindess, 2005). It is possible that
this was a result of the shape of the aggregate. The test aggregates
were formed entirely of crushed aggregates. The consequent angularity
of the aggregate particles may have limited the potential of the gap
graded aggregates to overcome particle interference.

This observation suggests that the overall grading does not have
a direct, independent link with workability. Since workability has been
found to be linked to potential durability parameters — sorptivity in
particular — it is reaffirmed that overall aggregate grading has a limited
influence on potential durability (Ballim et al., 2009; Kropp & Alexander,
2002). Furthermore, it also suggests that overall aggregate grading
may not need to be considered in concrete mix design when trying to
optimise workability.



5 CONCLUSIONS
From the discussed research, the following points can be noted about
the effects of aggregate grading:

1. The grading of fine aggregate, as characterised by the fineness
modulus (FM) ranging from 1.5 to 3.0 and coefficient of uniformity
(Cu)ranging from 3.3 t0 6.8, haslittle or limited influence on concrete
potential durability. Since these parameters comprehensively
characterise fine aggregate grading and the ranges are at practical
limits, it is concluded that fine aggregate grading is not of primary
concern in optimising concrete durability, other than through
influences it may have on overall aggregate packing density, water
requirement, and workability. Further research, including tests that
measure penetrability over a greater time frame, may be useful in
conclusively showing the absence of any meaningful relationship.

2. A binary blend of coarse and fine aggregates that has gap grading
gives better potential durability than overall continuously graded
aggregates. In the present tests, this was ascribed to the greater
content of fine aggregate material in the gap graded mixes.

3. Gap grading is less sensitive to changes in grading than continuous
grading. This is a benefit since it means that changes in grading,
inevitable during the course of a construction contract, are less
likely to adversely affect the potential durability of the concrete.

4. In general, aggregate grading has a much smaller influence on
concrete potential durability than water/binder ratio and binder
type and content.
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5. The influence of aggregate grading on concrete workability is not
independent. Particle shape appears to determine the influence that
grading has on workability. Further research into the relationship
between these three properties would be useful.

However, an important caveat is necessary. While the effects of
aggregate grading and the nature of the grading are minor at most,
and often only background, this is not to say that different aggregate
types may not have an important influence on durability properties.
Data to hand from other work indicate that aggregate type may play
a larger role. What the observations do say is that, for a given and
consistent aggregate source, changes in aggregate grading have minor
influence on the potential durability of the concrete, other factors
being equal.

7 ACKNOWLEDGEMENTS

The authors gratefully acknowledge the financial support of the
Concrete Materials and Structural Integrity Research Unit at The
University of Cape Town, and the industrial sponsors of CoMSIRU:
PPC Cement (Pty) Ltd, The Concrete Institute, AfriSam, Lafarge, SIKA,
Haw & Inglis, and Aveng. Other sponsors of CoMSIRU are the Water
Research Commission of South Africa (WRC) and Transnet. A



accredited local technical paper

REFERENCES
Addis, B. & Goodman, J., 2009. Concrete mix design, In: G. Owens, ed. Fulton’s concrete technology. Midrand: C&Cl, pp. 219-228.

Alexander, M.G., Ballim, Y. and Mackechnie, J.R., 2010. Concrete durability index testing manual, (Ver 2.0, May 2010). Department
of Civil Engineering, University of Cape Town: Concrete Materials and Structural Integrity Research Unit.

Alexander, M., Mackechnie, J. & Ballim, Y., 1999. Research monograph 2: Guide to the use of durability indexes for achieving durability
in concrete structures. Cape Town: University of Cape Town.

Alexander, M. & Mindess, S., 2005. Aggregates in concrete. Oxon: Taylor and Francis.

Bentur, A. & Cohen, M., 1987. Effect of Condensed Silica Fume on the Microstructure of the Interfacial Zone in Portland Cement Mortars.
Journal of the American Ceramic Society, 70(10), pp. 738-743.

American Concrete Institute, 1999. Standard practice for selecting normal, heavyweight and mass concrete, Michigan.

Ballim, Y., Alexander, M. & Beushausen, H., 2009. Durability of concrete, in: G. Owens, ed. Fulton’s concrete technology. Midrand:
C&Cl, pp.155-188.

Bentz, D., Stutzman, P. & Garboczi, E., 1992. Experimental and simulation studies of the interfacial zone in concrete. Cement and
concrete research, Volume 22, pp. 891-902.

Cohen, J. 1988. Statistical power analysis for the behavioural sciences, Hillside, New Jersey.
de Larrard, F., 1999. Concrete mixture proportioning: A scientific approach. Oxon: Taylor & Francis.

Elsharief, A., Cohen, M.D., & Olek, J. 2003. Influence of aggregate size, water cement ratio and age on the microstructure of the
interfacial transition zone. Cement and Concrete Research, Volume 33, pp. 1837-1849.

Fennis, S., Walraven, J.C. & den Uijl, J.A. 2012. Compaction-interaction packing model:regarding the effect of fillers in concrete
mixture design. Materials and Structures, Volume 46, Issue 3, pp. 463-478.

Golterman, P, Johansen, V. & Palbol, L., 1997. Packing of aggregates: an alternative tool to determine the optimal aggregate mix,
ACI Materials Journal, 94(5): 435-443.

Heiyantuduwa, R., 2008. Service life modelling using the durability index approach, Cape Town: University of Cape Town,
Unpublished report.

Johansen, V. & Andersen, P, 1991. Particle packing and concrete properties. In: J. Skalney & S. Mindess, eds. Materials science of
concrete Il. Westerville: The American Ceramic Society, pp. 111-147.

Kropp, J. & Alexander, M., 2002. Transport mechanisms and reference tests, RILEM TC 189-NEC State of the art report: Non-destructive
evaluation of the penetrability and thickness of the cover, RILEM.

Romer, M. & Fernandez Luco, L., 2005. RILEM TC-189-NEC: Comparative test - Part 1: Comparative test of “penetrability” methods.
Materials & Structures, Volume 38, Issue 284, pp. 895-911.

Scrivener, K. & Gartner, E., 1987. Microstructural gradients in cement paste around aggregate particles. In: S. Mindess & S. Shah,
eds. MRS Proceedings: Bonding in cementitious composites. Pittsburgh: Materials Research Society.

Scrivener, K & Nemati, K., 1996. The percolation of pore space in the cement paste/aggregate interfacial zone of concrete,
Cement and concrete research, Volume 26, Issue 1, pp. 25-40.

Torrent, R & Fernandez Luco, L 2007 (Eds). Nondestructive evaluation of the penetrability and thickness of the concrete cover.
State-of-the-art report, RILEM TC 189-NEC. Bagneux, France: RILEM.

Winslow, D., Cohen, M., Bentz, D., Snyder, K. & Garboczi, E., 1994. Percolation and pore structure in mortars and concrete.
Cement and concrete research, Volume 24, pp. 25-37.

MARK ALEXANDER is Emeritus Professor of Civil Engineering in the University of Cape Town, and a Member

of the Concrete Materials and Structural Integrity Research Unit at UCT. He has a PhD from the University of the
Witwatersrand, Johannesburg, and is a Fellow of the South African Institution of Civil Engineering, the South
African Academy of Engineering, RILEM, and the University of Cape Town. He is a registered Professional Engineer
in South Africa. He teaches and researches in cement and concrete materials engineering relating to design and
construction, with interests in concrete durability, service life prediction, concrete sustainability, and repair and
rehabilitation of deteriorated concrete structures. He is active in international scientific circles and publishes in local
and international journals. He is Immediate Past President of RILEM, an international organisation concerned with
construction materials, systems and structures. He acts as a specialist consultant on concrete materials problems.
He has co-authored “Aggregates in Concrete” (2005) and “Alkali-Aggregate Reaction and Structural Damage

to Concrete” (2011), published by Taylor and Francis, and is editor of a new book “Marine Concrete Structures -
Design, Durability and Performance”, published by Woodhead Publishers (2016).




accredited local technical paper

MICHAEL LOSEBY graduated with a BSc in Civil Engineering in 2011 and an MSc in concrete materials science
and structural engineering in 2014, both from the University of Cape Town. His post-graduate research focused
on the effects of aggregate grading on concrete penetrability. During his time at UCT, Michael was a member

of the SAICE UCT Student Chapter, and served as Chairman in 2013. In 2012 and 2013 Michael worked as

a researcher on various projects for the Concrete Materials and Structural Integrity Research Unit (CoMSIRU),
consulting to industry. Since January 2014, Michael has been working with Al Jaber Engineering and Contracting
(ALEC), a main contractor in Dubai, United Arab Emirates. There he was involved with the completion of the new
Concourse 4 building at Dubai International Airport and is currently working in the role of section manager on
the 180 000 m? Bluewaters Wharf Retail Development.

HANS BEUSHAUSEN joined the University of Cape Town in 1999 after finishing his first degree on Structural
Engineering at the University of Applied Sciences (HAW) Hamburg, Germany. Following his MSc degree

in Structural Engineering in 2000, he obtained his PhD in 2005. He holds the position of Professor in the
Department of Civil Engineering, focussing his teaching efforts on the subjects of structural engineering and
construction materials technology. He is a director of the Concrete Materials & Structural Integrity Research Unit
(CoMSIRU) at UCT, which focuses on infrastructure performance and renewal research. His research interests
include concrete durability, service life design of structures, and concrete repair technology. Professor Beushausen
acts as a specialist industry consultant for condition assessment and repair of concrete structures, and manages
the concrete materials testing in the Civil Engineering laboratory at UCT.



	Cover Page for Open Source November 2016
	147 - 2016.pdf



