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Conventionally-designed concretes were prepared with different sand particle size distributions, so as to
systematically vary the extent of aggregate-cement paste interface and the mean spacing between sand
grains. The range of fineness modulus of the sands fully encompassed the range of sands normally used in
concretes. The concretes were batched at w/c ratios of 0.30 and 0.50 and cured for various periods before
carrying out determinations of mechanical properties and of “rapid chloride permeability”. The conventional
notions of the effect of the ITZ on concrete properties would predict that a reduction in strength and an
increase in chloride permeability would accompany increased ITZ interfacial area and closer spacing between
sand grains. In general, no such influence was found. It appears from this research that the traditional notions
of the adverse influence of the ITZ on the properties of conventional concretes may not be accurate, within
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the realms of conventional concrete and typical inter-aggregate spacings.
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1. Introduction

Conventional Portland cement concrete is a multi-phase compos-
ite material containing appropriate proportions of coarse and fine
aggregate embedded in a coherent matrix of hydrated cement paste.
Cement hydration is almost always incomplete, and the cement paste
consists of hydration products, residual unhydrated portions of
cement grains, and pore space.

The cement paste fraction of this composite is often considered
to consist of two distinct portions, i.e. a relatively porous interfacial
transition zone (ITZ) extending generally to ca. 30 um or more
away from the contact with the aggregate surfaces, and less porous
“bulk” paste beyond this zone. An authoritative overview of this
concept has been provided by Scrivener [1] The ITZ is said to
constitute the “weak link” in conventional concretes [2-4], and it
has been suggested that overlap between adjacent porous ITZs for
closely-spaced aggregates (so-called “percolation”) provides pref-
erential paths for transmission of water and ions [4-6]. Further-
more, several models have been developed in predicting the elastic
modulus of concrete using a 3-phase composite material approach,
in which the ITZ phase has been ascribed a uniform thickness with
unique properties [7-9]. No distinction is usually made between
ITZs associated with coarse aggregate and ITZs associated with sand
grains; microstructural studies, for example that of Diamond and
Huang [10], have found little difference between them. Since
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collectively the sand fraction of a conventional concrete exhibits
much greater area in contact with cement paste than does the
coarse aggregate fraction, most of the ITZ in concrete is necessarily
associated with the sand grains.

If the conventional picture of the effects of the ITZ on concrete
properties is correct, the proportion of “ITZ paste” volume to “bulk
paste” volume, and the spacing between adjacent aggregate grains
should be major determinants of concrete properties. The average
distance between adjacent aggregate grains can provide something of
a numerical index to these properties, since concretes with larger,
more widely-spaced aggregates presumably possess proportionately
less “ITZ paste” and proportionately more “bulk paste” per unit
volume.

Some years ago Diamond et al. [11] measured inter-aggregate
spacings on polished concrete surfaces for mixes characteristic of the
range of normal field concretes. They found that the closest distance
between adjacent aggregate grains on a planar surface averaged about
75 um to about 100 um, depending primarily on the fineness of the
sand used. Since the traditional thickness ascribed to the ITZ is of the
order of 30-50 um, these findings suggested that in many normal
concretes a significant proportion of the paste will fall close enough to
an aggregate surface to be ascribed to “ITZ paste”; for concretes
batched with finer sands the individual “ITZ paste” zones surrounding
adjacent closely-spaced aggregates might effectively overlap each
other.

It should be noted that (1) both “ITZ” and “bulk” paste are quite
inhomogeneous on a fine scale, and that (2) on average, within the
ITZ, the porosity exhibits a statistical gradient outward from the actual
paste-aggregate interface. Nevertheless, it is often considered that the
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paste in the ITZ zone has distinct properties different from the
properties of the “bulk” paste.

It is possible to influence the proportions of “ITZ paste” to “bulk
paste” (and the extent of overlap between adjacent ITZs) in concretes.
One way of doing this is to incorporate sands of different particle size
distributions (within the acceptable range for concrete sands) while at
the same time keeping the paste content and the proportions of sand
and coarse aggregate constant. Under these conditions concretes
prepared with finer sands necessarily exhibit a greater extent of
aggregate-paste interface per unit volume. At the same time, as the
number of sand grains per unit volume increases, the average spacing
between adjacent sand grains is necessarily reduced. If the traditional
notions of the “weak-link effect” of the ITZ on mechanical properties are
meaningful, and if percolation of closely-spaced ITZs affects the
transmission of water and ions through the concrete, such variations
should produce measurable effects on the properties of the concrete.

In the present study two groups of conventionally-designed concrete
mixes were prepared to span the common range of w/c ratios, w/c ratio
values of 0.30 and 0.50 being selected. Within each group the
proportions of coarse and fine aggregates were kept constant as was
the relative volume of paste to aggregate, but the particle size
distribution of the sands employed was varied over the full range of
conventional concrete sand size gradations. At one extreme, a coarse
sand was used which would produce only limited sand surface areas,
thus limiting the extent of the ITZs generated. At the other extreme, a
fine concrete sand was used which would present much more total
surface to the cement paste, and produce much more ITZs, and also
smaller average distances between sand grains.

The concretes were mixed in a conventional laboratory concrete
mixer, and specimens were compacted into steel molds and cured at
100% RH after being demolded at 1 day. After various periods of
hydration a number of standard concrete tests were carried out to
assess the effects of varying the particle size distribution of the
concrete sand on the mechanical and other properties of the
concretes.

It should also be noted that in these studies no supplementary
cementitious materials such as silica fumes were used. Therefore, no
modification of the ITZ due to the so-called “micro-filler” effect could
have occurred.

2. Experimental details
2.1. Materials and mix designs

2.1.1. Cement

A single ASTM Type Il Portland cement was used throughout. The
chemical composition and associated properties provided by the
cement manufacturer are: SiO, — 21.53%, Al,03 — 5.07%, Fe,03 —
2.31%, CaO — 65.69%, MgO — 1.14%, SO3 — 2.5%, Na,0 — 0.07%, K,0 —
0.36%, LOI — 1.23%, insoluble residue — 0.4%, and Blaine fineness —
346 m?/kg.

2.1.2. Coarse aggregate

The coarse aggregate used was a crushed dolomite of excellent
strength-producing property; its measured specific gravity was 2.71,
and the maximum aggregate size was 19 mm. Its external surface area
was measured by a permeability method using the Kozeny-Carman
equation [12]; the value obtained was 0.23 m?/kg.

2.1.3. Sand

The sand fractions incorporated in the various concretes were
derived from a natural sand by sieving it into five different size classes,
and then blending the size classes so as to produce graded concrete
sands of three different particle size distributions. The size gradations
and other properties of the three blended sands used in the concretes
(designated FA #1, 2, and 3, respectively) are provided in Table 1.

Table 1
Gradations, specific surface areas, and the calculated mean IAS values of the sands used
in these concretes.

Sieve size range (mm) Specific Sand blend notation

surface

— FA #l% FA #2% FA #3%
o retained retained retained

m*/kg
#4-#8 (4.75-2.36) 100 0 0 0
#8-#16 (2.36-1.18) 2.08 0 19 50
#16-#30 (1.18-0.6) 430 11 38 35
#30-#50 (0.6-0.3) 7.54 36 33 15
#50-#100 (0.3-0.15) 1354 53 10 0
Fineness modulus 1.58 2.65 335
Spec. surf. area, m?/kg 10.36 5.87 3.67
Calculated inter-aggregate 60 100 160

spacing, pm

The surface areas measured for these blended sands by the
permeability method [12] were respectively 3.67 m?/kg, 5.87 m?/kg,
and 10.36 m?/kg. It is apparent that the surface area of the coarse
aggregate (0.23 m?/kg) is negligible in comparison to even the
coarsest sand, and that nearly all of the paste-aggregate interfaces
in the resulting concretes necessarily comprise interfaces with sand
grains rather than with coarse aggregate particles.

The size gradation of sand for use in concrete is commonly
characterized by a “fineness modulus” value, which is actually an
index of coarseness. The usual range of fineness modulus values as
given by Mindess et al. [2, p.130] is between 2.3 and 3.1. The fineness
modulus values of the three blended sands used here were
respectively 1.55, 2.65, and 3.35, thus encompassing (and indeed,
somewhat exceeding) the range of gradations normally used in
concrete.

2.1.4. Mix designs

Details of the mix designs of the various concretes studied here are
provided in Table 2. As mentioned previously, concretes incorporating
each of the sand blends were prepared at w/c ratios of 0.50 and 0.30
respectively. The mass ratio of coarse-to-fine aggregates was kept
constant at 1.65 throughout, and the calculated percent paste by
volume kept constant at 40%. Appropriate dosages of naphthalene
sulfonate superplasticizer were used so as to generate slumps
between 75 and 100 mm in each of the fresh concretes.

2.2. Mixing and specimen preparation

The concretes were mixed in a conventional laboratory mixer, and
76 mmx 152 mm cylinder specimens were compacted into steel
molds and demolded at 1 day. They were subsequently cured in a
fog room maintained at nominally 100% RH and approximately 23 °C
until testing.

Table 2
Concrete mixture proportions.

Item Mixture proportion

Series #1, w/c=0.30 Series #2, w/c=0.50

FA #1 FA #2 FA #3 FA#1 FA #2 FA #3
Cement, l(g/m3 590 590 590 451 451 451
Sand, kg/m> 606 606 606 606 606 606
Coarse agg., kg/m> 997 997 997 997 997 997
Water, l(g/m3 1733 1733 1733 224.8 224.8 224.8
Air, % 3 3 3 3 3 3
Superplasticizer, L/m> 7 7 7 2.5 2.5 2.5
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2.3. ITZ characteristic and mean inter-aggregate spacings

If the average thickness of the ITZ around any sand grain does not
vary with its size, as found, for example by Diamond and Huang [10],
the differences in surface areas among the sand blends should result
in proportional differences in content of “ITZ paste” per unit volume of
concrete. Furthermore, since the total paste content per unit volume
in these mixes is fixed, the corresponding differences in the
proportions of “ITZ” paste” to “bulk paste” is necessarily considerably
greater than this. Assuming the overall concrete porosity remains
constant, the porosity of the “bulk paste” may be reduced as the
proportion of the “ITZ paste” increases.

An index of the nominal proportion of “ITZ paste” to “bulk paste” in
different concretes can be provided by calculating a mean inter-
aggregate spacing (mean IAS) for each concrete. This can be done
using the mix proportions, the dry-rodded unit weights of the
aggregate blends, and the specific surface area of each of the
individual fractions of aggregate. The procedure for this calculation
is illustrated in Appendix A, and the necessary data for the present
concretes is provided in Table 3. Since the paste-to-aggregate volume
ratio is the same for both series of concretes the calculated mean IAS
for concrete using a given sand is the same for concretes of both the
w/c 0.50 and w/c 0.30 series.

The mean IAS so calculated is similar but not quite the same as the
mean distance of closest approach measured by Diamond et al. [11]. It
is similar in that it attempts to represent the average value of closest
approach between adjacent grains. However, it is calculated from a
simplified model and represents distances averaged over all direc-
tions in three dimensional space, rather than distance of closest
approach measured on an arbitrary plane.

The results of these calculations indicated that the mean IAS in the
concretes with the three different sand gradations would be
approximately 160 pm, 100 pm, and 60 pm for the concretes contain-
ing the coarsest, medium, and finest sands. These values are of the
same general magnitude as the measurements reported by Diamond
etal [11].

To verify the degree to which these calculated values of mean IAS
were actually characteristic of the present concretes, a series of
backscatter SEM micrographs were taken from flat polished specimens.
Measurements were made of mean inter-aggregate spacings on the
plane of observation. These were measured using a simple linear
traverse procedure similar to that recommended in the ASTM C 457
standard procedure. In essence, this involved overlaying of a grid of
closely-spaced lines on the SEM images and determining the respective
total lengths traversed respectively on aggregate and paste fractions, at
the same time counting the number of aggregate particles encountered
during the traverse. The mean IAS on the plane was calculated simply by
dividing the total length of paste encountered along a given traverse by
the number of aggregates detected along the traverse line. Details of this
procedure have been described elsewhere [13].

Table 3
Aggregate properties required for calculation of mean IAS.

Specific Dry-rodded unit Specific surface
gravity, ssd weight, kg/m> area, m?/kg
Coarse aggregate 2.71 1645 0.23
Fine aggregate
Blend FA #1 2.63 1715 10.36
Blend FA #2 2.63 1735 5.87
Blend FA #3 2.63 1645 3.67
Mixture (CA/FA — 1.6)
Blend FA #1 — CA 2.68 1908 4.12
Blend FA #2 — CA 2.68 1961 239
Blend FA #3 — CA 2.68 2016 1.55

In Table 4 these measured mean IAS values are compared with the
calculated values of mean IAS. In each case, the mean measured values
of the IAS slightly exceed the calculated values. This would be
expected, considering that the separations between aggregates were
measured along an arbitrary line, rather than representing average
distances of closest approach. Nevertheless, the agreement is quite
satisfactory.

3. Details of concrete testing

A number of standard concrete tests were carried out to investigate
the degree to which difference in the ITZ contents and the mean
spacings between aggregates might influence concrete properties, as
suggested by conventional ideas of ITZ effects. These determinations
included compressive strength according to ASTM C 39, tensile strength
as evaluated by the split tensile test method (ASTM C 496), dynamic
modulus of elasticity (as measured by impulse excitation method per
ASTM E 1876), and measurement of relative permeance by the so-called
“rapid chloride permeability” test (ASTM C 1202). Each of these
determinations was carried out at various ages, on three replicate
specimens, with the value reported being the mean of the set.
Microscopic determinations of the air contents (ASTM C 457) and
measurements of the water absorption (ASTM C 642) were also carried
out for each of the concretes, in order to determine whether any
differences found between them might be due to differences in air
content or in water absorption.

4. Results
4.1. SEM observations illustrating inter-aggregate spacings

Representative SEM micrographs are provided in Fig. 1 to illustrate
the differences in typical aggregate spacings between concretes made
with the coarsest and the finest sand blends. The images were taken
from 28 day-old concrete of w/c 0.30. The sand grains are of various
shades of gray, reflecting compositional differences among different
individual sand grains in this natural sand. The residual unhydrated
cement particles are seen as smaller white grains, the cement
hydration products (primarily C-S-H) are gray, and the air voids
and other pores are black. It is evident that the great differences
between the mean inter-aggregate spacings calculated for the two
concretes do in fact reflect the substantial differences that exist in
their internal structures.

4.2. Comparisons of concrete properties at 28 days

4.2.1. Compressive strength

Compressive strength values obtained at 28 days are plotted vs.
the calculated mean IAS values in Fig. 2, for the both w/c 0.30 and 0.50
concrete series. The error bars are indications of the standard
deviation.

The 28-day compressive strengths were relatively high, presum-
ably due to the mix design, the use of Type IIl cement, and the quality
of the aggregate. The values found were of the order of 50 MPa for the
w/c 0.50 concretes and 85 MPa for the w/c 0.30 concretes, the

Table 4
Comparison of calculated vs. measured mean inter-aggregate spacings.
Sand Inter-aggregate spacing, um
Le Calculated Measured % difference
(SEM method)
FA #1 60 68 13
FA #2 100 122 22

FA #3 160 200 25
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Fig. 1. SEM micrographs illustrating the difference between typical inter-aggregate
spacings for concrete specimens made with the coarsest sand (above) and with the
finest sand (below).

difference illustrating the overriding effect of w/c ratio on strength. It
should be recalled that no silica fume or other potential “ITZ filler” was
employed.
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Fig. 2. Compressive strengths of concrete at 28 days vs. calculated mean inter-aggregate
spacing. The range bars indicate one standard deviation.

It is clear from Fig. 2 that there is no appreciable effect of the
differences in inter-aggregate spacing on compressive strength for the
wy/c 0.50 concretes. For the w/c 0.30 series, there is a slight apparent
effect, i.e. the mean compressive strength of the concrete with the
finest sand (and thus the greatest proportion of “ITZ paste” to “bulk
paste”) was a little lower (at about 80 MPa) than the mean
compressive strength for the coarsest sand concrete (at close to
84 MPa). However, we consider that this small difference is of dubious
significance, and, as shown later in Table 6, similar differences were
not found at either earlier or later ages.

4.2.2. Split tensile strength

The split tensile strength values determined at 28 days are presented
in Fig. 3. The values obtained were between about 5 to 6 MPa for the w/c
0.50 series and about 8 to 9 MPa for the w/c 0.30 series. Here there
seems to be a fairly obvious trend toward reduced tensile strength for
the concretes with the finer (and more closely-spaced) sands. However,
this trend is not found either at earlier or at later ages, as seen later in
Table 6. To illustrate the difference, Fig. 3B shows the split tensile
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Fig. 3. A. Split tensile strength of concrete at 28 days vs. calculated mean inter-
aggregate spacing. B. Split tensile strength of concrete at 56 days vs. calculated mean
inter-aggregate spacing.
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strength values at 56 days, this apparent trend at 28 days is not
substantiated at 56 days or at 7 days.

4.2.3. Dynamic modulus of elasticity

Results of the measurements of the dynamic modulus of elasticity
at 28 days are provided in Fig. 4. The values obtained were
consistently 43 GPa for the w/c 0.50 series and 53 GPa for the w/c
0.30 series. Here there clearly is no detectable effect of the inter-
aggregate spacing on the results, which are remarkably consistent for
a given w/c ratio.

4.2.4. “Rapid chloride permeability” test results

The “rapid chloride permeability test” (ASTM C 1202), while not
actually a measure of permeability, provides an acceptable compar-
ative index of the relative permeance of a given concrete, i.e. the
relative ease of movement of water and ions through it.

One of the fundamental assumptions of the conventional picture of
the effects of the ITZ is that the movement of water and ions through the
“ITZ paste” is much more rapid than through the “bulk paste”. More
specifically, it is usually considered that when aggregates are sufficiently
closely-spaced that the adjacent ITZs “percolate”, i.e. overlap in space,
fluid and ion transport is significantly enhanced [5,6].

The results of the “rapid chloride permeability” tests at 28 days are
provided in Fig. 5. The values obtained were of the order of 6200
coulombs for the w/c 0.50 concretes, and about 3500 coulombs for the
wy/c 30 concretes. In neither series is there any indication of a greater
permeance for concrete with even the smallest inter-aggregate
spacing. Indeed, the values for the w:c 0.30 series show an apparent
trend in the opposite direction from that expected, i.e. the concrete
with the more widely-spaced aggregates exhibited slightly higher
“rapid chloride permeability” values. If real, this small difference may
reflect greater interference in the flow path by the more closely-
spaced impervious sand grains, i.e. a more tortuous flow path.

4.2.5. Air content and water absorption determinations

Measurements of the air contents of the hardened concretes
(ASTM C457), and of water absorption (ASTM C 642) were carried out
at 28 days; the results are presented in Table 5. These tests were
carried out to establish whether or not incorporation of the sands of
different gradations might have produced differences in amount of

80

| -2 (.5 —4A—0.3

70

60 |

E_
?

50

by

1
*—
4

40 -

30 A

207

Dynamic Modulus of Elasticity, GPa

0 T T T T
30 60 90 120 150 180

Inter-aggregate spacing (IAS), um

Fig. 4. Dynamic modulus of elasticity of concretes at 28 days vs. calculated mean inter-
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Fig. 5. “Rapid chloride permeability” of concretes at 28 days vs. calculated mean inter-
aggregate spacing.

entrapped air (or in water absorption characteristics) that might have
offset or overcome the effects of the differences in ITZ characteristics.
No such effects were found. The air contents for both series were all
reasonably close to the expected mix design value of 3%. The
measured absorption values were approximately 6% for the w/c 0.30
series and slightly more than 7.5% for the w/c 0.50 series, irrespective
of the gradation of sand used.

4.3. Concrete properties measured at earlier and later ages

The results cited previously were all obtained at a standard age of
28 days. It is axiomatic that concrete properties change over time;
strength increases, and fluid and ion transport properties decrease, as
hydration proceeds. Accordingly, in this study tests of concrete
mechanical properties were conducted at ages earlier, and also later,
than 28 days. The results obtained at 7 days and generally at 70 days
are summarized in Table 6.

Examination of the results in Table 6 indicates that for compar-
isons at ages earlier and later than the conventional 28 day, the
concretes of a given w/c ratio did not show any consistent differences
in compressive strength, split tensile strength, dynamic modulus of
elasticity, or “rapid chloride permeability” with progressive differ-
ences in sand gradations. In particular, the seeming trend found for
split tensile tests at 28 days did not appear either at 7 days or at
56 days. Table 6 also indicates that the concretes all gained strength
and showed reduced values of “rapid chloride permeability” with age
as expected.

Table 5
Results of air content and water absorption determinations.
Fine aggregate blend ASTM C-457 ASTM C 642
used in the mix Air Content, % Absorption, %
w/c 0.30 FA #1 2.70 5.85
FA #2 2.94 6.05
FA #3 3.03 6.10
w/c 0.50 FA #1 3.5 7.52
FA #2 3.0 7.86
FA #3 3.6 7.73
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Table 6
Measured properties of concretes at ages other than 28 days.

Age,  Property w/c Calculated IAS
days ato  coum  100pm  160pm
7 Compressive strength, MPa 0.3 68.4 70.0 69.5
0.5 34.0 36.5 36.8
Split tensile strength, MPa 0.3 7.80 7.93 7.27
0.5 5.85 5.94 5.83
Dynamic elastic modulus, GPa 0.3 51.0 49.5 50.0
0.5 39.1 38.8 40.8
Chloride permeability, Coul. 0.3 3300 3400 3800
0.5 7500 7200 7400
70° Compressive strength, MPa 03 88.6 90.7 94.0
0.5 55.0 59.0 59.0
Split tensile strength, MPa 0.3 7.97 9.51 8.88
0.5 6.75 5.89 6.78
Dynamic elastic modulus, GPa 0.3 55.8 54.7 55.4
0.5 452 46.0 47.0
Chloride permeability, Coul. 0.3 2380 2600 2490

0.5 4230 3590 4250

2 Except for the split tensile strength determinations, which were secured at 56 days.

5. Discussion

The results obtained here are interpreted as casting doubt on
the widely-accepted concept that the ITZ paste acts as a significant
“weak link” with respect to concrete properties, since varying the
extent of the interface and the presumed degree of overlap of
adjacent ITZs does not seem to affect them, at least over the range
of conventional concretes.

It is possible that some details of the ITZ itself may be
influenced by inter-aggregate spacing; for example the average
gradient of porosity between aggregate interface and “bulk” paste
may be greater as the proportion of “bulk” paste is reduced.
Nevertheless, the almost complete lack of measured effect on
concrete properties is significant.

A number of so-called ‘three phase’ models of concrete have been
developed in recent years, for example [7-9,14,15]. These models treat
the concrete as a system composed of aggregates, “normal” cement
paste, and “ITZ paste”, each treated as a separate component with
different properties. In these models significantly reduced properties,
particularly elastic modulus values, are usually assigned to the “ITZ
paste” component. We found no indication of any reduction in dynamic
elastic modulus associated with the presumed increase in proportion of
ITZ associated with fine sands. The results provided here appear to be in
agreement with the comments of LeRoy and delarrard [16] casting
doubt on the necessity for such “three phase model” treatments, at least
within the range of normal concretes.

Appendix A. Method of calculation of mean inter-aggregate spacings

6. Conclusions

Two series of concretes were prepared over the conventional
range of concrete w/c ratios (0.30 and 0.50) to test the concept
that the extent of the ITZ (and degree of overlap of adjacent ITZs)
significantly influences concrete properties. Within each series,
concretes were prepared at constant paste content, but with
different sand particle size distributions, collectively covering the
full range of sand size distributions normally used in concrete. At
one extreme, the coarse sand used had only a small surface area,
thus limiting the content of “ITZ paste”; with this sand the mean
spacing between sand grains was large, and little overlap could
have existed between the ITZs of adjacent sand grains. At the
other extreme, the fine sand used had a large surface area and
consequently much of the cement paste present was “ITZ paste” as
conventionally described; since the average spacing between sand
grains was so small, extensive overlap should have existed
between the ITZs surrounding neighboring sand grains, at least
under conventional ITZ assumptions.

It was found that measured compressive strengths, dynamic elastic
moduli, and “rapid chloride permeability” values were all unaffected by
these extreme variations in ITZ contents and with extent of overlap of
neighboring ITZs. This was true at all ages tested (ranging from a week to
more than two months), and was equally true for both w/c 0.30 and w/c
0.50 concretes. The only exception found was a modest reduction in split
tensile strength with reduced inter-aggregate spacing which was
observed at 28 days, but not at 7 days or 56 days. Thus varying the ITZ
content by varying the fineness of the concrete sand between extremes
consistent with normal concrete practice did not appreciably influence
most measured concrete properties.

These results are interpreted as casting doubt on the conventional
notion that ITZs act as significant ‘weak links’ in conventional
concretes. The use of so-called “three component” models of concrete,
in which the ITZ paste is treated as a separate phase and assigned
different properties from the remainder of the cement paste does not
appear to be justified.
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This calculation involves a number of assumptions, applied to measured parameters, specifically the dry-rodded unit weight of the aggregates,
the specific surface areas of the sand and coarse aggregate fractions, and their mass proportions. All calculations are made on the basis of 1 m>.

The simplifying assumption is first made that all of the aggregate grains are spherical.

In the first step of the calculation the total volume (Vdry) that would be occupied by the dry-rodded aggregate (coarse aggregate and sand
blended in proper proportions) is calculated. This is done by dividing the sum of the aggregate weights by the dry-rodded unit weight. This dry-
rodded volume includes the actual volume of aggregates in 1 m> plus the total of the spaces between the aggregate particles in the dry-rodded
condition. The inter-aggregate pore space in the dry-rodded condition is calculated by Eq. (1), viz:

n = [Vdry—(W / SGssd)] / Vdry (1)
where:
n is the total pore space between the aggregate in the dry-rodded condition,
Vdry is the total volume occupied by the dry-rodded blended aggregate,

w is the weight of the aggregate (i.e. combined coarse aggregate and sand),
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S is the specific surface area of the combined coarse aggregate and sand, and
SGssd is the specific gravity of the blended aggregate in the saturated surface dry condition.

Conceptually the volume of cement paste (i.e. cement plus water) is then introduced into the dry-rodded aggregate, in two steps. In the first
step, the cement paste just fills the pore space between the aggregate grains in the dry-rodded condition, the volume being. “n” as calculated
above. In a second step, the “excess” paste beyond this volume serves to push the aggregate grains apart until all of the excess paste has been
introduced and the 1 m? total concrete volume attained. It is assumed that all of the aggregate grains (regardless of size) are enveloped by a shell
of paste of uniform thickness, as indicated in the figure below. This shell thickness (“Tsper”) is simply the volume of the excess paste divided by
the total surface area of the aggregate. The mean inter-aggregate spacing is twice the thickness of the shell that results from introducing the
excess paste between the aggregate grains.

The concepts are illustrated in the figure below. The upper figure shows the dry-rodded volume, incorporating part of the paste (equivalent in
volume to “n”), with the remainder of the paste undistributed, i.e. in a layer above the dry-rodded volume. In the lower figure, the “excess” paste
is distributed as uniform shells surrounding each aggregate grain.

\ N T
\ Free, (or Excess) Paste

Inter-Aggregate Paste

Bulk Paste

Sample calculation

To illustrate the calculation procedure, a sample calculation is provided for the case of concrete containing the finest sand (FA#1):

Coarse aggregate content =997 kg/m3

Fine aggregate content =606 kg/m3

Total surface area of coarse aggregate in 1 m> of concrete = 0.23 m?/kg x 997 kg =229.31 m
Total surface area of fine aggregate in 1 m> of concrete = 10.36 m?/kg x 606 kg = 6278.16 m?
Combined surface area of aggregates (coarse -+ fine) in 1 m* of concrete = 6507.47 m?

The calculated excess paste volume from Eq. (1) above was 0.20 m>

The calculated shell thickness = 0.20 m*/6507.47 m? = 30.73 um

The mean inter-aggregate spacing =2 x30.73 pm = 61.46 pm.
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