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Abstract: Finer cements are normally used in precast industry due to high early strength development.
However, there is a concern of concrete with finer cements, in particular with the long-term durability. In this
research, a finer cement with fineness index of 450m?/kg is compared with normal Portland cement (OPC)
when used alone and combined with 25% fly ash (FA) in concrete. Four concretes were assessed with
binder type of OPC, OPC+FA, Finer cement, and Finer Cement + FA, complying with the Transport for New
South Wales (TfNSW), Australia for concrete bridge under B2 exposure classification. The properties of the
hardened concrete were assessed by compressive strength and drying shrinkage. The compressive
strength was assessed at ages of 1, 3, 7, 28, 90, 180 and 365 days under standard wet curing condition.
Concrete durability properties were assessed as follows: (a) the chloride migration test as per NT 492 at 28
days, (b) the surface electrical resistivity tested on the wet cured concrete cylinders, (¢) modified Duggan
test for the possibility of delay ettringite formation (DEF), if any. In addition, XRD technique was adopted to
identify the unhydrated cement, if any, after 28 days and 365 days hydration.
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1. Introduction

According to Burrows [1], cracking of concrete on bridge decks is common across the US, being caused
by the change of OPC over more than 70 years. The main change in the OPC is the early strength being a
function of the rate of cement hydration. Based on 169 studies [1], anything that increases the early
strength of concrete is detrimental to durability.

It is known that, in general, the OPC is mainly a mixture of dicalcium (C2S) and tricalcium silicate (C3S)
that will form a solid mass in contact with water, resulting in calcium silicate hydrates. The speed of
reaction is mainly caused by the fineness of the cement. Brewer and Burrows [2] have concluded,
following laboratory assessment, that coarser-ground cement produces more durable concrete than finer
ground cement.

According to a more recent review [3], the role of the binder in concrete is to improve microstructure in
time. However, there is a limited data available on concrete microstructure improvement with time.
Therefore, it is difficult to predict the long term durability of concrete structures.

Finer cement is normally used in the precast industry to assist in achieving high early strength. According
to [4], the changes in the fineness of cements due to changes in the cement industry would result in (1)
fast strength gain due to quick hydration, (2) higher strength at 28 days with higher w/c ratio and therefore,
low cement may be used in a mix, (3) high heat may results in micro-cracking with associated potential
issues related to structural damages in long term basis.

In order to assess issues related to potential lower durability concretes that may be caused by finer
cement and the potential impact of SCM on concrete durability, the mechanical and durability properties of
structural concrete using finer cement was assessed against concrete with OPC as a binder.

2. Laboratory Trials Mixes

2.1 Mix design

Two concrete trial mixes using fine cement and fine cement + fly ash were carried out against two control
mixes using OPC and OPC + fly ash. Four laboratory trial mixes (grade 50MPa concrete) were carried out
as per TINSW requirement [5] for concrete work for bridges, B2 exposure classification.

Some details of the laboratory concrete trial mixes carried out are presented in Table 1. The same amount
of normal water reducer was used over four mixes. In order to keep the water/binder ratio constant, a
superplasticiser was used to achieve the same workability in terms of slump.



The finer cement used in the trial mixes complies with the requirement of AS 3792 [6] with regard to
compressive strength at 3, 7, and 28 days, setting time, soundness, SO3; and chloride. The fineness index
of the finer cement was about 450m2/kg which was about 12-15% finer than the average OPC cement used
in the control mixes.

Table 1. Mix design.

Mix 1D Mix 1 OPC | Mix 2~ Mix 3- Mix 4-
Finer OPC+FA Finer+FA
Cement (kg/m3) 470 470 355 355
Fly ash (kg/m3) 0 0 120 120
Coarse aggregate (kg/m?3) 950 950 950 950
Coarse natural manufactured sand (kg/m?3) 425 425 400 400
Fine natural river sand (kg/m?3) 425 425 400 400
Superplasticiser (mls/m?3) 2780 3450 2360 2400

2.2 Fresh properties and discussion

The concrete trials were performed as per the current Australian Standard — AS 1012 Methods of testing
concrete. The fresh properties of concrete are presented in Table 2, including slump, water/binder ratio, air
content, and fresh density.

Table 2. Fresh properties

Mix ID Mix 1 Mix 2 Mix 3 .Mix 4
OPC Finer OPC+FA | FinertFA
Slump (mm) 200 200 200 200
Water/binder ratio 0.362 0.363 0.361 0.361
Air content (%) 1.9 2.0 1.9 1.8
Fresh density (kg/m?) 2440 2440 2400 2400

As noted in Table 1, for a constant slump of 200mm and water/binder ratio of 0.36, concrete with finer
cement required more superplasticiser. This must be related to the fineness of the finer cement. However,
when fly ash was added, the above trend became less significant.

2.3 Compressive strength assessment

The mechanical properties of the four concretes were assessed by the compressive strength test as per AS
1012.9 [7]. The curing condition was wet curing in the saturated limewater, which is the standard curing
condition in Australia. This presents the sufficient curing condition for concrete. The compressive strength
test was carried out at age of 1, 3, 7, 28, 56, 91, 182, 364 days.

The compressive strength data is presented in Figure 1. As expected, the concretes with finer cement have
achieved significant higher compressive strength than the concretes with OPC cement at earlier ages.
However, the difference became insignificant for long term (i.e. 365 days).
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Figure 1. Compressive strength development.

2.4 Drying shrinkage
Drying shrinkage was carried out as per AS 1012.13 [8] and the graph is showed in Figure 2.
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Figure 2. Drying shrinkage

It is interesting to note that, the drying shrinkage of concretes with fly ash addition is higher than the mixes
with cement alone. Furthermore, for each type of binder, concretes with finer cement had much lower drying
shrinkage values.

2.5 Durability properties — chloride migration coefficient

Nordtest NT492 [9] is a quick test for chloride resistance of concrete. This test is required in TINSW B80
specification and the test was performed on concrete at age 28 days. The test results are presented in
Figure 3.



Two concretes with finer cement alone and blended with fly ash had achieved good results, the 28 days
NT492 results being less than the required limit of 8.0E-12 m?%/sec for B2 exposure classification. By
contrast, two concretes with OPC alone and blended with fly ash failed. The comparison indicates that the
finer cement did react in a quicker way, either by alone or blended with fly ash, and would have a better
matrix than the OPC cement at early age (i.e. 28 days).

1.30€-11 1.21E-11
1.20E-11
1.10E-11
1.00E-11
9.00E-12
8.00E-12
7.00E-12
6.00E-12
5.00E-12
4.00E-12
3.00E-12
2.00E-12
1.00E-12
0.00E+00

8.90E-12

7.67E-12 8.00E-12

COEFFICIENT (M2/SEC)

OPC Finer OPC OPC+FA Finer OPC +FA

Figure 3. NT492 results at age 28days

2.6 Durability properties — surface electrical resistivity

Surface electrical resistivity AASHTO T358 [10] is a non-destructive method to assess the concrete’s ability
to resist chloride ion penetration. This test was adopted hereby to monitor the concrete as early as 3 days
up to 365 days. A four Winner probes with tip spacing of 38.1mm were used to monitor concrete specimen
of 100mm diameter and 200mm long cylinders. The very early age results are presented in Figure 4.

It was observed that concrete with finer cement reacted quickly and formed a better matrix to resist chloride
penetration at the early age. As expected, concretes with fly ash addition had lower resistivity due to the
lower cement content and time elapse for the participation of fly ash particles. However, the fly ash concrete
had significantly changed after age of 28 days.

It was noted that the surface resistivity of pure OPC concrete Mix 1 had lowest value, which corresponds to
the highest NT492 result for this concrete. By contrast, the rest three concretes had similar surface resistivity
and the NT492 results were similar as well. Therefore, the resistivity results correlate with the NT492 test.
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Figure 4. Surface electrical resistivity monitoring

2.7 Durability properties — delayed ettringite formation (DEF)

For precast concrete, the steam curing temperature is normally controlled under 70°C, trying to delay
ettringite formation. Duggan test method was modified for this purpose [11].

Instead of using the tiny cores, for each concrete, two sets of concrete prisms were cast in the same way
like drying shrinkage test specimens. The paired prisms were steam cured at 70°C and 80°C for six hours,
respectively, and wet cured till age of 7 days. They were pre-conditioned with three wet-dry cycles. The very
early age results (up to 20 and 45 days) are presented in Table 3.

The expansion value after 20 days is less than 0.0092% (i.e. 92 microstrain), much less than the limit of
0.15%. This indicates that the potential DEF expansion is very low, if any. The extended measurements up
to 45 days show the expansion trend but still far away from the limit.

The general trend of expansion test is that concretes initially cured at 80°C had higher expansion than that
steam cured at 70°C. This makes sense as the higher steam cure temperature would have high potential of
DEF formation. It is expected that, the expansion of concrete initially cured at 70°C, to have a very low
value, as maximum of 70°C is mentioned in literatures and specifications [12]. However, the low expansion
of concrete after 80°C initially steam cured may be of surprise, but could be explained by its low SO3 content
and low alkali content.

The SO; content in both OPC and finer cements is about 3.0%. It was reported in [11] that the expansion of
0.03% for concrete with SO; content of 3.0% while the expansion of 1.5% for SO3 content 7.54% (5.27% in
cement plus 2.27% from additional Na,SO,). Accordingly, although the concrete has been steam cured at
80°C, where the early formed ettringite may decompose, the sulphate content was not high enough so that,
at a later age, ettringite recrystallized in hardened concrete but not in a substantial volume. This agrees with
the experimental results (Table 3) where some expansion has been monitored but at a quite lower level.

The low expansion may be related to the alkali content. The alkali silica reaction (AAR) cannot be absolutely
excluded because the aggregates still contain some free silica. However, the equivalent Na,O in the cement
is about 0.4%, which was not trigger the formation of sufficient AAR gel, if any.

2.8 Unhydrated cement content

It is expected that the finer cement would hydrate in a faster way due to fineness. Some authors [3] have
some concerns that the residual cement (unhydrated) in a finer cement concrete may be not high enough



for further hydration to achieve a better durability performance. The current research has tried to answer
this question by comparing the residual cement at 28 days with 365 days.

Traditionally the petrographic or scanning electronic microscope (SEM) were used to examine the presence
of the residual cement [12]. However, it is really time-consuming to examine a relatively bigger sample and
the results depend on the operator’'s experience on identifying the grey colour and counting the area.
Accordingly the petrographic or SEM images are good to show the presence of the unhydrated cement
rather than the quantitative amount. By contrast, the XRD technique can precisely detect the quantity of
alite C3S, belite C,S, tricalcium aluminate C3;A and brownmillerite C4,AF. This technique was adopted to
quantitatively determine the XRD patter of concrete dust (i.e. 75 microns) with the cement XRD pattern. The
results are summarized Table 4.

All four phases were detected from the pure cement sample. However, only belite C,S was detected from
the concrete samples. It is reasonable to observe the lower percentage of belite in Mix 2 and Mix 4 as finer
cement was used in these two mixes. The presence of belite in the concrete confirms the residual cement
grains in the concrete after 28 days wet curing and became significantly lower after 365 days wet curing.

Table 3. Modified Duggan test results (microstrain)

Mix ID Mix 1 Mi?( 2- Mix 3- Mix 4-
OPC Finer OPC+FA | FinertFA
70°C cured — after 20 days 69 75 88 81
70°C cured — after 45 days 121 103 115 107
80°C cured — after 20 days 75 75 92 85
80°C cured — after 45 days 140 103 119 123

Table 4. XRD results of cements and concrete power samples

. Finer Mix 1 Mix 2 — Mix 3- Mix 4-

Mix ID OPC cement OPC Finer OPC+FA Finer+FA

C3S 63% 57% N/A N/A N/A N/A
9% (28d) 5% (28d) 5% (28d) 4% (28d)

0, o,

€28 16% 22% 3% (365d 3% (365d) 1% (365d) 1% (365d)

S3A 6% 5% N/A N/A N/A N/A

C4AF 13% 14% N/A N/A N/A N/A

3. Conclusions

Finer cement shows the benefit for precast applications due to the higher early strength (Figure 1) and
lower drying shrinkage (Figure 2) in comparison with normal OPC cement.

In terms of durability requirement by NT492, concretes with pure finer cement (Mix 2) can comply with
B80, B2 exposure classification requirement as early as 28 days after curing. The concrete (Mix 1) with
normal OPC cement failed to do so. However, both concretes (Mix 3 and Mix 4) with fly ash addition can
make compliance concrete as early as 28 days as well.

Both OPC and finer cement that conform to the typical Australian Standard - AS 3792 should not produce
delayed ettringite formation in precast steam cured element when temperature <80°C.

The unhydrated cement was detected in the concretes after 365 days curing by XRD technique. It is true
that concrete with finer cement has less unhydrated cement at a short term (i.e. 28 days). But it became
almost the same level on a long term (i.e. 365 days).
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