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Abstract: As part of the research related to the effect on chloride ingress when limestone mineral addition
(LMA) was increased in concrete, the compressive strength of cylinders was also measured. In the research
the compressive strengths were determined after 7-days, 28-days (1-month), 91-days (3-months), and 7-
years (84 Months) of standard curing. This paper reports on the long-term results of cylinders after curing
in water for a further 7 years. The concrete was made in a laboratory with limestone mineral additions at
nominally 4%, 10% and 15%. Cement kiln dust (CKD) was also added to the binder at a level of 5% by
mass of the LMA. Fly ash and ground granulated blastfurnace slag were used as supplementary
cementitious materials to replace the cement. The Type GP cement was replaced by 40% FA and 60% slag
respectively. The results indicated that there was a small increase in the compressive strengths in cement
only concrete and a larger increase when SCM material were used as expected with increased time of
curing. As the LMA was increased there was little or no increase in the compressive strengths. The
conclusions indicated that the use of increased levels of LMA will not have a detrimental effect on concrete
even after 7-years, with good curing of the concrete.
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1. Introduction

As part the PhD research, related to the chloride ingress into concrete/mortar when the LMA was increased,
the compressive strength of the mixes at 7-days, 28-days, 91-days, and 7-years was measured. In the
research the mixes were made with LMA levels of nominally 4%, the standard at the time the research was
undertaken, 10% and 15%. Fly ash (FA) at 20% and 40% and ground granulated blastfurnace slag (slag)
at 30% and 60% were used as the supplementary cementitious material (SCM) to replace the Type GP
cement. CKD was added to the binder at a 5% addition of the LMA level as this is the maximum addition
allowed by the Australian standard AS 3972 [1].

This paper reports on the long-term compressive strengths of the limited number of concrete trials that were
tested during the research. These concrete tests were used to establish if the trends in concrete were similar
to the trends in mortar mixes that were used during the research. The long-term cylinders were kept under
water, at standard curing conditions, for 7-years after casting. In this part of the research the FA and slag
replacement levels were 40% and 60% respectively. The rationale used was that if the replacement level of
the SCM of FA at 40% and slag at 60% replacement were acceptable, lower replacement levels of SCM
would also be acceptable.

2. Materials and mix proportions
The materials used to produce the concrete specimens included:

e Type GP cement with nominally 4% and 10%, both interground at the cement plant in a ball mill and

which satisfied AS 3972 [1].

Type GL cement with nominally 15% LMA of which 5% was added at the mixer.

Fly ash that was typical of material used in Australia.

Slag that is commonly used in Australia.

LMA and CKD from South Australia.

The fine aggregate was a washed concrete sand widely used in South Australia and that satisfied the

requirements of AS 2758.1 [2].

e The 20 mm and 10 mm quarzitic aggregate, which both satisfied AS 2758.1 [2] were blended at a 70/30
ratio.

The water/binder ratio of the mixes was 0.45 in order to achieve a minimum compressive strength of 40
MPA and 28-days. The sand content was adjusted for the binder type to allow for the differences in relative



density of the cement, fly ash and slag. The compressive strengths were determined at 7-days, 28-dyas,
91-dyas and 7-years as per the matrix shown in Table 1.

Table 1: Concrete mix matrix for the research program.

Batch Mix LMA CKD | Aggregate/binder | Sand/binder | w/b
no. content | content ratio ratio ratio
1, 2| Cement only 4% Zero 3.1 1.01 0.45
1,2 10% Zero 3.1 1.01 0.45
1,2 15% Zero 3.1 1.00 0.45
2 | Cement only 4% 5% 3.1 1.01 0.45

2 10% 5% 3.1 1.01 0.45

2 15% 5% 3.1 1.00 0.45
2|60/40 cement/fly ash 4% Zero 3.0 0.88 0.45

2 10% Zero 3.0 0.88 0.45

2 15% Zero 3.0 0.86 0.45

1, 2]160/40 cement/fly ash 4% 5% 3.0 0.88 0.45
2 10% 5% 3.0 0.88 0.45
1,2 15% 5% 3.0 0.86 0.45
2140/60 cement/slag 4% Zero 3.0 0.96 0.45

2 10% Zero 3.0 0.96 0.45

2 15% Zero 3.0 0.96 0.45

1, 2140/60 cement/slag 4% 5% 3.0 0.96 0.45
2 10% 5% 3.0 0.96 0.45
1,2 15% 5% 3.0 0.96 0.45

The mix codes used are set out in Table 2. The example CF 04.5.40 emphasised in bold font, is a cement/fly
ash mortar mix (MF) with 4% LMA (04), 5% CKD (5) and 40% fly ash (40) as cement replacement.

Table 2: Explanation of mix codes used in the paper.

Material | LMA | CKD | SCM | Explanation

CcC Concrete (CC) made with cement only

CF Concrete (CF) with fly ash replacement of cement

CS Concrete (CS) with slag replacement of cement

04 LMA content by mass in the cement at nominally 4%

10 LMA content by mass in the cement at nominally 10%

15 LMA content by mass in the cement at nominally 15%

0 Implies there is zero CKD in the binder

5 CKD content by mass as a percentage of the LMA is 5%

00 Implies no SCM in the cement

40 Percentage replacement by fly ash of the cement, 40% by mass
60 Percentage replacement by slag of the cement, 60% by mass

3. Results and discussion

The average strengths, standard deviations and number of samples are show in the tables are shown in
Table3, Table 4 and Table 5. Based on the Dixon Q-test, of all the results at the different ages, at the 95%
confidence level no results were rejected [3].



3.1 Cement only mixes

Table 3 shows the strength trends for the cement only concrete for strengths at 7-days, 28-days (1-month),
35-days, 91-days (3-months), and 7 years (84-months). The results indicated that when the LMA was
increased with or without CKD, the compressive strength tended to decrease at all ages, even when the
laboratory variation of 2.3 MPa was considered.

Table 3: Compressive strength of cement only concrete mixes.

Code CcC CcC cC CcC CcC cC
04.0.00 | 04.5.00 | 10.0.00 | 10.5.00 | 15.0.00 | 15.5.00
Population 23 2.3 23 2.3 2.3 23
7-day
Average 7-day 38.1 35.0 34.2 35.9 30.4 33.7
SD (act) 2.06 1.91 0.80 1.63 2.71 1.91
No samples 5 2 5 2 5 5
28-day (1-month)
Average 28-day 52.1 53.8 46.3 53.0 48.6 48.5
SD (act) 5.01 0.68 6.61 1.37 3.75 2.03
No samples 6 3 6 3 6 5
35-day
Average 35-day 59.1 56.1 54.7 55.3 534 52.2
SA (act) 0.53 0.73 1.1 1.45 4.45 1.27
No Samples 3 3 3 3 3 3
91-day (3-months)
Average 91-day 59.4 55.9 56.3 58.2 51.6 52.8
SD (act) 1.67 0.35 2.00 1.90 1.69 2.20
No samples 6 3 6 3 6 6
7-year (84-months)

Average 7-year 59.0 56.8 No test 60.9 56.3 55.4
SD (act) 2.1 1.5 - 2.0 4.7 2.6
No samples 4 4 - 4 4 4

The two-way ANOVA and Student-t test were also used to analyse the results and these results when
considered together, the Student-t test indicated that the addition of LMA had no effect up the 10% addition
level, but the two-way ANOVA did indicate that the LMA has an effect of compressive strength, particularly
if the LMA is above 10%, as seen in Figure 1A and Figure 1B. Based on these analyses all the results
indicated, from a conservative point of view, that LMA is most likely to have a negative influence on the
strength if LMA is added to the cement at levels above 10%. All analyses however indicated that the CKD
addition up to 5% has no effect on the compressive strength of concrete made with cement only for LMA
levels of 10% and 15% as seen in Figure 1B. The ANOVA analysis indicated that there is no interaction with
the LMA and CKD in concrete made with cement only.

After 7-years the compressive strength results indicated that little or no growth at a LMA level of nominally
4% from 3-months to 7-years with or with additional CKD as seen in Figure 1A. However, Figure 1A also
shows that with 10% or 15% LMA, with or without CKD, there was a continued increase in compressive
strength over time up to 7-years.
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Figure 1. Chart of compressive strengths for cement only mixes.

3.2 60/40 cement/fly ash mixes

Table 3 shows the strength trends for the cement only concrete for strengths at 7-days, 28-days (1-month),
35-days, 91-days (3-months), and 7 years (84-months). At all ages up to 7-years the compressive strength,
when compared to the control mix CF 04.0.40, decreased as the LMA was increased as shown in Figure
2A. With the CKD at 5% of the LMA level there was still a decrease in compressive strength as the LMA
increased even up to 7-years but magnitude of the reduction was significantly less as seen in Figure 2A.
This indicated that the CKD was activating the fly ash as reported in the published literature [4, 5]. There
were, unfortunately, no samples available for testing at 7-years, with zero CKD, in the 10% and 15% LMA
mixes. It would be reasonable to expect the compressive strength to decrease, as the LMA increased, based
on the significantly lower 1-month and 3-month compressive strengths, that can be seen in Figure 2A.
However based on the 3-month compressive strengths, the 7-year strengths could be expected to be similar
or marginally greater with 10% and 15% LMA levels and no CKD.

With a LMA level of 10% or 15% in mixes containing 5% CKD addition, the strength development from 28-
days to 7-years is greater than mixes without the 5% CKD as shown in Figure 2B. It can be argued that the
CKD may be increasing the rate of concrete strength development, as reported in the literature [4, 5]. This
could be related to the pH of the CKD, which may increase the pH of the pore water and hence increase
the hydration of the fly ash as suggested by Fraay, Bijen and de Haan [6].

From the in-depth analyses, using strength development, the two-way ANOVA and the Student-t test, it was
evident that as the LMA was increased there was a decrease in the compressive strengths at 28-days (1-
month), 91-days (3-months), and 7-years (84-months) compared to the control at 4% LMA. The analyses
indicated that the CKD level did not significantly affect the compressive strengths, irrespective of the amount
LMA in the cement and that the combination of LMA and CKD did not affect the strength.



Table 4: Compressive strength of 60/40 cement/fly ash concrete mixes.

Code CF CF CF CF CF CF
04.0.40 | 04.5.40 | 10.0.40 | 10.5.40 | 15.0.40 | 15.5.40
Population 23 23 23 23 23 23
variance
7-day
Average 7-days 28.6 26.9 23.6 23.3 22.4 23.7
SD (act) 1.77 1.45 1.45 0.67 0.99 1.18
No samples 2 5 3 3 2 5
28-day (1-month)
Average 28-days | 47.0 45.2 38.6 39.3 41.2 40.4
SD (act) 2.76 0.78 0.65 2.31 0.26 3.12
No samples 3 6 3 3 3 6
35-day
Average 35-day 49.9 47.7 40.9 42.1 43.7 40.3
SD (act) 3.03 1.03 0.68 2.52 0.27 1.16
No samples 3 3 3 3 3 3
91-day (3-month)
Average 91-days | 58.0 55.8 46.4 50.7 42.5 49.9
SD (act) 0.77 6.11 3.62 0.49 2.59 1.57
No samples 3 6 2 2 2 5
7-years (84-month)
Average 7-year 59.0 56.1 Notest | 52.0 No test 54.1
SD (act) 0.1 4.3 - 4.5 - 3.9
No samples 2 4 - 4 - 4
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Figure 2. Chart of compressive strengths for 60/40 cement/fly ash mixes.




3.3  40/60 cement/slag mixes

The summary of the 40/60 cement/slag compressive strength data are shown in Table 5. As can be seen
in Table 5, with zero CKD the compressive strength decreased as the LMA increased at all ages up to 7-
years compared to the control mix CS 04.0.60. When CKD was added at 5% of the LMA level, there was
still a generally decrease in compressive strength, but when the population variation was taken into account
there was no statistical difference. Based on reports in the literature [4, 5], the alkalis in the CKD were
activating the slag, particularly at the 5% addition level.

Table 5: Compressive strength of 40/60 cement/slag concrete mixes.

Code Cs Cs CS CSs CSs CS
04.0.60 | 04.5.60 | 10.0.60 | 10.5.60 | 15.0.60 | 15.5.60
Population 2.3 2.3 2.3 2.3 2.3 2.3
variance
7-day
Average 7-days 33.5 29.6 28.4 28.8 32.0 34.6
SD (act) 0.99 2.57 1.13 3.18 2.19 1.83
No samples 2 5 2 2 2 5
28-day (1-month)
Average 28-days | 48.4 46.8 43.9 441 44.6 46.8
SD (act) 2.07 2.64 0.60 1.53 1.01 1.86
No samples 3 6 3 3 3 6
35-day
Average 35-day 50.9 49.2 46.3 46.5 46.3 49.4
SD (act) 2.23 1.08 0.65 1.64 1.12 2.52
No samples 3 3 3 3 3 3
91-day (3-months
Average 91-days | 60.2 52.0 53.6 51.9 49.7 51.3
SD (act) 0.36 2.67 0.57 2.08 2.1 2.61
No samples 3 6 3 3 3 6
7-years (84-months)

Average 7-year 59.9 55.5 52.9 52.8 53.0 53.2
SD (act) 0.8 4.3 2.0 1.8 1.4 5.3
No samples 3 4 2 4 2 4

The compressive strength as shown in Figure 3A indicated that with no CKD there was a difference in the
strength development after 7-days for the cement containing 10% and 15% LMA, which was lower than the
control CS 04.0.60. With 5% CKD added to the binder, the strength development, shown in Figure 3A,
indicated that there was little or no difference in the compressive strength between 28-days and 7-years
irrespective of the LMA level.

For the mixes containing 10% and 15% LMA the strength development was similar for both the no CKD and
the 5% CKD addition level after 7-days, as seen in Figure 2B. However, there was a reduction in the 91-
day and 7-years strengths when the LMA level was nominally 4%, this result would seem to be an anomaly
as neither the mix CS 10.5.60 nor mix CS 15.5.60 had lower 91-day or 7-year strengths. In addition it would
be reasonable to expect the same degree of reactivity because of the high pH and the alkalis in the CKD,
which positively influences the hydration of slag, as suggested in the literature [4-6].

When considering the results of the strength development, the Student-t tests and the ANOVA two-factor
analysis, for the 40/60 cement/slag mixes, all indicated that as the LMA was increased the effect on the
compressive strengths after 28-days, when compared with the control at 4% LMA, was a reduction in
strength right up to 7-years after casting. The analyses also indicate that the CKD level does not affect the
compressive strengths, irrespective of the amount LMA in the cement, and also indicated that the
combination of LMA and CKD does not affect the strength.
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Figure 3. Chart of compressive strengths for 40/60 cement/slag mixes.

Conclusions

The conclusion based on the compressive strength measured up to 7-years after casting were:

5.

Increasing the LMA in all binder types in concrete with zero CKD decreased the strength.

This was particularly evident with the mixes containing 15% LMA at ages from 3-months to 7-years.
This may be related to the fact that in this work the limestone added to the mix to increase the LMA
from 10% to 15% was added as finely ground material and not interground with the clinker in the mill,
where it would grind preferentially as it is substantially softer than the clinker, as suggested by Voglis
etal. [7, Table 3].

The mixes containing 40% fly ash were more significantly influenced by the increase in LMA than either
the cement only or the 40/60 slag mixes.

The ANOVA results showed in general that LMA affected the strength in concrete as it was increased.
The addition of CKD to the cement up to 5% of the LMA in concrete did not influence the strength,
irrespective of the LMA level, up to and including 7-years.

The ANOVA two-factor analysis indicated that there was no interaction between the LMA and the CKD
that impacted the strength even up to 7-years.
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