=
<@ sustainability mI\D\Py

Article
Evaluation of the Efficiency of Limestone Powder in

Concrete and the Effects on the Environment

Yoo-Jae Kim *, Ryno van Leeuwen !, Bum-Yean Cho 2, Vedaraman Sriraman ! and Anthony
Torres !

1 Department of Engineering Technology, Texas State University, 601 University Drive, San Marcos, TX
78666, USA; rvanleeu@gmail.com (R.v.L.); vs04@txstate.edu (V.S.); ast36@txstate.edu (A.T.)

2 Department of Architectural Engineering, University of Seoul, 163, Seoulsiripdae-ro, Dongdaemun-gu,
Seoul 02504, Korea; choby277@uos.ac.kr

* Correspondence: yk10@txstate.edu

Received: 16 January 2018; Accepted: 18 February 2018; Published: 21 February 2018

Abstract: The major environmental impact of concrete comes from the CO: emissions, produced
during the cement manufacturing process. The main goal of this research project is to evaluate the
efficiency of limestone powder as a partial cement replacement, in order to reduce energy
consumption and CO: emissions. This study utilizes limestone powders, with different particle
sizes, to replace a portion of Portland cement using various ratios. Due to the dilution effect when
partially replacing cement, there is a reduction in the concrete’s physical properties. To assess the
dilution effect, a modification to Féret’s equation is used to calculate an efficiency factor for the
limestone powder when compared to cement. To measure the environmental impact, a life cycle
assessment is conducted on concrete made with limestone powder combined with cement. This
allows for an evaluation of the various cement/limestone powder ratios that will maximize the
environmental benefit, with minimal reduction in concrete strength. Additional microstructural
analysis using petrographic examination was completed to provide a visual understanding of the
distribution of the limestone particles within the cement paste. The results indicate that the
efficiency of limestone powder in partially replacing cement can be achieved by particle packing
and particle distribution in the concrete and the benefits of emission reductions exceed the loss in
compressive strength when higher levels of limestone powder is used to replace cement.

Keywords: limestone powder; fineness; efficiency factor; life cycle assessment; particle size; cement
replacement

1. Introduction

As the focus on sustainable construction increases in North America, one of the most notable
environmental impacts comes from CO: emissions during cement production. After power
generation and transportation, the manufacture of cement is the third largest source of carbon
emissions in the United States, and is responsible for approximately 5% of global CO: emissions [1].
Replacing a portion of the ordinary Portland cement (OPC) with pozzolans, or environmentally
friendly filler materials, can reduce the environmental effects. By optimizing the mixture design, both
the cost and the environmental impact of concrete can be reduced [2].

Limestone, also known as calcium carbonate (CaCOs), has long been used as a critical component
in all aspects of concrete. By replacing part of the cement with limestone powder, it provides
additional surface for precipitation of hydration products, while decreasing the amount of water
needed to maintain concrete workability [3]. Lothenbach et al. [4] reported blending ordinary cement
with limestone was found to accelerate the initial hydration reaction, while influencing the hydrate
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assemblage of the cement pastes. This enhances the hydration of the clinker by the filler effect, rather
than its influence on the chemistry, indicating that limestone powder has little effect on the
temperature of the fresh properties of concrete. Limestone powder, however, is not entirely an inert
filler. While there is a slight interaction between tricalcium silicate (CsS) and CaCOs, there is no
pozzolanic reaction and does not produce calcium silicate hydrate (CSH) gel [5]. The particle size of
limestone powder in the binder phase of a mixture improves particle packing efficiency, which leads
to improved blocking of capillary pores and reduced penetrability. This then results in a lower water
demand due to reduced bleeding of water, thereby improving workability and durability [6]. Palm
et al. [7] and Lollini et al. [8] also reported that a lower water-cement ratio is the main parameter in
cement with high limestone content, which leads to higher solid volume and lower porosity in the
concrete. Matschei et al. [9] found that the ettringite formation derived from the reaction of
sulfoaluminate with water and calcium hydroxide increases the molar volume of paste solids and
can magnify the space-filling properties of paste. This could lead to a reduction of porosity and
permeability of the paste.

Separate grinding of the limestone and clinker provides greater opportunity to optimize particle
size distribution, and can be incorporated into concrete like other pozzolans. This process is an
alternative to inter-grounding the limestone with the cement in which the limestone powder can be
mixed in with the concrete while batching.

Fly ash is widely used as a cement replacement because of its cementitious and pozzolanic
properties. From 2009 to 2015, power generation from coal as a fuel has been reduced by 12% in the
United States [10]. As the use of natural gas for power generation and green energy gains popularity,
there has been a reduction in the availability of fly ash as less coal is burned at power plants.
Therefore, an alternative is needed for cement replacements due to the inefficiency in the
manufacture of cement. The release of CO2 in cement production is primarily due to the calcination
of the limestone. Approximately 1.6 metric tons of raw materials are essential to produce one metric
ton of cement [11]. An estimated 40% of raw materials are lost in the formation, but the environmental
effect can be lowered by employing limestone powder as a replacement for cement. However, this
reduction effect will vary based on particle size of the limestone powder used as fine limestone
powder, which requires extra milling. Limestone powder with a particle size of 8 um produces about
24.5 kg of CO2 per ton, whereas finer particles (4.5 pm) produce approximately 90.7 kg of CO: per
ton [12]. This amounts to 3.4-12.5% of CO: emissions compared to emissions producing one ton of
cement, making it sustainable as the major environmental impact of concrete comes from the COz
emissions during cement production.

Many models describe the relationships between mix composition and property of compressive
strength of the concrete. However, the mix composition of concrete does not only include cement
since more materials are used to replace cement in concrete. Cement concentrations are still a major
factor that determine compressive strength. There are multiple popular models, such as Féret’s
equation, Bolomey’s formula, and Abrams’ formula that focus on the relationship between water,
cement and the compressive strength. These can also be used as predictive models based on water
and cement content to predict compressive strength. F. de Larrard [13] documents the accuracy of
these models and compares them to the same data sets. The volumetric approach by Rene Féret’s
model incorporates more elements of concrete that determine the strength [14]. To isolate the
efficiency of limestone powder in concrete, an extension of Féret's equation can be used because it
takes the air content into account, and has a mathematical form that is physically justified by the use
of absolute volume.

Asurban expansion grows, the increasing demand for concrete may exceed cement production’s
capacity. The use of supplementary material in concrete to replace portions of cement is important to
meet demand and reduce the environmental impact of cement production. With fly ash supplies
decreasing, an alternate cement replacement is needed. While most research focuses on inter-ground
limestone, this study focuses on the efficiency and feasibility that CaCOs, or limestone powder, can
be used as a cement replacement while batching concrete. The use of limestone powder during the
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batching process will be investigated for the mechanical and environmental effects the particle size
and replacement level have on concrete efficiency for optimal performance.

2. Experimental Procedures

2.1. Materials

Type I ordinary Portland cement [15] was used and partially replaced with limestone powder
or calcium carbonate (CaCOs) powders that differ in particle size. The replacement of the cement
ranges from 10%, 20%, and 30% by mass of the limestone powder, and the particle size is comprised
of 4.5 ym (Alpha), 8 um (Beta), and 15 um (Gamma) limestone powder. The particle size and range
of particles that exist for each nominal size are shown in Figure 1. Particle size ranges are greater in
larger nominal sizes. The concrete mixture contains natural river gravel and river sand with a fineness
modulus of 2.68. The water-to-binder ratio of 0.40 is consistent in all batches and is calculated from
the total amount of cement and limestone powder used.
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Figure 1. Limestone powder particle size distribution by mass.

2.2. Mixture Proportions

In each series, 76 by 152 mm cylindrical and 150 by 150 by 510 mm beam specimens were
produced, and three different cement intervals and distinct particle sizes of limestone were
introduced (4.5 um, 8 um, and 15 um) as shown in Table 1. The concrete was mixed according to
ASTM C192, and the cement was added to the drum mixer before the limestone powder [16]. Once
the concrete was mixed, it was then tested for fresh properties, which includes workability, new
density, temperature, and air content. The concrete mixtures were then cast into molds that were
rodded to create uniform specimens for testing. After one day of casting, the specimens were de-
molded and cured in 100% humidity at 23 degrees Celsius until testing.

Table 1. Mix design.

Mix Design (kg/m?®) Cement Limestone Powder Water River Gravel RiverSand w/b

Control 348 0 139 1018 715 0.40
Alpha-10 313 35 139 1018 715 0.40
Beta-10 313 35 139 1018 715 0.40
Gamma-10 313 35 139 1018 715 0.40
Alpha-20 278 70 139 1018 715 0.40
Beta-20 278 70 139 1018 715 0.40
Gamma-20 278 70 139 1018 715 0.40
Alpha-30 244 104 139 1018 715 0.40
Beta-30 244 104 139 1018 715 0.40

Gamma-30 244 104 139 1018 715 0.40
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2.3. Test Methods

The physical properties of testing concrete compressive strength to failure were performed at 1
day, 7 days, 14 days, 28 days, and 90 days after batching, in accordance with ASTM C39 [17]. The
splitting tensile strength was tested using the bearing plate and strips per ASTM C496 at 28 days [18].
The flexural strength of concrete was tested using the third-point loading test method in accordance
with ASTM C78 standards at 28 days [19]. The splitting tensile strength and modulus of rupture
strength were compared to the compressive strength to observe the correlation at 28 days. To analyze
the effect of the particle size of limestone produced on concrete, the compressive strength of concrete
was assessed for statistical significance using analysis of variance (ANOVA) at 28 days and 90 days.

2.4. Petrographic Analysis

Petrographic examination uses petrographic microscopes to analyze the mineral content and
texture within the concrete. The control and concrete specimens containing 20% limestone powder in
4.5 um, 8 um, and 15 pm particle sizes were processed into thin sections which were cut from concrete
cylinders that are vacuum impregnated with blue epoxy and trimmed to the desired thickness with
polished finish. The slides were used to evaluate the distribution of the limestone powder present in
the cement paste. Measurements of three random samples of 476 x 357 um of cement paste for each
nominal particle size sample were done with a microscope and software. The results of the
measurements were then compared to a range of the particle distribution of the limestone powder
before being batched into concrete. Visual comparison of the cement paste samples can also be used
to determine if there is a reaction between the cement and limestone powder.

2.5. Efficiency of Limestone Powder

The main focus of this paper is to show that both the mechanical properties and environmental
effects have to be considered in conjunction with each other to utilize limestone powder in concrete.
The use of a petrographic examination visually analyzes the presence or existence of CaCOs in the
concrete, distribution, and reactions with the cement paste. Using the mechanical properties, the
effectiveness of limestone powder as a cement replacement must be compared to properties of
cement. Féret’s equation can be modified to determine an efficiency factor (EF) of limestone powder
in comparison to the cement based on the particle and replacement level. The efficiency factor can be
expressed by the fraction of the contribution of limestone powder on total compressive strength,
hence, 0 < EF < 1. When the binder in the concrete contains no limestone powder and no effect on the
compressive strength, EF = 0 and EF increases to 1, which indicates that there is no cement in the
binder, so a reasonable maximum value of EF is between 0.1 and 0.7. By using the results from testing
the compressive strength at 28 days and 90 days, the modified equation can be used to calculate the
efficiency of the limestone powder in each batch design. Féret’s expression relies on the volumetric
relation of cement, water, and air to estimate the strength of concrete. Using the results of the
efficiency factor at 28 days, Féret’s modified equation can be used as a concrete strength prediction
model for concrete containing limestone powder using the same principles and elements from Féret’s
expression.



Sustainability 2018, 10, 550 50f 24
3. Test Results and Discussion

3.1. Fresh Concrete Properties

A slump test was conducted to assess the workability of the concrete in its fresh state. The
presence of limestone powder in the concrete slightly increased the slump. Tables 2 and 3 present the
density of the fresh limestone powder concrete affecting compressive strength. The difference in the
specific gravity of cement and limestone powder determines the decrease in density [20]. Tables 2
and 3 show the density is not affected significantly by replacing the cement with limestone powder,
but the compressive strength is affected significantly. The air content of fresh concrete comprised
with limestone powder is significant due to its relationship with durability and porosity. The test
results for air content indicated there is no modification with any air entraining admixtures. The air
content decreases slightly with higher levels of limestone powder content in the concrete,
demonstrating that the existence of limestone powder in concrete has a positive effect on durability
and porosity.

3.2. Hardened Concrete Properties

3.2.1. Concrete Compressive Strength

Compressive strength indicates a satisfactory quality of concrete associated with the structure
of the hydrated cement paste. Table 3 represents the compressive strength results of diverse mixes
with the limestone powder replacement at the ages of 1, 7, 14, 28, and 90 days. For these mixes, the
compressive strength increased from 11.9 psi to 52 psi.

The effect of the limestone powder’s particle size on compressive strength with a 10%
replacement is illustrated in Figure 2a. In a 10% replacement with limestone powder, the compressive
strength psi ranges varied from 18.4 to 18.5, 33.2 to 35.2, 37 to 39.1, 39.2 to 40.1, and 43.4 to 45, at the
age of 1, 3, 7, 28, and 90 days, respectively. A similar trend was observed with a 20% replacement of
cement as shown in Figure 2b, in which the compressive strength psi ranges varied from 13.8 to 17.9,
29.3t032.1, 33.2 to 34.4, 37.1 to 38.2, and 39.6 to 42, at 1, 3, 7, 28, and 90 days, respectively.

Likewise, the test results of a 30% replacement with limestone powder shown in Figure 2c
illustrate the compressive psi strengths varying from 11.9 to 13.3, 28.2 t0 29.9, 31.5 to 33.2, 35.8 to 37.0,
and 38.4 to 39.3, at 1, 3, 7, 28, and 90 days, respectively. This data demonstrates that the particle size
of the limestone powder has an insignificant effect on strength, even with a larger volume of
limestone powder in the concrete, as shown in Figure 2.
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Table 2. Fresh concrete properties.

Batch Data Control Alpha-10 Beta-10 Gamma-10 Alpha-20 Beta-20 Gamma-20 Alpha-30 Beta-30 Gamma-30
Concrete Temperature (°C): 25.8 25.0 24.8 25.0 24.8 25.7 25.7 25.0 24.8 25.0
Slump (cm): 10.2 6.4 8.9 8.3 19.1 17.8 8.3 17.8 7.6 15.2
Density (kg/m?3): 2360.5 2361.8 2361.8 2356.6 2302.2 2309.9 2361.8 2325.2 2325.2 2325.2
Air Content (%): 2.4 2.2 2.3 2.2 2.1 2.3 2.2 2.3 2.1 2.0

Table 3. Concrete compressive strength.

Mix Design (MPa) 1 Day 3 Day 7 Day 28 Day 90 Day

Control 21.0 39.5 45.2 45.6 52.0
Alpha-10 18.5 33.2 37.2 39.2 44.3
Beta-10 18.5 33.6 37.0 39.5 43.4
Gamma-10 18.4 35.2 39.1 40.1 45.0
Alpha-20 14.6 29.3 33.2 37.6 39.6
Beta-20 13.8 31.6 34.9 37.1 41.4
Gamma-20 17.9 32.1 34.4 38.2 42.0
Alpha-30 13.3 28.2 31.5 36.0 38.4
Beta-30 12.7 29.7 33.2 37.0 39.3

Gamma-30 11.9 29.9 32.3 35.8 39.3
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Figure 2. Effects of limestone powder on compressive strength.
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3.2.2. Concrete Splitting Tensile Strength and Flexural Strength

The modulus of rupture and splitting tensile strength for concrete was calculated after an aging
period of 28 days. Table 4 illustrates the calculated average MPa from three specimens that were
tested to failure for the splitting tensile strength and flexural strength.

The splitting tensile strength results in Table 4 range from 3.14 MPa to 3.44 MPa, decreasing as
the limestone powder increased. The adverse effects of the limestone powder are less significant in
the strength than the compressive strength. As 10% replacement of cement reduced the splitting
tensile strength on average by 5%, a 20% replacement reduced the strength by 10%, and an average
of 12% reduction was observed with a 30% replacement. The limestone powder particle size has little
influence on the splitting tensile strength.

Table 4. Splitting tensile strength and flexural strength of concrete.

Mix Design Splitting Tensile % Compressive Modulus of % Compressive
Strength (MPa) Strength Rupture (MPa) Strength

Control 3.59 7.9% 6.09 13.4%
Alpha-10 3.44 8.8% 5.55 14.2%
Beta-10 3.41 8.3% 5.57 13.6%
Gamma-10 3.33 8.3% 5.38 13.4%
Alpha-20 3.32 8.8% 4.78 12.7%
Beta-20 3.22 8.7% 4.97 13.4%
Gamma-20 3.20 8.4% 4.79 12.6%
Alpha-30 3.16 8.8% 4.29 11.9%
Beta-30 3.17 8.6% 4.57 12.4%
Gamma-30 3.14 8.8% 4.47 12.5%

Figure 3 compares the splitting tensile strength and flexural strength of various levels and
particle sizes of limestone powder in concrete. The results demonstrate that the replacement of
limestone powder is related to tensile and flexural strength, and that increasing the replacement
decreases tensile and flexural strength. Comparatively, the particle size of the limestone powder in
concrete has less effect on tensile and flexural strength.
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Figure 3. Twenty-eight day splitting tensile strength and flexural strength.

The correlation to the compressive strength is important because it can be used to estimate the
splitting tensile strength. Figure 4 shows the correlation relation between the splitting tensile strength
and compressive strength, with a R-square of 0.85. The splitting tensile strength with limestone
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powder is, on average, 8.6% of the concrete compressive strength, about a 1% increase over the

control.
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Figure 4. Correlation of splitting tensile strength and compressive strength.

A graphical representation of compressive strength versus flexural strength is shown in Figure
5. The flexural strength when replaced by limestone powder ranged from 12% to 14.2% in
compressive strength, with the control in a similar range of 13.4%. Figure 5 also illustrates that the R-
square for this relationship is 0.86. The data obtained indicates that there is a statistically important
relationship between the modulus of rupture and the compressive strength of concrete. Findings
from the correlation results indicate the compressive strength could be used to estimate both splitting
tensile strength and the flexural strength of concrete with limestone powder.

7.0 @ Control
..... ® Alpha-10
60 e o P
& .9- --------- Beta-10
250 :.. ®Gamma-10
< % R==0.8621
§- 4.0 @ Alpha-20
m -
= 30 @ Beta-20
ﬁ ® Gamma-20
3 20
IS @ Alpha-30
S p
1.0 @ Beta-30
00 ® Gamma-30
35.0 37.0 39.0 41.0 43.0 45.0 47.0

3.2.3. Drying Shrinkage

Compressive Strength (MPa)

Figure 5. Correlation of modulus of rupture and compressive strength.

Three specimens of drying shrinkage were measured at 7, 14, 21, and 28 days in accordance with
ASTM C596 [21]. Drying shrinkage is an important physical property that influences the structure of
concrete and mortar, and is more substantial in the early stages of the cement hydration process. The
test results indicated various shrinkage readings ranging from 0.041% to 0.11%, as shown in Table 5.

Figure 6a illustrates shrinkage with a 10% replacement of limestone powder versus the control
mix, which decreases the shrinkage at early ages. The shrinkage is not significantly changed at 28
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days, and is not affected by the size of the limestone particle. Figure 6b indicates that shrinkage with
a 20% replacement decreases approximately 0.008% at an early age and at 28 days, in comparison to
the control mix. Similarly, a 30% replacement decreases shrinkage significantly by 0.015% at 28 days,
as shown in Figure 6c.

Table 5. Drying shrinkage with different limestone fineness.

Mix Design Initial 7-Day (%) 14-Day (%) 21-Day (%) 28-Day (%)

Control 0 0.059 0.097 0.106 0.110
Alpha-10 0 0.052 0.086 0.098 0.110
Beta-10 0 0.047 0.095 0.102 0.110
Gamma-10 0 0.053 0.097 0.105 0.109
Alpha-20 0 0.056 0.089 0.099 0.105
Beta-20 0 0.045 0.090 0.097 0.102
Gamma-20 0 0.041 0.083 0.091 0.098
Alpha-30 0 0.043 0.081 0.091 0.097
Beta-30 0 0.044 0.082 0.088 0.095
Gamma-30 0 0.043 0.086 0.092 0.094

3.2.4. Statistical Significance

Particle size of limestone powder was further studied to analyze its effects on concrete, and
compressive strength was evaluated for statistical importance using the analysis of variance
(ANOVA) method at 28 and 90 days. In order to determine the significance of the calculated variation,
the need for ANOVA was vital. This method involved the total variation in the results caused by
random variations by each factor with a conventional level of significance of 0.05. This methodology
tested the supposition of whether particle size of limestone had an influence on concrete strength.
Tables 6 and 7 illustrate the effect that particle size and replacement percentage had on compressive
strength.

This approach was used to test whether the particle size had an effect on the compressive
strength of concrete at 28 as hypothesis H,, or had no effect on compressive strength as hypothesis
H;. The F-values and P-values for the ANOVA of the concrete strength positively supported the null
hypothesis with values of 2.85 > 3.55. Thus, limestone particle had no considerable effect on the
compressive strength of concrete at a level of 0.05, and since 16.60 > 3.55, the null hypothesis was
rejected. Therefore, the replacement percentage of limestone powder does have a significant effect on
compressive strength of concrete.

Test results of the 90-day compressive strength of concrete follow the same approach as the
hypotheses that are tested for the 28-day results. Table 7 represents results that are the same
as the 28-day results. Since 1.94 > 3.55, the null hypothesis is not rejected. Thus, particle
size does not significantly affect the compressive strength of concrete at ages that are tested
at a level of 0.05. Because 31.62 > 3.55, the null hypothesis is rejected as in the other tests.
The replacement percentage of limestone powder does significantly affect compressive
strength in concrete at all ages that are tested.
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Figure 6. Effects of limestone powder on drying shrinkage.
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Table 6. Analysis of variance of concrete compressive strength at 28 days.

Hypothesis: 1
H.: pu = p2—The particle size does not affect the Compressive Strength of Concrete
Hi: i # po—The particle size does affect the Compressive Strength of Concrete

ANOVA

Source of Variation Sum of Squares Degrees of freedom Mean Square F-Value  P-Value  F-Critical
Particle Size 9.51 2.00 4.75 2.85 0.08 3.55
Replacement % 55.44 2.00 27.72 16.60 0.00 3.55
Interaction 12.20 4.00 3.05 1.83 0.17 2.93
Error 30.06 18.00 1.67

Total 107.21 26.00

Rejection Criteria Particle Size: F,>Fa 0.05,2, 18 2.85>3.55 FALSE

Table 7. Analysis of variance of concrete compressive strength at 90 days.

Hypothesis: 1
H,: p1 = p2—The particle size does not affect the Compressive Strength of Concrete
Hi: i # w2—The particle size does affect the Compressive Strength of Concrete

ANOVA

Source of Variation Sum of Squares Degrees of freedom Mean Square F-Value  P-Value F-Critical
Particle Size 7.63 2.00 3.82 1.94 0.17 3.55
Replacement % 124.65 2.00 62.32 31.62 0.00 3.55
Interaction 6.82 4.00 1.70 0.86 0.50 2.93
Error 35.48 18.00 1.97

Total 174.58 26.00

Rejection Criteria Particle Size: F,>Fa 0.05,2, 18 1.94 > 3.55 FALSE
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3.3. Petrographic Analysis

3.3.1. Visual Examination

The use of a petrographic examination gives a visual analysis of the how the limestone powder
affects the concrete. On concrete thin sections on 24 mm x 46 mm slides of 20% limestone powder in
4.5 pm, 8 um, 15 um particle sizes, the control shows a distinct visual difference. Visual comparison
of the samples of the cement paste can also be used to determine if there is a reaction between the
cement and limestone powder by the formation of calcium silicate hydrate gel. These images are two-
dimensional representations of concrete, but can give insight to the structure and composition of a
volumetric product. Figure 7 shows an image of the control sample that contains no additional
limestone powder. The image focuses on the cement paste with the majority of the area as calcium—
silicate-hydrates and calcium hydroxide reacted. There is a small presence of limestone, due to both
the coarse and fine aggregates, as well as a significant visual difference between the control and the
concrete with the addition of limestone powder. Figure 7 shows how the 4.5 um limestone particles
are distributed relatively evenly within the cement paste. The affluent presence of the limestone
particles indicates that a chemical reaction between the cement and limestone powder is minimal.
Figure 7 shows the 8 um limestone particles in the cement paste. While some particles are slightly
bigger, it is visually similar to that of the 4.5 um limestone particles, and still fairly evenly distributed
and easily identified. The visual results from 15 pm limestone particles is expressively different with
large limestone particles present in the cement paste. However, distribution of limestone particles is
still similar within all samples containing limestone powder. Most of the particles are relatively small
with a few larger particles between the paste. This might be an indication as to why the particle size
does not have a significant effect on the mechanical properties. And unlike smaller cement particles
that tend to react more rapidly, there is no visual chemical reaction. If there had been additional
formation of calcium silicate hydrate gel, the images would have had a similar visual representation
to that of the control.

3.3.2. Particle Size Analysis with Imaging Software 370e

The 24 mm x 46 mm x 30 um thin concrete slide images are obtained using a Leica D2500P
petrographic microscope with polarizing light and analyzing filters. Each slide is used to capture
three 476 x 357 pum images at magnification 200, with focus on the cement paste. Each image is
analyzed using Image]J, a public domain Java image processing program that can display, edit,
analyze, and process images. Based on the user-defined selections and thresholds, it can count and
calculate areas based on the pixel color values. Each image is analyzed selecting color threshold
values of hue, saturation, and brightness that isolate the limestone particles. The values are applied
to all images and processed to analyze the limestone particle to produce a count, area of the particle,
and the mean color. A sample of the cement paste that does not visually contain aggregates within
each image is also analyzed for the percentage of the area that is occupied by limestone particles. This
is used as a reference for the particle distribution in the area because all samples contain 20%
limestone powder.

Table 8 shows the collected data from each image that was analysed. As expected, the concrete
with finer limestone powder has a higher count of particles within the sample, and less particles
counted as the size of the limestone particles are increased. For each particle count, an average area
in pm? is also calculated. Based on the area, an estimated particle size or average diameter can be
determined. The area of the particle occupation within the paste is consistent in all the images, and is
slightly less than 20%. The slight decrease below 20% of the area occupation might be an indication
that a small percentage of particles might have a chemical reaction with the cement, but the decrease
is most likely due to the small sample size and image distortions.
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Figures 7. Images of control and concrete with limestone powder.

Table 8 shows that the average diameter of all particles counted is less than the nominal size.
This is most likely due to the two-dimensional view that displays a section of the particle, and most
particles are very fine as shown in Figure 8. Even though the gamma particles do contain larger
particles, the percentage of particles larger the 10 um is less than 5%. Figure 8 shows that the
distribution of the particles by size is comparable and might explain why particle size has little effect
on the mechanical properties.

Table 8. Image software analysis results.

Image Particle = Average Particle Average Mean Color Area
Count Area (um?) Diameter (um) Threshold Occupied
Alpha 2-1 2415 6.04 277 163.54 19%
Alpha 2-2 2088 6.15 2.8 164.09 18%
Alpha 2-3 2236 6.26 2.82 166.13 17%
Beta 2-1 1209 21.71 5.26 139.8 17%
Beta 2-2 1557 15.99 4.51 150.91 19%
Beta 2-3 1478 13.17 4.1 148.17 14%
Gamma 2-1 979 20.72 5.14 135.81 18%
Gamma 2-2 953 18.35 4.83 134.33 20%
Gamma 2-3 1172 29.29 6.11 137.45 20%

3.3.3. Particle Distribution of Particle Size by Mass

The particle distribution of limestone powder in the concrete can be evaluated to that of the raw
materials to identify if the limestone powders react with the cement or other changes in size due to
clumping. The data from limestone powder is expressed by the percentage of the cumulative mass of
the particle size. To make this comparison, data collected from the petrographic images analyzed
with Image]J are used to calculate a cumulative mass to determine particle distribution of limestone
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powder in concrete. The specific gravity of limestone powder is 2.7 and can be used to determine an
estimated mass equivalent sphere diameter of the particle.
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Particle Size Range (jum)

m Alpha mBeta ®mGamma

Figure 8. Particle distribution by diameter.

Figure 9a shows the particle distribution of Alpha particles in the concrete, and compares it to
the raw limestone powder product. The distribution of the limestone particles in concrete is almost
identical to the distribution of the raw limestone powder product, indicating that the distribution is
homogenous and that particles do not clump together. This also indicates that no significant reaction
occurs between the limestone particles and cement since there is little to no loss in calculated mass.
The distribution of the Beta limestone particles by the cumulative mass is significantly larger than
that of the Alpha particles, see Figure 9b. The distribution comparison between the limestone powder
in concrete and as a raw product is still similar with a small increase in the cumulative mass by
particle size. This increase can be an indication that a small percentage of limestone powder is
clumping together. As the particle size increases, the small sample size might also affect the results
to a greater degree. Figure 9c, Gamma particles show the larger particle distribution of the limestone
powder in concrete following a similar trajectory of the raw limestone powder material in Figure 9c.
The larger particles might cause some additional clumping of limestone powder. Results may be
affected by a small sample size and larger particles that overestimate the mass from larger particles.
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Figure 9. Limestone powder particle distribution in concrete.
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Based on Figure 8, the particles larger than 10 pm represent less than 5% of particles, though
they significantly affect the distribution of mass. Table 8 shows little change in the area of occupation
based on particle size from two-dimensional images, and because there is minimal reaction between
cement paste and limestone powder, it is assumed that the controlling factor is the volume of
limestone powder occupation within the cement paste. The representative combination by mass of
the particle size and count are negligible as long as the volume of occupation remains the same.

3.4. Efficiency of Limestone Powder in Concrete

The general rule formulated by Rene Féret in 1896 relates the strength of concrete to the water
and cement, and is determined by the volumetric proportions of the cement, water, and air. While
water/binder ratios and degrees of compaction are usually considered when estimating the strength
of concrete, the volume of air filled voids cannot be neglected, as this volume contributes to the
strength loss [14]. Equation (1) indicates that concrete strength (f:) with minimum water content
decreases in proportion to an increase in the a/c, where g, ¢, and w are absolute volumes of air, cement,
and water in concrete, respectively. The relationship between the water/cement ratios and
compressive strength specifies that a high strength concrete with minimum air voids can be achieved
with lower water/cement ratios. However, a rapid loss in strength is evident if the water/cement
ratios fall below the practical limit. If a graph is drawn between the strength and the cement/water
ratio, an approximately linear relationship will be obtained [20].

Féret's Rule:

c 2
=K (rra) »

The dilution effect of limestone powder results in a lower hydraulic reactivity, which, in turn,
affects the compressive strength of the concrete; however, the dilution effect enhances homogeneity.
This occurs by the dispersion of clinker particles, which increases the bonds per unit of cement,
which, in turn, results in decreased porosity [22]. To determine the efficiency of limestone powder as
a cement replacement, it must be compared to properties of cement. Although limestone powder
does not have cementitious properties, the effectiveness of the particle distribution can be evaluated
by using a modified version of Féret's equation. Using the test results of the compressive strength at
28 days and 90 days, the limestone powder factor of efficiency can be calculated in relation to cement.

Modified Féret’s Equation:

fC:K(H(kZS*zS))Z )
ct+ls+w+a

Modification of Féret’s equation will incorporate the same structure as the original equation. In
Equation (2), the parameters of the modified equation include two factors: (1) the volume of limestone
powder (Is) because it modifies the integer numerator containing both the volume of cement (c) and
the limestone powder, and (2) the efficiency factor (ki) because a cement replacement must be
compared to properties of cement, as explained in Section 2.5. The denominator is also modified to
adjust for the volume of the limestone powder due to a lower specific gravity. Using the compressive
strength results of the control mix, the volumetric portions of cement, water, and air allows the ability
to calculate K, an empirical constant using Féret’s equation. Because the aggregates and the mixing
process remain unchanged in batches containing limestone powder, the empirical constant K will
remain constant, and can be used in the modified equation with a value of 280 for 28 days, and 319
for 90 days.
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The modified equation can be used on batches containing limestone powder to calculate the
efficiency factor based on volumetric portions of cement, water, air, and the compressive strength per
Table 9. The efficiency factor gives a representation of cementitious properties of the limestone
powder in relation to cement based on the volume occupied.

Figure 10 shows the calculated efficiency factor using the modified version of Féret’s equation,
and demonstrates how it increases when a greater amount of cement is replaced. The 28-day
efficiency factor increases an average of 104% from 0.23 to 0.32 for a 10% replacement to 0.55-0.60 for
a 30% replacement. With similar results for the 90-day efficiency factor that increases from 0.15-0.26
for a 10% replacement to 0.49-0.61 for a 30% replacement, there is a 150% average increase in
efficiency. There is little variance in the efficiency factor based on particle size, but it is not significant
enough to make any conclusions other than the effects are negligible.
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Figure 10. The efficiency of limestone powder.

3.5. Limestone Powder Predictive Model

Once the efficiency factor per replacement level and particles have been determined, Féret’s
modified equation can serve as a model to develop and predict the strength of mix designs containing
limestone powder. The model is based on the same principles and element of Féret's equation
describing the relationship between mix compositions and compressive strength properties. Since the
mix compositions of concrete differ based on the regions and material availability, the model also
utilizes a calculated empirical constant. This allows for the model to be applied to a mix design that
has known mechanical properties. Using Féret’s original equation and the volumetric portions of
cement, water, and air, the empirical constant can be calculated.
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Table 9. Efficiency factor of limestone powder in concrete.
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Mix Design Control Alpha-10 Beta-10 Gamma-10 Alpha-20 Beta-20 Gamma-20 Alpha-30 Beta-30 Gamma-30
Cement (m3/m?3) 0.1108 0.0997 0.0997 0.0997 0.0885 0.0885 0.0885 0.0776 0.0776 0.0776
Limestone Powder (m?/m?3) 0.0000 0.0130 0.0130 0.0130 0.0258 0.0258 0.0258 0.0388 0.0388 0.0388
Water (m3/m?) 0.1396 0.1396 0.1396 0.1396 0.1394 0.1394 0.1394 0.1396 0.1396 0.1396
Air Content (m3/m?3) 0.0240 0.0220 0.0230 0.0220 0.0210 0.0225 0.0220 0.0225 0.0210 0.0200
28 Day Compressive strength (MPa) ~ 45.57 39.19 39.45 40.10 37.60 37.08 38.16 35.98 37.00 35.83
90 Day Compressive Strength (MPa)  51.96 4431 43.39 4498 39.62 41.44 41.99 38.45 39.27 39.32
28 Day Efficiency Factor 0 0.23 0.29 0.32 0.47 0.47 0.52 0.58 0.60 0.55
90 Day Efficiency Factor 0 0.20 0.14 0.26 0.32 0.43 0.45 0.49 0.51 0.50
Table 10. COze Emission per m? of concrete.
Mix Design (kg) Control  Alpha-10  Beta-10 Gamma-10  Alpha-20  Beta-20 Gamma-20  Alpha-30  Beta-30  Gamma-30
Cement 383.6 345.2 345.2 345.2 306.9 306.9 306.9 268.5 268.5 268.5
Limestone Powder 0.0 4.8 1.3 0.6 9.6 2.6 1.3 14.4 3.9 1.9
Water 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
River Gravel 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5
River Sand 25 2.5 2.5 25 2.5 25 2.5 2.5 2.5 2.5
Transportation 134 134 13.4 134 134 134 13.4 134 134 134
Production 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7 17.7
Total COze kg 420.9 387.3 383.8 383.1 353.7 346.7 345.4 320.2 309.7 307.7
COze Reductions 0.0% 8.0% 8.8% 9.0% 16.0% 17.6% 17.9% 23.9% 26.4% 26.9%
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Since the size of limestone particles does not have a significant effect on the mechanical
properties, the average efficiency factor is used to simplify the model. The average efficiency factor
for a 10% replacement is 0.28, 0.49 for a 20% replacement, and 0.57 for a 30% replacement at 28 days.
The model also allows for the manipulation of water to cement ratios and air content.

Figure 11 shows the 28-day compressive strength predictions based on the mechanical
properties of the control mix design with different water-to-binder ratios. Strength prediction results
range from 22.79 MPa to 24.92 MPa for a 0.60 w/b ratio, and from 46.42 MPa to 51.21 psi for a 0.30
w/b ratio. The 0.40 w/b ratio predicted results are almost identical to compressive strength test results
with little variation. The prediction model can serve as a viable tool to plan for concrete mix designs
containing limestone powder that meet specific specifications based on known mix designs.
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Figure 11. Limestone powder prediction model with different w/b ratios.

3.6. Life Cycle Assessment of Limestone Powder in Concrete

Table 10 highlights the materials from the mix design and emission data from the PCA report
on the life cycle assessment of different mix designs [11]. The procedures to produce limestone
powder emissions were prescribed by the manufacturer [12]. The evaluation for environmental
impact due to carbon dioxide equivalents (COze), found in the U.S. Environmental Protection Agency
Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI), was
used to achieve the emission factors [23]. The capability to assess the environmental impact that
materials and operations have in concrete production, as well as irradiating pollution shifts and
suggesting improvement benchmarks, are some of the advantages of conducting a life cycle analysis.
This analysis allows for the study of limestone powder replacements and different particle sizes, as
well as their influence on the environment. In order to conduct a precise life cycle analysis, an
inventory of all inputs and outputs was compared with a life cycle inventory.

The transportation and production of material components leads to carbon dioxide equivalents
(COze), which impact the environment, as shown in Table 10. The information in this table clearly
specifies a higher environmental impact from cement manufacturing in concrete production.
According to the control mix design, cement manufacturing contributes about 91% to CO:e
emissions, although the cement is comprised of only 15.7% concrete. The primary source of the
emission is the operation of the kiln, which causes high carbon dioxide emissions due to the release
of CO2 from CaCO: during the calcination process.

The direct relation COze emissions has in the replacement of cement with limestone powder is
evident in Figure 12. As both the levels of replacement and particle size of the limestone powder
increase, the COze emissions of the mix designs decrease. As indicated in Figure 13, COze emissions
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are decreased by 8% to 9% (subject to the particle size), with every 10% of cement that is substituted
with limestone powder. The particle size of the limestone powder does not have a considerable effect
on COze emissions, reducing COze emissions by 1% for every 10% replaced with larger limestone
powder particles.
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Figure 12. COze Emission per m? of concrete.

A comparison of the advantages in reducing in COze emissions and the negative effects on the
compressive strength are evident in Figure 13.
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Figure 13. % COze Reductions Compared to % Strength Reduction.

It also indicates the level of percentage replacement at which the benefits of COze emissions are
superior to the loss of strength. At a 10% replacement of cement directs a reduction of the compressive
strength by 13% at 28 days, and COze emissions by 9.5%. This percentage of replacement is inefficient
as the loss of strength exceeds the emissions. The reduction of COze emissions by 17.2% was evident
with a 20% replacement of limestone powder. A negative implication of this was the loss of
compressive strength of concrete by 17%; however, the reduced COze emissions are more
advantageous than the loss of compressive strength, which was a 30% replacement ratio with an
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average of 5.7%. This makes it an ideal cement replacement level with superior environmental
benefits.

3.7. Optimizing the Limestone Powder in Concrete

The use of limestone powder in concrete to replace portions of cement can help to meet demand
and reduce the environmental impact of cement production. But with all supplementary materials,
the proportional use must be optimized. Optimization of the use depends on multiple factors and
can vary from region to region. Cost and availability are important factors to consider for using
limestone powder in concrete, and will have to be assessed based on local regions. Due to the dilution
effect, both the mechanical properties and environmental effects have to be considered in tandem to
utilize limestone powder in concrete. The optimal solution is based on the life cycle analysis results,
mechanical properties, and efficiency.

Figure 14 compares the life cycle analysis results, mechanical properties, and efficiency factors
of the limestone particle sizes, and replacement levels. The graph reiterates that particle size is not a
main factor in the optimization, and will be more dependent on the availability and cost of using
limestone powder in concrete. The optimal use of limestone powder is in higher replacement
concentrations, as these concentrations reduce the environmental impact of producing concrete, and
are more efficient with Beta-30 having the highest efficiency at 0.60. The loss of strength does increase
as the replacement levels increase, and though the reduction in strength is less significant, it has to
be accounted for when implementing limestone powder in concrete.
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Figure 14. Optimizing the limestone powder in concrete at 28 Days.

4. Conclusions

This study was conducted to evaluate the effect on the characteristics of concrete from the
replacement of cement with high volume limestone powder of different particle sizes. Results
showed that the introduction of limestone powder in high volumes resulted in comparatively lower
COze emissions. Limestone powder, however, has a negative effect on the compressive strength.
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Based on the efficiency factor, the predictive model can be used to develop mix designs that meet
specifications. A summary of all conclusions made in this study is included below:

a. The use of limestone powder as a cement replacement in concrete has negligible or no effect on
fresh properties.

b. As the amount of limestone powder increases, it has a negative effect on the compressive
strength of concrete, which is slightly dependent on the particle size of limestone powder at all
levels of replacement.

c.  The correlation between the splitting tensile strength and modulus of rupture to that of concrete
compressive strength concludes that limestone powder affects the mechanical strength
properties in a similar manner.

d. Dry shrinkage decreases as the amount of limestone powder in concrete increases. However,
shrinkage is marginally dependent on the particle size of limestone at all levels of replacement.

e. A higher efficiency of limestone powder in concrete can be achieved by using higher levels of
the cement replacement due to the particle packing and distribution effect.

f.  Both the replacement of cement with limestone powder and the reduction of emissions are
strongly dependent on the level of replacement.

g. For replacements 20% or lower, the benefits of emission reduction improve, but not as much as
with 30% or higher replacement levels.

h. The efficiency factor of limestone powder calculated from Féret's modified equation increases
the efficiency as replacement levels are increased. Also, the modified equation can serve as a

model to develop and predict the strength of mix designs containing limestone powder.
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List of Notation

fc Compressive Strength (MPa)
¢ Cement (m3/m3)
w  Water (m3m3)
a  Air (m3/m?3)
K  Empirical Constant
Is  Limestone Powder (m3/m3)
k;; Efficiency of Limestone Powder
fep  Compressive Strength Prediction (MPa)
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