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EXECUTIVE SUMMARY 

Introduction 

With the increasing urgency to reduce carbon emissions in 
the construction sector, Portland Limestone Cement (PLC), 
classified as Type 1L under ASTM C595 (ASTM International 
[ASTM], 2024a), has emerged as a promising alternative to 
Ordinary Portland Cement (OPC). The primary environmental 
advantage of PLC lies in its ability to reduce the clinker con­
tent—thereby lowering carbon dioxide emissions—through 
partial substitution with finely ground limestone. As of early 
2024, PLC has been accepted in all 50 U.S. states for various 
construction applications, reflecting growing regulatory and 
industry support for sustainable cementitious materials. 

Despite its environmental benefits, field implementation 
of PLC has encountered challenges, including inconsistent 
mechanical performance, admixture incompatibility, and 
variable durability, particularly when used with traditional 
OPC-based mix designs. These discrepancies often stem from 
inherent differences in limestone content, fineness, gypsum lev­
els, and raw material sources among commercial PLC products. 

The objective of this study was to systematically investigate 
the performance of two commercially available PLCs compared 
to a reference OPC, with a focus on mechanical strength, dura­
bility, and microstructural characteristics. The influence of dif­
ferent water-reducing admixtures—polycarboxylate (PCE) and 
lignosulfonate (Lignin)—was also assessed. The findings aim 
to inform optimized mixture designs and provide guidelines for 
the broader, performance-based adoption of PLC in concrete 
infrastructure. 

Findings 

Material Characterization 

The two PLCs analyzed in this study exhibited distinct 
chemical and physical properties. PLC1 had a higher gypsum 
and alkali content, while PLC2 contained finer particles and 
higher Belite content. These differences led to notable varia­
tions in hydration behavior, early-age strength, and long-term 
durability. 

Fresh and Hardened Properties 

All mixtures with water reducers showed improved work­
ability. PLC1 showed higher early-age strength due to its high 
gypsum content, which promoted rapid hydration, but its long-
term compressive strength was limited by low Belite content. 
PLC2 demonstrated more balanced strength development and 
better flexural performance. The addition of water reducers 
tended to delay setting and modify hydration kinetics; PCE gen­
erally had a stronger effect than Lignin. 

Durability Performance 

PLC1 consistently showed higher resistivity and lower chlo­
ride permeability than OPC and PLC2, indicating a denser 
microstructure. However, it also exhibited higher shrinkage and 
lower long-term strength. Void content and water absorption 
tests confirmed that PLC1 had a more refined pore structure, 
although this did not translate to higher mechanical strength 
due to excessive calcium hydroxide (CH) accumulation. Rapid 
Chloride Penetration Tests (RCPT) aligned with resistivity find­
ings, confirming that PLC1 performed well in mitigating chlo­
ride ingress. 

ITZ and Microstructural Analysis 

Backscattered electron (BSE) image analysis revealed that 
PLC concretes generally exhibited thinner interfacial transi­
tion zones (ITZ) than OPC due to the filler effect of limestone. 
However, the use of water reducers increased ITZ porosity and, 
in the case of PLC1, led to CH accumulation around aggregates, 
which weakened the ITZ and suppressed strength development. 
The image analysis method also revealed that ITZ porosity and 
CH distribution play a critical role in mechanical performance. 

Implementation 

This study provides actionable insights for practitioners and 
agencies adopting PLC in structural and pavement concrete. 
The results emphasize that not all PLCs are created equal, and 
their performance highly depends on gypsum content, lime­
stone fineness, and compatibility with chemical admixtures. As 
a result, direct substitution of OPC with PLC in existing mix 
designs may lead to less desirable performances. 

For successful implementation, it is recommended that per­
formance-based specifications be prioritized over prescriptive 
cement content limits. Designers should consider tailoring 
water reducer type and dosage according to the specific chem­
ical and mineralogical characteristics of the PLC being used. 
Furthermore, PLCs with moderate gypsum and high Belite con­
tent (like PLC2) may provide a better balance between strength 
and durability, especially when combined with supplementary 
cementitious materials (SCMs). 

The research also highlights the critical role of ITZ in deter­
mining long-term concrete performance. Advanced imaging 
techniques such as Scanning Electron Microscopy (SEM)-BSE 
and Energy Dispersive X-ray Spectroscopy (EDS) mapping 
can help inform material selection and mix optimization in 
high-performance concrete. 

From an environmental standpoint, both PLCs offer reduced 
embodied carbon compared to OPC, reinforcing their potential 
in sustainable infrastructure. However, these gains must be bal­
anced with performance and life-cycle cost considerations. The 
outcomes of this study can guide state departments of transpor­
tation, contractors, and material suppliers in refining their speci­
fications and adopting PLC mixtures that deliver both durability 
and decarbonization benefits. 
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1. INTRODUCTION 

1.1 Research Background 

The carbon dioxide gas emissions associated with the 
manufacture of Ordinary Portland Cement (OPC) have been 
highlighted recently. According to the U.S. Environmental 
Protection Agency (2021), approximately 3% of all emissions 
in the United States are generated by the OPC manufacturing 
process, and this is expected to increase as global demand for 
concrete continues to grow. To improve environmental sustain-
ability, the concrete industry is seeking substitute materials that 
reduce OPC usage without compromising performance. 

The Portland Limestone Cement (PLC), as defined by ASTM 
C595 as Type 1L cement (ASTM, 2024a), is suggested for low­
ering the amount of clinker. One approach is to replace the 
cement clinker with limestone, making it a viable substitute for 
OPC throughout North America, including the United States. 
According to a recent report, the acceptance of PLC by state 
Departments of Transportation (DOTs) in the United States has 
gradually increased over the past decade. As of February 2024, 
all 50 states have adopted PLC. This substitution significantly 
reduces the clinker content, thereby lowering energy consump­
tion and carbon dioxide emissions during cement manufactur­
ing (Tennis et al., 2011). 

1.2 Problem Statement 

The commercial PLC products on the market exhibit differ­
ences in terms of limestone content, particle size distribution, 
and raw material composition. These differences, often stem­
ming from variations in mineralogy, raw material sources, and 
kiln operations, have led to unpredictable outcomes in concrete 
strength, durability, and admixture compatibility (Barrett, 2013; 
Tennis et al., 2011). 

The conventional mix designs developed for OPC may not 
be suitable for PLC mix designs. Users in the field have reported 
lower strength and inconsistent performance with water-reducing 
admixtures. The changes in early hydration behavior and micro­
structural development, particularly at the interfacial transition 
zone (ITZ), may lead to poor compressive and flexural strength. 

Barrett et al. (2014) used the experimental evaluation of three 
commercially available PLCs for a year to confirm the impor­
tance of these problems. They demonstrated that finer lime­
stone particles, whether intergrounded or blended, influenced 
early-age strength development and shrinkage behavior. While 
properly ground PLCs performed similarly to OPC in mechan­
ical tests, the study revealed that performance consistency is 
sensitive to the fineness of limestone, its content, and the water-
to-powder ratio. These findings highlighted the importance of 
accounting for such material variability when evaluating or 
implementing PLC. 

These issues promoted the need to systematically evaluate 
PLC regarding mechanical performance, durability, and com­
patibility with chemical admixtures. Without such an assess­
ment, the reliable application of structural concrete remains 
uncertain. 

1.3 Research Objectives 

The objective of this project is to develop a comprehensive 
understanding of the performance of PLC concrete incorpo­
rating various additives, providing design and construction 
guidance for developing high-performance and durable PLC 
concrete. The research team will evaluate PLC concrete for spe­
cific applications such as pavements, structural elements, bridge 
decks, and link slabs. A combination of mechanical tests, image 
analysis, and durability assessments is used to evaluate behav­
ior. The findings are expected to highlight both the economic 
and environmental advantages of PLC, supporting its broader 
adoption and contributing to more sustainable construction 
practices nationwide. 

1.4 Organization of the Report 

This report is structured to present a comprehensive evalu­
ation of PLC in comparison to OPC, with a focus on mixture 
optimization and carbon reduction. The content is organized as 
follows: 

• Chapter 1: Introduction—This chapter outlines the background 
and motivation for the study, including the environmental benefits 
of PLC and the practical challenges encountered in its field appli­
cation. It defines the research problem, states the objectives, and 
provides an overview of the report structure. 

• Chapter 2: Literature Review—A detailed review of existing 
literature is presented to contextualize the study. Topics covered 
include the composition and hydration mechanisms of PLC, field 
performance issues with commercial PLC products, and the criti­
cal role of the ITZ in concrete durability and strength. 

• Chapter 3: Comparative Evaluation of OPC and PLC—This 
chapter describes the experimental methodology and presents 
a comprehensive analysis of raw material characteristics, fresh 
and hardened concrete properties, and durability performance. It 
includes test results on slump, setting time, hydration heat, com­
pressive and flexural strength, shrinkage, resistivity, void content, 
water absorption, and rapid chloride penetration. 

• Chapter 4: ITZ Evaluation through SEM-BSE Image Analysis— 
Advanced microstructural characterization of the ITZ is con­
ducted using scanning electron microscopy with backscattered 
electron (BSE) imaging. The analysis quantifies ITZ thickness 
and porosity and explores calcium hydroxide (CH) accumulation 
near aggregate surfaces. The effects of water reducers on ITZ 
quality and their correlation with mechanical performance are 
also discussed. 

2. LITERATURE REVIEW 

2.1 PLC: Characteristics and Performance Parameters 

PLC is a type of blended cement in which up to 15% of the 
cement is replaced with finely ground limestone, following 
ASTM C595 (ASTM, 2024a). Given that clinker production 
is the most energy- and carbon-intensive stage of the cement 
manufacturing process, incorporating limestone as a partial 
replacement facilitates significant reductions in both energy 
consumption and carbon emissions (Tennis et al., 2011). 

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/27 8 



In addition to its environmental advantages, numerous studies 
have demonstrated that the limestone particles in PLC play a 
crucial role in enhancing strength growth and the development 
of durability-related qualities. Mechanistically, the action of 
limestone powder can be described by four significant effects: 
filler effect, nucleation effect, dilution effect, and chemical 
effect (D. Wang et al., 2018). 

The filler effect describes the role of finer limestone particles 
than cement particles in improving particle size distribution, 
filling voids, and enhancing packing density, which collectively 
contribute to refining the microstructure. Additionally, due to 
their large specific surface area, fine limestone particles provide 
nucleation sites for hydration products such as calcium silicate 
hydrate (C-S-H), thereby accelerating the degree of hydration, 
increasing the amount of hydration products, and enhancing the 
hydration heat, known as the nucleation effect. However, if the 
particles become excessively fine and the specific surface area 
becomes too high, the flowability of concrete may be reduced. 
Furthermore, it has been reported that calcite, due to its surface 
structure resembling that of the calcium oxide (CaO) layers in 
C-S-H, is more favorable for the precipitation and growth of 
early hydration products. Therefore, the chemical composition 
of limestone (e.g., calcite vs. aragonite) can influence its nucle­
ation effect (D. Wang et al., 2018). 

The dilution effect refers to the reduction in the total heat 
of hydration over time due to the partial replacement of reac­
tive clinker with limestone in cement. When the replacement 
exceeds 15%, this effect becomes predominant, leading to 
a decline in compressive strength and an increase in poros­
ity. Furthermore, the reduction in reactive clinker content 
results in lower ionic concentration in the pore solution com­
pared to OPC. Given these adverse effects on performance 
at high limestone content, ASTM C595 imposes limits on 
the allowable limestone replacement in PLC (ASTM, 2024a; 
Lothenbach et al., 2008). 

Vuk et al. (2001) evaluated the effects of the fineness when 
5% of the cement clinker is replaced with limestone. The results 
demonstrated that the Blaine specific surface area increased 
with the addition of limestone compared to its absence, leading 
to an increase in water demand and a reduction in both initial 
and final setting times. In a separate study, Tsivilis et al. (2003) 
reported that PLC concrete, in which 20% of the clinker was 
replaced with limestone, demonstrated higher total porosity 
than OPC concrete with comparable compressive strength, but 
exhibited relatively reduced water permeability and sorptivity. 

In summary, PLC is a type of blended cement in which a 
portion of the cement clinker is replaced with limestone, as 
specified in ASTM C595 (ASTM, 2024a). PLC can alleviate 
environmental pressures by partially replacing the clinker pro­
duction stage, which is the most energy and carbon intensive. 
Moreover, the properties of the PLC concrete rely on the physi­
cal and chemical properties of the limestone particles in cement. 
Numerous studies have demonstrated that limestone particles 
make a positive contribution to strength development and dura­
bility. However, when the replacement ratio exceeds 15%, the 
negative dilution effect becomes more pronounced, leading to 
reduced compressive strength and increased porosity. 

2.2 Field Performance Issues with Commercial PLC 

Despite its environmental and technical advantages, the field 
performance of commercial PLCs exhibits notable variability. 
Several studies and field observations have highlighted incon­
sistencies in strength development, durability, and admixture 
compatibility among PLCs produced by different manufactur­
ers. These discrepancies are often attributed to variations in 
limestone content, fineness, and the mineralogical composition 
of clinker, as well as differences in grinding practices across 
production facilities (Barrett, 2013). 

The heterogeneity of limestone sources could be the primary 
reason for this issue. As previously discussed, even when the 
limestone content remains within the allowable range (e.g., 
10~15%), its physical and chemical properties, such as parti­
cle size distribution, specific surface area, and mineral phase 
composition, may differ significantly. These variations affect 
hydration kinetics, and the evolution of the cement paste micro­
structure, making it more challenging to predict setting behavior 
and strength in field applications (Barrett et al., 2014; Vuk et al., 
2001; D. Wang et al., 2018). 

Several field applications and lab experiments have demon­
strated that the early-age strength of PLC concrete can either 
match or exceed that of OPC, depending on factors such as mix 
design, curing conditions, and the use of chemical admixtures 
(Barrett et al., 2014; Tennis et al., 2011). Inconsistencies in 
sulfate availability resulting from altered clinker-to-limestone 
ratios may disrupt the formation of ettringite and monosul­
fate phases, thereby affecting setting times and strength gain 
(Tennis et al., 2011). To mitigate these risks, some agencies 
have suggested using performance-based requirements and have 
suggested tighter limits on the properties of limestone. These 
include verifying concrete strength, shrinkage, and durability 
performance under relevant exposure conditions, rather than 
solely relying on cement composition. Moreover, the addition of 
supplementary cementitious materials (SCMs) has been shown 
to stabilize PLC performance across a broader range of field 
conditions (D. Wang et al., 2018). 

In summary, the performance variability of commercial PLCs 
stems from multiple factors, making it unrealistic for each man­
ufacturer to individually control limestone quality and operate 
under a unified production process. Therefore, a more realistic 
strategy is to understand the unique properties of each cement 
manufacturer and select appropriate chemical admixtures and 
SCMs based on those properties; this area requires further 
investigation. To ensure the utility and reliability of PLCs in the 
field, it is essential to verify consistent performance not only 
under controlled laboratory conditions but also in environments 
that replicate or reflect actual job site conditions. 

2.3 Importance of the Interfacial Transition Zone ITZ) in 
Concrete 

The ITZ refers to the region of cement paste surrounding 
aggregate particles, characterized by distinct microstructural 
and compositional features. Although it typically spans only 
10–50 μm from the aggregate surface, its influence on the 
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mechanical strength, durability, and transport properties of 
concrete is disproportionately large relative to its volume. As 
concrete is increasingly expected to perform under aggressive 
environmental conditions, the role of ITZ has garnered attention 
due to its susceptibility to microcracking, increased porosity, 
and ion transport (Ollivier et al., 1995). 

Figure 2.1 Schematic Image of “Wall Effect” Based on Scrivener 
et al. (Scrivener et al., 2004; B. Wang et al., 2021). 

The fundamental origin of the ITZ lies in a phenomenon 
known as the wall effect. This effect arises because aggregate 
particles are significantly larger than cement particles which 
leads to a structural constraint when cement particles encoun
ter the relatively flat surface of the aggregate. Considering 
the anhydrous distribution, inserting a large object into a ran
domly packed assembly disrupts the arrangement of small 
particles. Consequently, the area next to the aggregate surface 
has a larger initial porosity and fewer big cement particles. 
The development of hydration products during the hydration 
process is directly influenced by the localized increase in the 
effective water-to-cement ratio resulting from this cement par
ticle deficit. Hydration products, such as CH and ettringite, 
tend to form as larger crystals in this region compared to the 
bulk cement matrix, with CH tending to concentrate deposi
tion. Consequently, a more porous microstructure develops, 
and even as hydration progresses and some pores are filled, 
the ITZ retains significantly higher porosity than the surround
ing bulk paste. The ITZ is not a sharply defined boundary but 
rather a gradual transition zone in which microstructural char
acteristics change progressively between the aggregate and the 
cement paste. Due to its high initial porosity, concentration of 
specific hydration products (especially CH), and relative lack 
of cement particles, the ITZ is commonly regarded as the weak
est link in cement-based composites. It plays a critical role in 
the initiation of microcracks and significantly affects transport 
properties, including moisture and ion permeability. (Scrivener 
et al., 2004; Wu et al., 2016). 

Studies using BSE, energy dispersive x-ray spectroscopy 
(EDS), and mercury intrusion porosimetry (MIP) have consis
tently shown that the ITZ has coarser pores and greater total
porosity compared to the bulk paste. Wu et al. (2016) reported 
chloride diffusion coefficients in the ITZ up to 12 times higher 

than those in the surrounding bulk paste. Additionally, Gao, De 
Schutter, Ye, Huang, et al. (2013) demonstrated that ITZ sig
nificantly governs capillary absorption behavior, especially in 
concrete with high aggregate content, emphasizing its role as 
a primary pathway for deleterious agents such as chloride ions, 
sulfate ions, and carbon dioxide. Mechanically, the disparity in 
stiffness and strength between the ITZ and bulk paste results in 
stress concentration under load, which promotes the initiation 
and propagation of microcracks. Y. Wang et al. (2024) found 
that larger aggregate sizes are associated with thicker and more 
porous ITZs, correlating with reductions in both elastic modulus 
and compressive strength. 

Despite its critical role, the ITZ remains among the least 
understood aspects of concrete microstructure. Unlike bulk paste 
hydration, which has been extensively characterized, studies 
focusing specifically on the ITZ are relatively limited due to 
challenges in sample preparation, imaging, and the inherent het
erogeneity of the zone. Most existing knowledge stems from a 
small number of detailed Scanning Electron Microscopy (SEM)­
BSE image analyses, which are both time-consuming and 
require sophisticated instrumentation (Scrivener et al., 2004). 
Furthermore, studies on the ITZ properties of PLC and the cement 
blended with limestone filler (LF) remain limited. As previously 
discussed, limestone enhances the density of the microstructure 
through the filler effect and promotes the formation of hydration 
products through the nucleation effect. These effects may make 
ITZ more dense and thinner, resulting in improved mechanical 
performance. Wu et al. (2016) highlighted that the addition of 
5% LF was found to reduce porosity in the region near the aggre
gate surface (0–20 μm) and decrease the volume of larger pores 
(> 100 nm) typically associated with the ITZ. These findings sug
gest that LF may have a beneficial effect on ITZ development. 
However, the authors noted that the observed improvements in 
chloride diffusion resistance and water absorption were primar
ily attributed to the densification of the bulk cement matrix, with 
only partial contributions from changes in the ITZ. Nevertheless, 
the importance of further research in this area is highlighted, 
despite this study providing valuable quantitative insights into 
the ITZ microstructure of LF-blended cement. 

In conclusion, the ITZ is a pivotal microstructural feature 
critically influencing the mechanical performance and durabil
ity of concrete. However, current research, especially regarding 
PLC systems, is inadequate to establish comprehensive design 
and performance guidelines. Addressing this gap will require 
focused experimental investigations employing advanced imag
ing and analytical techniques to achieve higher resolution and 
reproducibility. 

3. COMPARATIVE EVALUATION OF OPC AND PLC: 
MATERIAL CHARACTERISTICS, MECHANICAL AND 
DURABILITY PERFORMANCE 

This chapter presents comparative analysis results of com
mercially available OPC and two PLCs in diverse aspects. 
To evaluate the compatibility between PLC and water reduc
ers, two different chemical bases (Polycarboxylate [PCE] and 
Lignosulfonate [Lignin]) of water reducers have been selected. 
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Figure 3.1 XRD Diffraction Patterns of Raw Cements. 

3.1 Raw Cement Characterization 

In this work, the OPC is provided by the Indiana Department 
of Transportation (INDOT) and two different PLCs from differ­
ent manufacturers. As the physical and chemical properties of 
these materials are unknown, characterizing the raw cement was 
inevitable before mixing. 

3.1.1 Quantitative X-Ray Diffraction (QXRD) Result 

QXRD analysis was performed to quantify the minerals 
(e.g., alite, belite, tricalcium aluminate (C

3
A), calcite [Limestone], 

and gypsum) in the raw cements, facilitating an easy compar­
ison of their chemical compositions. Zinc oxide (ZnO), which 
exhibits distinct peaks from the main minerals of the cement, 
was added at a 20% weight ratio of the cement and uniformly 
blended to prepare the XRD sample. 

Tricalcium silicate (alite) and dicalcium silicate (belite) 
form hydration products, including calcium silicate hydrate (C-S-H) 
and calcium hydroxide (CH), through hydration reactions. 
It is well known that alite primarily contributes to early strength 
development, while belite plays a role in long-term strength 
development (Odler, 1998). Through Table 3.1, the mechanical 

properties can be predicted since OPC has the highest alite, 
and PLC2 has the highest belite. Additionally, PLC1 and PLC2 
exhibited similar calcite contents of approximately 7%. 

TABLE 3.1 
Mineral Contents of Raw Cements with ZnO Determined by QXRD. 

Mineral (Formula) OPC PLC1 PLC2 

Alite (C
3
S) 63.26% 46.60% 47.07% 

Belite (C
2
S) 12.71% 22.54% 17.34% 

C
4
AF 10.18% 7.19% 5.91% 

C
3
A 7.47% 5.48% 3.37% 

Calcite (Limestone) 1.15% 9.17% 3.34% 
K

2
SO

4 
1.96% 3.33% 1.39% 

Na
2
SO

4 
2.18% 3.48% 3.39% 

Gypsum 0.64% 0.49% 8.01% 
MgO 0.45% 1.63% 1.30% 
CaO (Free Lime) - 0.09% 0.22% 

A notable point is that PLC2 has the highest gypsum content 
among the others. Gypsum is added to prevent flash set, which 
occurs when C

3
A reacts rapidly with water. It reacts with C

3
A to 

form a layer of ettringite (AFt) around the C
3
A particles, thereby 

interrupting further reactions and slowing down the setting time 
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of the cement. Moreover, it enhances early-age strength perfor­
mance by promoting the dissolution of alite and accelerating 
hydration, thereby generating hydration products such as C-S-H 
and CH. Additionally, this leads to a more dispersed and con­
trolled aluminate reaction, as demonstrated by a lower and more 
widespread initial peak (Quennoz & Scrivener, 2012). 

3.1.2 Calcite Content Calculation through Thermogravimetric 
Analysis (TGA) 

However, as shown in Figure 3.1, the main peak of calcite at 
29.4° overlaps with alite and gypsum, which can lead to quan­
tification errors. To address this limitation, thermogravimetric 
analysis (TGA) was used to determine the calcite content. In 
cementitious systems, limestone (calcite, CaCO

3
) typically 

decomposes above 600 °C, producing carbon dioxide and cal­
cium oxide, accompanied by a weight loss (WLCaCO

3
). The 

theoretical weight loss from calcite decomposition is approx­
imately 44%. Based on the experimentally measured weight 
loss, the calcite content can be calculated using Equation 3.1. 
According to Figure 3.2, PLC1 and PLC2 have similar lime­
stone content, around 10%. 

100
CaCO 3,measured (%)  WLCaCO 3

(%)  
44 

Equation 3.1 

3.1.3 X-Ray Fluorescence (XRF) Result 

The XRF analysis results revealed differences among the 
three cements. Consistent with the QXRD results, PLC1 con­
tained relatively more alkali sulfates compared to the other 
cements, as indicated by its sulfur trioxide (SO

3
) content and 

high equivalent alkalies. In addition, based on the equiva­
lent alkali levels, it can be inferred that OPC and PLC2 were 
designed as low alkali cements (< 0.6%; ASTM C150/150M-24; 
ASTM, 2024b) 

Figure 3.2 Calcite (CaCO
3
) Content Calculation Through TGA 

Result. 

TABLE 3.2 
Oxide Contents of Raw Cements by XRF. 

Oxides OPC PLC1 PLC2 

CaO 68.2% 67.79% 68.48% 
SiO

2 
18.21% 16.52% 17.41% 

SO
3 

3.69% 4.33% 3.85% 
Al

2
O

3 
4.38% 4.03% 4.39% 

MgO 1.13% 3.23% 3.53% 
Fe

2
O

3 
3.59% 2.94% 1.94% 

Na
2
O 54.9ppm 0.14% 735.8ppm 

K
2
O 0.76% 0.78% 0.23% 

Equivalent alkalies 0.51% 0.65% 0.22% 

3.1.4 Particle Size Distribution Result 

The particle size distribution results from particle size anal­
ysis (PSA) tests are presented in Figure 3.3. Figure 3.3a shows 
that PLCs contain more fine particles (1~5 μm) as well as a 
higher proportion of coarse particles (> 20 μm) compared to 
OPC. The peak of PLC1 is shifted to the right relative to the 
other cements, indicating that it contains a higher proportion of 
coarse particles. However, as shown in Figure 3.3b, the overall 
particle size distribution ranges are quite similar among all three 
types of cements. 

Additional calculations based on the data from the PSA test 
were performed to find the difference between OPC and PLCs. 
Span means the measurement of the width of the distribution. 
The narrower the distribution, the smaller the span becomes. 
Uniformity refers to a measure of absolute deviation from the 
median, and the specific surface area (SSA) is calculated as the 
total area of the particles divided by their total weight. 

D  D
Span  90 10 

D50 

Equation 3.2

V D50  DiUniformity  i 

D50 Vi 

Equation 3.3 

6  Vi 

SSA  Di  6 

Q V i QD 3 2[ ,  ] 
Equation 3.4 

D [3,2] and D [4,3] consult the surface-weighted mean and 
volume-weighted mean, respectively. The surface-weighted 
mean, also known as the Sauter Mean Diameter (SMD), is an 
average diameter when converted into a sphere, while main­
taining the total particle surface area constant. Reactive sur­
face area, viscosity, and hydration reactivity are correlated with 
this number, which highlights the impact of large surface area 
particles. The surface area increases and becomes finer as the 
value decreases. The volume-weighted mean, also referred to 
as the De Broucker mean, is the volume average diameter of 
all particles. This value represents the average particle size by 
volume. Large particles that significantly affect the total vol­
ume are emphasized; the more of these there are, the greater the 
proportion of larger particles and the potential slower hydration 
reaction. 
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Figure 3.3 Particle Size Distribution of Cements by (a) Volume (%) and (b) Cumulative Volume (%). 

TABLE 3.3 
Particle Size and Surface Area Characteristics of Cements. 

Parameters OPC PLC1 PLC2 

Span 1.911 2.218 2.161 
Uniformity 0.602 0.714 0.691 
SSA (m2/kg) 1975 2078 2165 
D [3,2] (μm) 3.04 2.89 2.77 
D [4,3] (μm) 11.5 12.4 11.4 
D

10 
1.76 1.46 1.42 

D
50 

10.9 11.1 10.2
D

90 
22.6 26 23.5

In conclusion, all PLC cements exhibit a generally finer par
ticle size distribution compared to OPC, which can be attributed 
to the replacement of the clinker with limestone. PLC2 exhibits 
higher SSA, minor D [3,2], and a more pronounced decrease 
in D

10
 compared to OPC, indicating a significant increase in 

the proportion of fine particles. Furthermore, the uniformity 
index is 14.7% and 18.6% higher for PLC1 and PLC2, respec
tively, compared to OPC, suggesting a more uniform particle 
size distribution. In contrast, PLC1 exhibits a D

90
 value that is 

over 15% higher than OPC, indicating a higher proportion of 
coarse particles, which may reduce its packing effect compared 
to PLC2. 

3.2 Mixture Design 

The concrete mixture design used in this work is shown in 
Table  3.4, and the fine-to-total aggregate ratio is 0.42. Nine 
concrete mixtures were prepared using OPC, PLC1, and PLC2 
cements, with two water reducers. For each mix ID, a total of fif
teen 3 × 6-in. cylindrical specimens were cast to measure compres
sive strength at 1, 3, 7, 14, and 28 curing dates (three specimens 
per age; ASTM C39/39M-24 [ASTM, 2024d]). Additionally, two 
4 × 4 × 16-in. beam specimens were prepared for flexural strength 
testing at 28 curing dates (ASTM C78/C78M-22; ASTM, 2021b). 
All concrete specimens were cured in water at 23 °C until the 
designated test ages. The suggested water reducer dosages for 
PCE and Lignin are 2–10 oz per cwt (130~650 mL/100 kg) and 
2–12 oz per cwt (130~780 mL/100 kg), respectively. 

TABLE 3.4 
Mixture Proportions of Concrete. 

ID w/c 
Cement 
(lbs/yd3) 

Water 
(lbs/yd3) 

Fine 
Aggregate 
(lbs/yd3) 

Coarse 
Aggregate 
(lbs/yd3)

Water 
reducer 
(oz/cwt)

PCE Lignin 

OPC 
PLC1 / / 
PLC2
OPO1-P
PLC1-P 0.45 564 254 1415 1915 7.7 / 
PLC2-P 
OPC-L 
PLC1-L / 7.7 
PLC2-L 

3.3 Fresh and Harden Concrete Properties 

3.3.1 Slump Test Result 

Figure 3.4 shows the photos of the slump test, which can 
detect significant differences between those with and without 
water reducers; these differences are evident in OPC based on 
the Table 3.5. PCE was most effective in improving the concrete 
slump, and slump improvement is more effective in the OPC 
system than in the PLC system.

3.3.2 Setting Time Result 

Setting time test run based on the ASTM C403 (ASTM, 
2023). PLC1, which has the highest gypsum and alkali content,
sets faster than OPC and PLC2. Using a water reducer effec
tively retards the setting of OPC and PLCs. Additionally, it 
increases the duration between the initial and final settings of 
OPC while shortening the duration of PLC.

3.3.3 Isothermal Calorimetry Test Result 

Isothermal calorimetry (IC) tests were performed on a 
cement paste with a water-to-cement (w/c) ratio of 0.45 at 
23 °C in Figure 3.6. Since PLC1’s sulfate is mostly provided 
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as alkali sulfate instead of gypsum, it causes early accumu­
lation of sulfate and alkali in the pore solution, which inten­
sifies the reactions of aluminate (Andrade Neto et al., 2021). 
Therefore, this results in high early-age heat release. PLC2 
exhibits a secondary hydration heat peak at approximately 
24 hr, which can be attributed to the formation of monosulfate 
(Afm) (C

3
A + Aft = Afm). OPC and PLC2 have a higher belite 

(C
2
S) content than PLC1, resulting in greater heat release 

after 7 days. 

Figure 3.4 Photos of the Slump Test. 

TABLE 3.5 
Slump Values of Different Mixtures (Data in Brackets is the Slump 
Increase Compared to the Plain Mixture). 

Plain PCE Lignin 

OPC 0.5″ 6.75″ (+ 6.25″) 4.25″ (+ 3.75″) 
PLC1 2″ 7.1″ (+ 5.1″) 5.25″ (+ 3.25″) 
PLC2 2.1″ 7.5″ (+ 5.4″) 3.5″ (+ 1.4″) 

Figure 3.5 The Setting Time of Different Concrete Mixtures. 

Figure 3.7 presents the heat flow of all mixtures. It is 
found that adding water reducers slightly increases the peak 
heat flow of OPC and slightly delays the peak time. For 
PLC1, adding water reducers reduces the peak heat flow and 
delays its onset. For PLC2, adding water reducers signifi­
cantly increases the peak heat from Afm generation, espe­
cially with the PCE water reducer, which further amplifies 
this peak. 

Figure 3.8 plots the total released heat of all mixtures. It 
is found that adding water reducers increases the total heat 
released from OPC. Water reducers slightly reduce the total 
heat released from PLC1. The PCE water reducer increases the 
heat released from PLC2, and the Lignin water reducer also 
slightly increases the total heat released by PLC2. 
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Figure 3.6 IC Test Results of Plain Mixtures Without Water Reducers. 

Figure 3.7 The Heat Flow of All Mixtures. Figure 3.8 Total Released Heat of All Mixtures. 
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3.3.4 TGA results 

The TGA was performed on all the mixtures from 1 to 28-day 
age, and the CH content, also known as Portlandite, is deter
mined, as shown in Figure 3.9. Generally, adding water reduc
ers slightly reduces CH generation at early ages. Nevertheless, 
this reduction in CH content becomes less obvious at later ages. 
PCE water reducer does not significantly affect the hydration 
degree as the lignin water reducer does. 

Figure 3.9 Calcium Hydroxide (CH) Content Determined by TGA 

Analysis. Figure 3.10 Shrinkage of All Mixtures at 50% RH and 100% RH.
 

3.3.5 Shrinkage Test 

Shrinkage tests have been performed using a mortar bar in 
50% relative humidity (RH) and 100% RH curing conditions at 
23 °C, as field operations observed low flexural strength due to 
shrinkage cracks in PLC concrete. Through Figure 3.10, 100% 
RH curing conditions, in which the mixtures are water-saturated, 
demonstrated a relatively lower shrinkage percentage than 50% 
RH conditions. PLC1 showed the highest shrinkage percentage 
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in both conditions without water reducers, while PLC2 had the 
lowest. However, when the mortar was mixed with the Lignin 
water reducer, PLC1 exhibited the lowest shrinkage in both con
ditions, and all cases showed lower shrinkage than those with
out a water reducer or with the PCE water reducer. 

3.4 Mechanical Properties 	

3.4.1 Compressive Strength 	

Figure 3.11 plots the compressive strength development of 
all concrete mixtures. PLC1 concrete showed less strength loss 
than PLC2 concrete throughout the 28-day curing period. While 

PCE concrete (except for PLC2) exhibits strengths equivalent 
to those of concrete without a water reducer, lignin concrete 

­ continues to exhibit decreased compressive strength at a later 
­ age. Figure 3.12 shows how concrete with the same composi­

tion, but different cements, develops in terms of compressive 
strength. While PLC1 initially displays greater strength than 
PLC2, this trend reverses after 3 or 7 days of curing. This phe­
nomenon occurs due to the difference in gypsum and belite con­
tent detected by QXRD. The hydration of PLC1, especially alite 
(C

3
S), can be accelerated because it contains the highest gyp­

sum content. This reaction may increase the early-age strength 
of the concrete. Additionally, OPC consistently demonstrates 
the highest compressive strength across all combinations. 

Figure 3.11 Comparison Graph of the Compressive Strength of All 
Mixtures With Different Water Reducers. 

Figure 3.12 Comparison of Compressive Strength Development in 
Different Cement Systems. 
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Figure 3.13 Compressive Strength in Terms of CH Content. 

Figure 3.13 plots the relationship between compressive 
strength and CH content, as well as hydration degree. The CH 
content and compressive strength exhibit a unified relationship 
for all mixtures, indicating that the CH content (associated with 
C-S-H formation) dominates the strength development of OPC 
and PLC concrete (without SCMs). However, the relationship 
between strength and hydration degree indicates that at the same 
degree of hydration, OPC concrete has a higher compressive 
strength than PLC concrete. At an early age, PLC1 concrete 
exhibits higher compressive strength, whereas PLC2 concrete 
shows faster development of compressive strength. 

3.4.2 Flexural Strength 

Figure 3.14 plots the flexural strength of all mixtures at 28 
days of curing. It is worth noting that all concrete specimens 
were cured in water at 23 °C. In general, OPC concrete has 
the highest flexural strength when no water reducers are used. 
The flexural strength of all mixes is marginally increased using 
water reducers, in contrast to compressive strength. In PLCs, 
this growth is more notable. 

Figure 3.14 Flexural Strength of All Mixtures at 28 Days of Curing. 

Figure 3.15 Flexural-to-Compressive Strength Ratio of All 
Mixtures. 

Figure 3.15 plots the flexural-to-compressive strength ratio 
of all mixtures at 28 days of curing. The ratios of OPC mixtures 
are all lower than those of PLC mixtures because of their strong 
compressive strength. The ratio rises when water reducers are 
added, which is explained by a little gain in flexural strength but 
a decrease in compressive strength. 

3.5 Durability Properties 

3.5.1 Bulk and Surface Resistivity Test Result 

Bulk resistivity has been measured according to ASTM 
C1876 through various curing dates to track the change in 
resistivity in Figure 3.16 (ASTM, 2024c). Notably, even with 
or without water reducers, the resistivity of PLC1 exceeded that 
of OPC and PLC2 at early ages (3 and 7 days), and develop­
ment was sustainable, which shows the highest resistivity at 
28 curing days. Sersale et al. (1991) reported that the proper 
content of gypsum in cement can densify the microstructure. 
When the cement contains more than 2.5% sulfur trioxide con­
tent, the intensity of pore size distribution gradually shifts to 
less than 1000 Å at 28 days of curing (Sersale et al., 1991). 
This phenomenon also occurred in the surface resistivity test 
in Figure 3.17, which followed AASHTO T358 (AASHTO, 
2019). Still, PLC1 had the highest resistivity after 28 days of 
curing; however, none of the cases could reach or exceed the 
moderate chloride ion penetration limit ( > 12kΩcm). Simple 
trends in electrical resistivity, particularly at early ages when 
saturation heavily influences the signal, are inadequate for a 
dependable assessment of concrete durability (He et al., 2023). 
Therefore, the vacuum-saturated formation factor, applying a 
pore-solution conductivity correction, has been calculated to 
account for both porosity and pore connectivity as a comple­
mentary analysis. 

Using the National Institute of Standards and Technology 
(NIST)-estimated pore solution conductivity, the vacuum-
saturated formation factor, defined as bulk resistivity divided 
by pore-solution resistivity, was determined and used as an 
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Figure 3.16 Comparison Graph of the Bulk Resistivity Results of 
All Mixtures. 

Figure 3.17 Comparison Graph of the Surface Resistivity Test 
Results of All Mixtures. 
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indirect index of ion transport, capturing both porosity and pore 
connectivity (Banik et al., 2024). Figure 3.18 plots the rela
tionship between formation factors and compressive strength. 
The high alkaline and gypsum content of PLC1 alters the pore 
solution chemistry, resulting in low resistivity at an early age. 
With the same formation factor, PLC2 exhibits the highest 
compressive strength, attributed to alite and belite. In contrast, 
PLC1 has the lowest compressive strength due to its low belite 
content and abundant Aft and Afm formation resulting from 
gypsum. 

Figure 3.18 Formation Factor in Terms of Compressive Strength. 	 Figure 3.19 Comparison Graph of the Void Content Results Based 
on the Water Reducers (28 Days). 

3.5.2 Void Content Result 	

The void content of the samples was calculated based on 
ASTM C642 (ASTM, 2021a); however, the water vacuum sat
uration method was used to determine the apparent mass of the 
sample in water after immersion and boiling (D) at the highest 
level of vacuum (7Torr) which is very similar to the theoretical 
maximum porosity of the concrete, as described by Bu et al. 
(2014). 

In Figure 3.19, PLC1 had the lowest void content among the 
others in the condition without water reducers and still showed a 
comparable result with OPC with water reducers. PLC2 always 
had the highest void content in all cases. 

3.5.3 Water Absorption Test Result 	

The water absorption test is performed under ASTM 
C1585; all concrete samples are 28 days cured and dried in 
a 50 °C oven for 72 hr (ASTM, 2020). When adding water 
reducers, PLC2 concrete exhibits the highest sorptivity (I) 
compared to the others, whereas OPC concrete has the highest 
sorptivity without water reducers. PLC1 concrete had a simi
lar or lower initial absorption rate than the others but demon
strated the lowest secondary absorption rate. This means that 
PLC1 concrete has small radius capillary pores and a complex 
pore structure; however, this result can be further explained by 

the assumption that capillary pores are cylindrical. Without a 
water reducer, OPC concrete is estimated to have the highest 
sorptivity in long-term absorptions and the highest rate in both 
initial and secondary absorptions. 

These results have also been confirmed in other studies. 
According to the study by Nadelman and Kurtis (2019), PLC 
mortar exhibited lower initial water absorption than OPC mortar 
at a 0.4 water-to-binder (w/b) ratio. In addition, Tennis et al. 
(2011), citing the work of Tsivilis et al. (2003), reported that 
PLC concrete shows reduced water permeability and lower sorp­
tivity. Thus, it can be concluded that the three primary mecha­
nisms by which limestone contributes to PLC performance are 
increased concrete density and improved pore structure, which 
aligns with the result. 

3.5.4 RCPT Result 

Figure 3.21 demonstrates the result of the Rapid Chloride 
Penetration Test (RCPT) based on ASTM C1202 (ASTM, 2022). 
All the mixtures fall within the range of moderate chloride ion 
penetrability (2000~4000 coulombs) and align with other test 
results. PLC1 had the lowest penetration in all cases, which can 
be attributed to the dense and complex microstructure of PLC1 
concrete, making it difficult to penetrate. 

3.6 Summary 

This section evaluated the physical and chemical properties 
of three different cements, as well as the performance of fresh 
and hardened concrete, with a focus on identifying the changes 
that occur when a water reducer is added. 

The higher gypsum content in PLC1 was the key factor that 
led to significantly different performance compared to the others. 
Since the appropriate gypsum content accelerates the hydration of 
the alite, PLC1 concrete exhibited relatively high early-age strength 
and higher resistance to chloride ion penetration. Additionally, due 
to the smaller radius of capillary pores and dense microstructure, 

­
­

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/27 20 



Figure 3.20 Water Absorption Test Result With Initial Absorption 
Rate (I

ini
) and Secondary Absorption Rate (I 

sec
). 

Figure 3.21 RCPT Result of All Mixtures. 

it exhibited a faster or similar initial absorption rate (I
ini

) and a 
slower secondary absorption rate (I

sec
) compared to the other mix­

tures. Nevertheless, PLC1 exhibits inferior long-term compressive 
strength compared to OPC due to its low belite content. 

By adding water reducers, all mixtures showed the retard 
effect of setting and reaction heating flow through the setting 
time test and IC test. Additionally, the compressive strength of 
PLC2 concrete decreased significantly with the use of water 
reducers, but the flexural strength increased; meanwhile, other 
cements did not show a substantial difference between those 
with and without water reducers. 

Through the durability test, PLC1 concrete has the densest 
microstructure among the others, despite having the lowest 
compressive strength. This can be explained by the high con­
tent of gypsum in PLC1. Gypsum generates Aft by reacting 
with C

3
A and accelerates the hydration of alite at the early 

stage, allowing it to fill the space before it sets. However, as Aft 
does not support building the strength of concrete and PLC1 
has a lower belite content, it is unlikely that PLC1 concrete can 
exhibit higher compressive strength than the others. 

4. ITZ EVALUATION THROUGH SCANNING ELECTRON 
MICROSCOPE SEM-BSE IMAGE ANALYSIS 

The ITZ is the critical area between the cement paste and 
the aggregate. It is widely accepted that this region is formed 
due to the wall effect, which occurs before the concrete sets. As 
cement grains are repelled from the aggregate surface, the local 
w/c ratio near the aggregate increases due to the physical char­
acteristics of the cement grains. This results in the formation of 
a zone with high porosity once the setting is complete and mois­
ture has evaporated, weakening the ITZ’s physical properties. 

Given that the ITZ typically exhibits a higher porosity than 
the bulk cement paste, SEM-BSE imaging, has been employed 
to quantify the microstructural properties of the ITZ. This tech­
nique has been widely adopted in various studies. This chapter 
compares the ITZ properties of various cements and assesses 
how these differences impact mechanical strength. 
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4.1 Image Analysis Process 

The process of the BSE image analysis is divided into six 
steps, which are shown in Figure 4.1. 

4.1.1 Image Collection and Preprocessing 

The analysis method utilizes 8-bit grayscale images to per­
form binary segmentation, separating porous and nonporous 
areas (fine aggregates or bulk paste). Porosity variations are 
then measured at regular distance intervals from the aggregate 
boundary to define the thickness and porosity of the ITZ. BSE 
images were acquired at 2000× magnification using a Thermo 
FisherTM ApreoTM 2 SEM, with a resolution of 67.65 nm (0.0068 
μm) per pixel, ensuring high image fidelity and detail. Thirty 
images were taken for each sample to ensure reliability and 
stable results. Aggregate boundaries were manually identified 
using ImageJ and assigned a grayscale value of 255 (white). To 
avoid misclassification during subsequent analysis, any existing 
pixels with a value of 255 in the original image were prepro­
cessed and adjusted to 254. 

4.1.2 Defining Breakpoint and Strip Delineation 

According to previous studies, the threshold value for pore 
regions in this image analysis has traditionally been determined 
using the overflow criterion (Gao, De Schutter, Ye, Huang, et 
al., 2013; Gao, De Schutter, Ye, G., Tan, & Wu, 2014; Lyu et 
al., 2019; Wu et al., 2016). This criterion defines the threshold 
based on the inflection point in a cumulative grayscale value vs. 
pixel count curve, specifically, the point where the curve transi­
tions from a gradual to a steep increase, marking the boundary 
between pores and bulk paste (Wong et al., 2006). However, 
as noted in the literature, this approach tends to overestimate 

the threshold and lacks a consistent definition for the transition 
range, introducing potential for human error. 

Figure 4.1 Flowchart of Analysis Method for Defining ITZ 

Thickness. 

Figure 4.2 The Example Graph for the Application of PLR. 

To address these limitations, we employed a statistical 
technique known as Piecewise Linear Regression (PLR) to 
automate the analysis and ensure consistency. PLR identifies 
breakpoints in data by fitting two or more linear models and has 
been widely applied across various fields (McZgee & Carleton, 
1970). Figure 4.2 shows the schematic applied example to the 
cumulative count graph of the BSE image. The first break­
point (Breakpoint 1 in Figure 4.2) was defined as the threshold 
between pore regions and bulk paste. 

Figure 4.3 The Example of the BSE Image with Strip Delineation. 


In the subsequent step, strip delineation was performed 
using Euclidean distance mapping, as proposed by Wong and 
Buenfeld (2006). As shown in Figure 4.3, aggregate boundaries 
were offset at regular intervals of 5 μm, generating 10 concentric 
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zones extending to 50 μm from the aggregate interface. This set­
ting was chosen based on the commonly accepted ITZ range, 
which spans approximately 10–50 μm (Scrivener et al., 2004). 
After completing both steps, the image was binarized using the 
PLR-derived threshold value. The porosity of each zone was 
then calculated based on this binarized image. 

4.1.3 Porosity Result 

The result of the porosity distribution through the distance 
from the aggregate is demonstrated in Figure 4.4. In most cases, 
PLC concretes exhibited thinner ITZ thicknesses than OPC con­
cretes, which can be attributed to the filler effect. Interestingly, 

by adding the water reducers, all concretes showed a decrease 
in thickness, but an increase in average porosity of the ITZ. 
This result aligns with Xu and Beaudoin’s (2000) work which 
claims that the ITZ thickness has been improved by adding a 
PCE water reducer. However, even though the water reducers 
enhance the porosity and thickness, the compressive strength of 
the PLC1 with water reducers was the lowest, especially with 
the PCE water reducer. This result can be attributed to the CH 
content surrounding the aggregate. 

Figure 4.4 ITZ Porosity Analysis Results. 

TABLE 4.1 
The Estimated Thickness of the ITZ. 

ITZ (μm) 

OPC 16.76 ± 1.55 
PLC1 11.81 ± 0.57 
PLC2 16.35 ± 1.74 
OPC-P 15.12 ± 1.84 
PLC1-P 10.92 ± 0.5 
PLC2-P 9.9 ± 0 
OPC-L 11.10 ± 0.57 
PLC1-L 10.54 ± 0.42 
PLC2-L 10.97 ± 0.73 

TABLE 4.2 
The Average Porosity of the ITZ. 

Ave. Porosity (%) 

OPC PLC1 PLC2 

WO 16.44 17.62 17.37 

PCE 19.08 17.68 21.01 
Lignin 16.68 21.59 20.71 

4.2 CH Content 

The element map around the aggregate surface is shown in 
Figure 4.5; it is found that the PLC1 concrete with PCE water 
reducer has a high CH accumulation around the aggregate sur­
face. This phenomenon has also been reported by Diamond and 
Haung (2001). The 0 to 5 μm area around the aggregates could 
have lower porosity because the CH is dominant than the pores. 
Figure 4.6 plots the CH content around the aggregate surface. It 
was observed that with PCE, all PLCs exhibited a considerable 
accumulation of CH around the aggregates, with PLC1 showing 
a significantly high concentration around the aggregate. As CH 
is a weak and brittle hydration product, it contributes little to 
the overall strength of concrete. Thus, it was found that PLC1’s 
lower compressive strength, despite having an ITZ with low 
porosity, was due to its high CH content. 

4.3 Summary 

This section focuses on quantitatively studying the physical 
properties of the ITZ, including its thickness and porosity, through 
BSE image analysis. CH distribution analysis was conducted 
through additional image analysis to resolve the discrepancy 
between compressive strength and ITZ properties evaluation. 
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Figure 4.5 Element Distribution Around the Aggregate. 

Figure 4.6 CH Content Around the Aggregate Surface. 

The first section of all mixtures was set at 4.5 μm, and we 
can assume that all the cement has the same particle size. The 
second section exhibits a gradual trend compared to the first 
section, but a more rapid trend than the bulk paste. Thus, this 
result suggests that the ITZ may be divided into two sections. 

By adding water reducers, the ITZ thickness of the OPC and 
PLC2 concretes increased significantly. On the other hand, the 
ITZ thickness of PLC1 concrete had decreased. However, the 
ITZ thickness result obtained from strip delineation was prob
ably underestimated because the PLC1 found that adding PCE 
water reducer to the mix reduces porosity around the aggregate. 
Thus, these results suggest that in this instance, it is necessary 
to thoroughly assess the ITZ’s characteristics by looking at its 
CH content. 

5. FINAL CONCLUSIONS AND RECOMMENDATIONS 	

5.1 Conclusions 	

This study presents a comprehensive evaluation of two com­
mercially available PLC systems compared to OPC for use in struc­
tural and pavement-grade concrete mixtures. The investigation 

included detailed material characterization, mechanical and dura­
bility performance testing, and advanced microstructural analysis 
with a particular focus on the ITZ. The following key conclusions 
are drawn: 

• Material Variability Influences Performance: Commercial PLCs 
exhibit variability in mineralogy, gypsum content, limestone fine
ness, and alkali levels. These differences influence hydration kinet
ics, mechanical strength development, and durability performance. 

• Early-Age Strength and Durability Trade-offs: PLC1, charac
terized by high gypsum and alkali content, exhibited improved 
early-age strength and chloride resistance due to rapid hydration 
and a refined pore structure. However, its long-term compressive 
strength was limited by low Belite content and CH accumula
tion in the ITZ. In contrast, PLC2 demonstrated a more balanced 
strength gain over time and better flexural performance. 

• Impact of Water Reducers: The type of water-reducing admixture 
significantly influenced hydration behavior and ITZ characteris
tics. PCE improved workability but increased ITZ porosity and 
promoted CH accumulation around aggregates in PLC1, which 
adversely affected compressive strength. Lignosulfonate showed 
lower shrinkage but did not significantly improve long-term 
mechanical performance. 
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• Durability Assessment Confirms Microstructural Trends: 
Durability indicators, such as surface and bulk resistivity, void 
content, water absorption, and RCPT, are aligned with micro­
structural observations. PLC1 consistently exhibited higher resis­
tivity and lower chloride ion penetration, consistent with a denser 
matrix, yet this did not correlate with higher mechanical strength 
due to its weaker ITZ. 

• ITZ Properties Are Critical to Performance: BSE image analysis 
revealed that PLCs generally form thinner ITZs due to the filler 
effect. However, ITZ porosity and CH content—especially when 
modified by admixtures—play a more critical role than thickness 
alone in determining mechanical strength. Excessive CH near 
aggregate surfaces compromises ITZ integrity despite low poros­
ity readings. 

5.2 Recommendations 

Based on the findings of this study, the following recom
mendations are proposed for engineers, materials suppliers, and 
transportation agencies considering the use of PLC in infra
structure applications: 

• Adopt Performance-Based Specifications: Rather than prescrip­
tive cement replacement levels, performance-based criteria 
should be emphasized—especially for strength, shrinkage, and 
chloride resistance. Specifications should require prequalification 
of PLC sources with representative admixture combinations. 

• Tailor Mix Designs by PLC Source: Due to the variability in PLC 
properties, mix designs should be customized to the specific 
cement source. Factors such as gypsum content, limestone fine­
ness, and alkali levels must be considered when selecting admix­
tures and determining mix proportions. 

• Select Water Reducers Judiciously: Admixture compatibility is 
crucial. PCEs should be used cautiously with PLCs that already 
contain high gypsum or alkali content to avoid excessive CH for­
mation. Alternative admixtures or lower dosages may mitigate 
adverse ITZ effects. 

• Encourage Microstructural Evaluation for High-Performance 
Applications: For critical infrastructure or high-performance con­
crete, agencies and researchers are encouraged to include ITZ 
evaluation using techniques such as SEM-BSE and TGA to gain 
insights into long-term durability behavior. 

• Promote Broader Adoption with Technical Support: While PLC 
offers significant carbon reduction potential, its successful imple­
mentation requires technical guidance and training. State DOTs 
and industry organizations should disseminate best practices and 
case studies to support wider adoption. 
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