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ABSTRACT:  Superabsorbent polymers (SAP) are powdered chemical mixtures with the potential to significantly 
impact of cement-based materials in both fresh and hardened states. SAP’s ability to absorb and release water makes 
it suitable for internal curing, preventing unhydrated cement, and influencing the hydration process. This study aimed 
to evaluate the SAP as an internal curing medium in low water-to-cement ratio cement based materials using X-Ray 
μCT for image processing. SAP increased the compressive strength by 17.4% due to densification within the capillary 
pores, evidenced by a decrease in pore peak thickness and no increase in percolated voids. In swollen state, SAP particle 
appears as complete circle at close to the surface and ring-like shape in the center. Furthermore, an assessment of 
durability was performed through capillary absorption within crack pathways. Specimen without SAP displayed a 2.7 
times greater penetration than specimen with SAP, indicating a significant impact on the durability.
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RESUMEN: Evaluación de polímeros superabsorbentes en materiales cementicios de baja relación agua-cemento 
mediante microtomografía de rayos X (μCT). Los polímeros superabsorbentes (SAP) son mezclas químicas en polvo 
con gran potencial para mejorar materiales cementicios en estados frescos y endurecidos. Su capacidad de absorber 
y liberar agua los hace ideales para el curado interno, evitando cemento no hidratado e influyendo en el proceso de 
hidratación. Este estudio evaluó el SAP como medio de curado interno en materiales con baja relación agua-cemento, 
usando microtomografía de rayos X (μCT). El SAP aumentó la resistencia a la compresión en un 17,4% debido a la 
densificación de poros capilares, evidenciada por un menor grosor de poros y sin incremento en vacíos percolados. 
En estado hinchado, el SAP se observa como un círculo completo cerca de la superficie y un anillo en el centro. La 
evaluación de durabilidad mostró que las muestras sin SAP tenían 2,7 veces más penetración de agua en grietas que las 
muestras con SAP, destacando su impacto en la durabilidad.
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Propiedades de transporte; Microtomografía de rayos X.
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1. INTRODUCTION

Cement-based materials are composite materials composed of cement, aggregate, water, and additives. Over time, 
significant advancements have been made in cement-based materials, with the introduction of supplementary cementitious 
materials such as fly ash and silica fume, which contributing to these materials’ improved strength and durability (1).

In recent years, some research has investigated superabsorbent polymers (SAP). SAP can absorb and release water 
within a specified period (2). Since water plays a critical role in the formation of cement paste, the utilization of SAP has 
a profound impact on various properties of cement-based materials, including their rheological properties, workability, 
hydration process, transport properties, microstructure formation, mechanical properties, and durability. SAP as an internal 
curing medium involves maintaining a favourable relative humidity (3) by supplying water to the surrounding pores 
within a range of 2-3 mm. This process promotes continued hydration and reduces self-desiccation, enhancing mechanical 
properties such as compressive strength. However, the incorporation of SAP also introduces certain drawbacks, such as 
reduced workability and compressive strength, due to the increased macro-porosity resulting from the formation of SAP 
voids. The extent of strength reduction depends on the size of SAP particles, with compressive strength decreases ranging 
from 10-20% for SAP sizes of 300-500 μm to 30-50% for sizes of 50-150 μm (4). Furthermore, the water-to-cement ratio 
(w/c) and water content significantly influence the effectiveness of SAP as an internal curing medium. Previous studies 
have suggested that a w/c ratio of 0.2 is particularly effective in reducing porosity (5).

In addition to material innovations, there have been significant advancements in testing methods for evaluating 
cement-based materials. Presently, most research employs indirect testing approaches, such as assessing hydration 
through heat-based methods (6), evaluating porosity through techniques like mercury intrusion porosimetry (MIP) (7, 
8) or scanning electron microscopy (SEM) slice cross-section (9), and quantifying capillary absorption by measuring 
the percentage of additional weight due to water penetration (10). However, these indirect methods are associated with 
certain inaccuracies; MIP has limitations in accurately to measure the pore due to the ink-bottle effect (11) and possibly 
to damaging the microstructure of cement-based materials (12), while SEM values were approximately 3 times higher 
than 3D X-Ray μCT (13). For instance, the assumption of uniform suction penetration height throughout the cross-
section based solely on weight gain introduces limitations.

X-Ray μCT stands out as a non-destructive testing technique for producing accurate 3D microstructural information 
for evaluating cement-based materials (14, 15). This method directly assesses cement-based materials properties, such 
as pore thickness based on 3D imaging, hydration rate based on increased grayscale values, and capillary absorption 
by examining in 2D orthogonal slices. Moreover, X-Ray μCT can also assess the durability of cement-based materials 
by identifying the presence of cracks and liquid penetration using tracers (16). Previous research has highlighted the 
utility and reliability of X-ray μCT for visualizing fluid transport in cement-based materials (17, 18). This method is 
comparable to the conventional water absorption technique outlined in ASTM C1585. The crack geometry parameters 
can be characterized by analyzing crack thickness distribution, tortuosity, and constrictivity.

Therefore, this research aims to explore the influence of SAP in cement-based materials using X-Ray μCT. By 
employing this technique, the study aims to provide precise analysis and reliable findings regarding the effects of SAP 
on hydration, porosity, pore evolution, and the transport properties of cement-based materials. Moreover, the durability 
aspect was evaluated by performing capillary absorption of potassium iodide tracer within crack pathways.

2. MATERIALS AND METHODS

2.1. Materials

In this study, ordinary Portland cement with composition as detailed in Table 1 was used conforming to ASTM C150, 
quartz sand mesh 30-80 as aggregate, and a polycarboxylate high-range water reducer to improve workability of the 
mixtures. A superabsorbent polymer (SAP) was utilized as an internal curing medium. The SAP particles employed 
in this study had a particle size ranging from 100 to 200 μm. The properties of SAP were tested for absorbency and 
desorption rate, following the guidelines outlined by RILEM TC 260-RSC. The absorbency test conducted within 24 
hours revealed that the SAP could absorb 277 grams of water per gram of SAP and 92 grams of a pH 12 solution per 
gram of SAP, representing the pH condition of cement-based materials (19). Subsequently, during the desorption test, 
it was found that the SAP could release 9% of the absorbed water within 24 hours.

Table 1. Composition of cement (%).

SiO2 Fe2O3 Al2O3 SO3 MgO CaO Loss
20.4 9.84 6.4 2.44 1.84 55.4 3.7

Table 2. Mix design.

Specimen W/C S/C SAP (C x %) HRWR (C x %)
Ref 0.2 1.0 - 7.5
SAP 0.2 1.0 0.2 9
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2.2. Mixture proportion

The mixture proportions must feature a low water-to-cement ratio (w/c) with low water content to effectively observe 
the role of SAP as an internal curing medium. Therefore, the water to cement ratio was set to 0.2 while the sand to 
cement ratio was 1.0. The amount of dry SAP utilized was determined to be 0.2% by weight of the cement content, 
which was selected based on previous research by (20) and no additional water was added to the SAP specimens. SAP 
homogenization is achieved by mixing it in its dry state, allowing for thorough integration. The level of uniformity in the 
mixing process is comparable to that of cement and sand, making it feasible for real-world construction applications. The 
use of SAP absorbs mixing water, which can lead to a loss of flowability in the mixture (4). The dosage of the HRWR 
(High range water reducer) was adjusted to achieve comparable flow at 90%, following ASTM C1437, for both Ref- and 
SAP specimens. In this mix design, the use of 0.2% SAP requires an additional 1.5% HRWR to compensate for the loss of 
flowability. The specific mix design of cement, fine aggregate, and SAP employed in the study are presented in Table 2.

2.3. Compressive strength

Compressive strength tests were conducted on Ref-specimens and SAP-specimens using a universal testing machine, 
following the guidelines outlined in the ASTM C39. For each testing age (1, 3, 7, and 28 days), three specimens of 
cylindrical with a diameter of 102 mm and height of 203 mm. Each specimen was removed from its mold after 24 hours 
and cured by water curing until the age of tests.

2.4. Imaging methods and image analysis of the internal structure

The X-Ray μCT imaging system utilized in this research was located at Basic Science Center A Laboratory, Faculty of 
Mathematics and Natural Sciences in Bandung Institute of Technology. The system was operated under specific parameters, 
including a voltage of 130kV, a current of 80μA, an exposure time of 1500 ms, and a rotation step of 0.2°. These settings 
facilitated the acquisition of 1800 2D image slices, each with dimensions of 2240×2240 pixels and a resolution of 26 μm/pixel.

The processing of acquired 2D images using ImageJ/FIJI software, an automated and objective software tool. A 
square-shaped region of interest (ROI) measuring 1000×1000 pixels was selected from the central specimen in 1000 
consecutive images to make a volume of interest (VOI) of 10003 voxels. This VOI was chosen to capture the internal 
structure and properties of the specimens. Various parameters related to the cement-based materials were evaluated, 
including the hydration rate, porosity, pore size distribution, and pore shape. For each testing age (1, 3, 7, and 28 days), 
one specimens of cylindrical with a diameter of 44 mm and height of 44 mm. The number of specimens was limited due 
to the duration of scanning, the time required for image analysis, and the overall cost of testing.

The hydration rate can be estimated by monitoring the increase in greyscale values, then visualized in a histogram. 
As the material density rises during the hydration process, leading to a rightward shift in the histogram distribution. The 
grayscale analysis was validated using X-ray imaging of water for calibration purposes (21). Noise in the images may 
arise due to the resolution limitations of the device. As a result, the analysis focuses on pores larger than 26 μm, as pores 
smaller than 26 μm fall into ambiguous regions and are less reliable for interpretation.

Pores in cement-based materials are characterized as trapped air and exhibit a lower density than the surrounding 
matrix. Consequently, in the resulting image, voids appear as dark-colored pixels. Pores can be visually observed by 
directly examining a 2D slice image in grayscale values. However, when quantifying pore thickness, specific pixels may 
present ambiguity about whether they should be classified as voids or matrix. Making a pixel binary is a way to ensure 
whether it is void or matrix. The histogram-based method (22, 23) determines void and matrix boundaries to produce a 
threshold value, each object was assigned a unique threshold value. Once the pores have been segmented based on the 
threshold value, a subsequent analysis can be conducted to extract information such as porosity, pore size, and pore shape.

The 3D volumetric method (24) has been explored to quantify porosity using Thickness BoneJ (25, 26, 27) in 
ImageJ. Porosity can be classified into isolated and percolated pores, depending on whether the pore is connected to the 
external environment or not.

Measuring thickness is one approach to determine pore size, which allows for the acquisition of pore size distribution 
and plotted through a histogram. Analyzing the pore thickness at different time, such as 1, 3, 7, and 28 days, provides 
insights into the evolution of pores. The 3D analytical capabilities of X-Ray μCT enable the determination of pore 
shape based on sphericity, indicating the spherical of a pore within the range of 0-1. Sphericity is classified into five 
categories: pipe, elongate, low, moderate, and high (28).

2.5. Volume of permeable void

Volume of permeable void tests were carried out in accordance with ASTM C642 on specimens aged 28 days. 
Cylindrical specimens with a diameter of 102 mm and a height of 203 mm were employed for this testing. Water 
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penetration resulting from immersion in water and the boiling process was assumed represent the true porosity of the 
specimens, serving as a calibration for the X-Ray μCT porosity method.

2.6. Capillary absorption

The capillary absorption test, in accordance with ASTM C1585 and following the schematic outlined by (16), was 
conducted in this study. Before the test, the lateral side of the specimen was sealed using a heat shrink tube. The bottom 
surface of the specimen was submerged by approximately 2 mm in tracer solution to enhance the X-Ray attenuation of 
water in the CT images.

A tracer substance with a different density than the voids was utilized to enhance visualization of the penetration 
height. This approach leverages the principle that the X-ray μCT imaging system operates based on the object’s density, 
determined by the attenuation of neutrons after penetrating the material. At a constant power (kV), denser and thicker 
objects yield lower-quality images. Various solutions have been commonly employed as tracers, including Cesium 
Carbonate (Cs2CO3) (16), Cesium Chloride (CsCl) (29), and Potassium Iodide (KI) (30, 31). In this study, Potassium 
Iodide (Merck 1.05043) was selected as the tracer due to its resemblance to Cesium in terms of chemical properties 
(both belonging to the same major group in the periodic table of elements) (29). Furthermore, iodide has a similiar 
concentration profile to chloride (31).

The uptake of water can be determined from the 2D orthogonal slices, and the capillary coefficient can be calculated 
as follows:

value, each object was assigned a unique threshold value. Once the pores have been 
segmented based on the threshold value, a subsequent analysis can be conducted to extract 
information such as porosity, pore size, and pore shape. 
The 3D volumetric method (24) has been explored to quantify porosity using Thickness 
BoneJ (25, 26, 27) in ImageJ. Porosity can be classified into isolated and percolated pores, 
depending on whether the pore is connected to the external environment or not. 
Measuring thickness is one approach to determine pore size, which allows for the 
acquisition of pore size distribution and plotted through a histogram. Analyzing the pore 
thickness at different time, such as 1, 3, 7, and 28 days, provides insights into the 
evolution of pores. The 3D analytical capabilities of X-Ray μCT enable the determination 
of pore shape based on sphericity, indicating the spherical of a pore within the range of 
0-1. Sphericity is classified into five categories: pipe, elongate, low, moderate, and high 
(28). 
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Furthermore, iodide has a similiar concentration profile to chloride (31). 
The uptake of water can be determined from the 2D orthogonal slices, and the capillary 
coefficient can be calculated as follows: 
 

𝑥𝑥𝑥𝑥 = 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡1/2   [1] 
 
where x is the height penetration of water uptake (m) and k is the capillary coefficient 
(m/s1/2). 
Testing capillary absorption from the bottom surface raises concerns, particularly due to 
the smoothness of the surface resulting from the cutting process. Additionally, cutting can 
damage the microstructure, making it unrepresentative for evaluating transport properties. 
To address these limitations, capillary absorption testing through cracks is proposed, 

                  [1]

where x is the height penetration of water uptake (m) and k is the capillary coefficient (m/s1/2).
Testing capillary absorption from the bottom surface raises concerns, particularly due to the smoothness of the surface 

resulting from the cutting process. Additionally, cutting can damage the microstructure, making it unrepresentative for 
evaluating transport properties. To address these limitations, capillary absorption testing through cracks is proposed, 
allowing lateral penetration into the specimen to better simulate real conditions. This method aims to provide a more 
accurate assessment of transport properties.

The capillary absorption through crack test is the same as ordinary capillary absorption, but a crack needs to be 
created first through the splitting/brazillian test. The cracked specimens were stabilized using heat-shrinkable tubing 
applied beforehand, a setup that was established in a previous study (16). Five specimens per mix were tested to ensure 
that only a single, straight crack was produced, avoiding any branching cracks. The image processing conducted on a 
cube-shaped VOI of 5003 voxels, selected from the central area within the specimen. This VOI is used to monitor the 
penetration of the tracer through the crack in the lateral direction. Then, the crack geometry parameters are extracted 
from the 3D images, such as crack width distribution, tortuosity, and constrictivity.

2.7. Image analysis of crack geometry parameter in 3D crack space

A VOI 5003 voxels is selected from the center of the specimen, which has been cracked through a splitting test. This 
VOI is then segmented through thresholding, where white represents voids and cracks. The splitting and thresholding 
procedures followed the method outlined by (16).

Tortuosity, representing the ratio of the crack path length to the distance between the two crack tips, is determined 
using the AnalyseSkeleton plugin (32), from 2D image of crack space to skeleton image of crack space so the crack 
width is reduced to just 1 pixel, facilitating the measurement of the tortuous crack length. A tortuosity value of 1 
signifies a straight crack path between the two tips, while higher values indicate a more meander path. 

Furthermore, by using crack width data, constrictivity can be evaluated (33). A constrictivity of 1 denotes uniform 
crack width along crack path, whereas a value below 1 signifies the presence of a gap in crack width.

2.8. SAP presence and dispersion

The mechanism of SAP, which absorbs water and gradually releases it over a certain period, as outlined by RILEM TC 260-
RSC, needs to be further studied to assess the effectiveness of SAP. In order to observe the presence of SAP and its dispersion 
capability in terms of its effective range when releasing water as an internal curing medium, test specimens were prepared with 
different mix design and SAP condition, SAP in a presoaked condition using a potassium iodide 4 M as a tracer. In addition 
to increasing the molarity of the tracer, reducing the density of the cement-based material can enhance image clarity, enabling 
a more precise evaluation of of SAP presence and dispersion capability within the material. With these considerations, the 
mixture was designed with a water-to-cement ratio (w/c) 0.5 to lower the density of the mortar and enhance the clarity of 
images of SAP in the pores. X-Ray μCT scanning was carried out at 1, 3, and 7 days to observe the SAP particles and their 
dispersion. The analysis focused on a specific void within a volume of interest (VOI) of 120×120×60 voxels.
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3. RESULTS AND DISCUSSION

3.1. Compressive strength

Figure 1 shows the growth of compressive strength over time. On day 1, the compressive strength of SAP-specimens 
is lower compared to Ref-specimens. SAP’s ability to absorb water contributes to reducing the amount of water used for 
the hydration process. The presence of SAP not only reducing the amount of water but also increasing total pores. The 
SAP-filled water might be defined as void, increasing total pores in the mortar, resulting in lower compressive strength. 

Furthermore, starting from day 3, the compressive strength of SAP specimens surpasses that of Ref-specimens. After 
24 hours, SAP can release as much as 9% water. Water supply from SAP could enhance the hydration process in the latter 
ages. The study conducted by (34) stands as the sole prior research that observed a higher compressive strength of SAP-
specimens compared to Ref-specimens in the time range of 7 to 14 days with amount of SAP 0.1% by weight of binder. 
However, insufficient supporting data available to confirm this increase in compressive strength during the 7 to 14 days 
timeframe. Previous studies analyzing cumulative heat did not identify occurrences of overcoming within the 7 to 14 days 
timeframe.; (35) observed such behavior within 14-24 hours, while other study (36) reported it around the 20-hour.

Notably, the previous state-of-the-art report reveals that significant increases in compressive strength resulting from 
SAP usage are infrequent because of strength reduction due to macro void formed by SAP (37). In addition, strength 
reduction may occur due to the use of extra water, often referred to as Wic (internal curing water) (7, 8). Extra water is 
typically added to compensate for the loss of workability caused by the water absorbed by SAP. However, in this study, 
a high-range water reducer (HRWR) was used to maintain workability and prevent the need for extra water.

Only a limited number of previous studies have reported an enhancement in the compressive strength of SAP-specimens 
compared to Ref-specimens. For instance, (38) reported a 15% increase at the 28-day mark using an SAP dosage of 0.5% 
by weight of the binder, but this study did not explore the observation of hydration and compressive strength growth. 
Additionally, (32) observed around a 12% increase at 60 days, employing an SAP dosage of 0.1% by weight of the binder.

A fascinating phenomenon was discovered when observing the crushed mortar surface following the compressive 
strength test at 28-day. As seen in Figure 2, the crushed surface for Ref-specimens resembles cement powder which is 
expected unhydrated cement. Meanwhile, SAP-specimens revealed a typical surface of hardened cement based materials. 
In this regard, SAP specimens with low W/C shows higher final degree of hydration compared to that of Ref-specimens.

This study, however, observed an 17,4% enhancement in compressive strength for SAP-specimens while keeping 
key variables such as water content, water-to-cement ratio (w/c), workability, and compaction consistency. 

Figure 1. Compressive strength.

 
(a) Ref        (b) SAP

Figure 2. Failure area of 28 days specimen.

3.2. Estimation of cement hydration by image processing

The X-Ray μCT image represents material density, scaled in grayscale values ranging from 0 to 255. Each pixel’s 
grayscale value is recorded and plotted, as shown in Figure 3. As hydration occur and density increases over time (39), 
the grayscale value distribution shifts towards the right. In the case of Ref-specimens, there is a notable increase in 
hydration from day 1 to 3, indicating a significant shift in the grayscale value distribution. On the other hand, SAP-
specimens occurs from day 7 to 28. These results align with the compressive strength test as shown in Figure 1. These 
results uncovered the phenomenon of slow rate hydration at day 1 to 3, as evidenced by the compressive strength 
between days 1 and 3, which has yet to be explored in previous studies.

Figure 4 shows greyscale value distributions of the Ref- and SAP-specimens for both the outer and inner (core) 
specimens. The Ref-specimen exhibits a peak grayscale value of 96 for the outer part and 93 for the inner part, while 
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the SAP-specimen shows identical peak grayscale values of 96 for both outer and inner regions. It should be note that 
in image analysis, the greater value of GSV shows the higher density of matrix. Subsequently, the similarity in these 
values implies comparable degrees of hydration on the outer and inner portions, indicating the effectiveness of SAP as 
an internal curing medium results in uniform hydration along the specimen.

(a) Ref (b) SAP Figure 4. GSV distribution for inner and 
outer part of Ref- and SAP-specimen.Figure 3. Greyscale value distribution within the range of 40 to 140. 

3.3. Porosity

The porosity in this study is presented in Figure 5. The use of SAP in the mixture increases the porosity at all ages. 
Up to 28 days, the difference in porosity was 0.68%. Previous study found that adding SAP does not significantly 
impact porosity as long as the total water-to-cement ratio (w/c) remains constant (5). This increase in porosity can be 
attributed to the density of SAP, which is closer to that of air than that of the matrix. Consequently, the void calculations 
carried out using X-Ray μCT indicated a potential contribution from SAP as macro pores, particularly when considering 
SAP sizes ranging from 100-200 μm. 

Porosity testing was also conducted using water penetration (ASTM C642) to validate the results obtained from 
X-ray μCT. Figure 6 shows the volume of permeable void (VPV) for both specimens. From Figure 6, it can be seen 
that Ref-specimen was 5.61%, while for the SAP-specimen, it was 5.88%. It’s noteworthy that the VPV values in both 
specimens exceed those of the X-Ray μCT approach. The accuracy of X-Ray μCT outcomes is reliant on the resolution 
employed, which in this study was 26 μm. As a result, pores smaller than 26 μm remain undetectable, leading to an 
underestimation of the quantified porosity results.

Figure 5. Porosity of X-Ray μCT. Figure 6. Porosity of X-Ray μCT and VPV at 28 days.

3.4. Pore size distribution

Figure 7 shows the pore size evolution for both Ref-specimen (Figure 7a) and SAP-specimen (Figure 7b). A 
significant decrease in the number of pores is observed in Ref-specimen from days 1 to 3, while for SAP-specimen, the 
decrease occurs from days 3 to 7. The slow decrease in pores for SAP-specimens can be attributed to the absorption of 
water by SAP during the early stages. However, there is a significant reduction in pore size at later stages, particularly 
for pores of similar size to SAP particles. 

The change in pore size for SAP specimens can be evaluated by observing SAP particles evolution in the matrix with 
time. Figure 8 shows the size evolution of SAP-pores. As shown in Figure 8, SAP particles are sometimes attached and 
contribute to the pore size. The pores formed by the release of water provide space for the accumulation of hydration 
products (40). In this regard larger voids are observed to decrease in size (41).
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(a) Ref (b) SAP
Figure 7. Pore size distribution evolution at 1, 3, 7, and 28 days. 

(a) 1 days (b) 3 days (c) 7 days (d) 7 days
Figure 8. Pore evolution in 2D image.

3.5. Pore shape

The sphericity of Ref-specimens demonstrates a consistent tendency, with a value of 0.7 comprising 77% of the 
occurrences, thus fitting the category of moderate sphericity. In contrast, the sphericity of SAP-specimens, also 
bearing a value of 0.7, only accounts for 58% due to a more dispersed distribution spanning sphericities of 0.6 
and 0.5, leading to its classification as having low sphericity (28). It is estimated that SAP-pore contributed to the 
sphericity of total pore in SAP-specimen. Dry SAP particles tend to have a round shape and a specific density, but 
when saturated with water, the SAP particles change into a hydrogel form. Therefore, in the hydrogel form, the 
elasticity of the SAP particles increases, and the shape of the hydrogel is easily changed through the compaction 
process during casting and the water release process.

3.6. The presence of SAP

The detection of superabsorbent polymer (SAP) within the microstructure of cement-based materials has been 
demonstrated through SEM backscattered electron, enabling the identification of SAP voids and collapsed SAP 
(42). Nevertheless, as previously discussed, utilizing SEM for image acquisition has limitations. Hence, a more 
accurate observation of the microstructure image of SAP in cement-based materials necessitates the utilization of 
X-Ray μCT. 

Figure 9 illustrates several phases captured through X-Ray μCT. Qualitatively, two distinct voids are observable, 
including completely black voids and voids filled with a dark gray substance, which signifies presoaked SAP with tracer 
potassium iodide. Quantitative analysis can detect the presence of the SAP-tracer through the line profile.

Figure 10 indicates that air voids have an almost negligible grayscale value inside, mainly due to their composition of 
air. In contrast, SAP-tracer voids exhibit a discernible entity at the center, represented as SAP particles. This observation 
strongly supports to the classification of SAP as a void in the porosity analysis conducted via the X-Ray μCT method. 
It also validates SAP’s impact on pore characteristics, particularly regarding sphericity.

The evolution of SAP within cement-based materials can also be observed by conducting scans at 1, 3, and 7 days. 
An example of SAP voids was analyzed using a Volume of Interest (VOI) measuring 120×120×60 voxels, as shown in 
Figure 11, which presents slices of the SAP void at various heights. The void was segmented into 60 horizontal slices, 
similar to the Earth’s latitudinal divisions. The analysis specifically focuses on the 15th, 30th (center), and 45th slices 
to provide a representative view of the void’s internal structure at different heights.



8  •  A. Yusuf et al.

Materiales de Construcción 75 (359), July-September 2025, e382, ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.387024

Depending on the observation height, SAP particles exhibit two distinct forms in the imaging. Close to the surface, 
the SAP image appears as complete circles (Z=15 and Z=45), while at the center (Z=30), it forms a ring-like shape. 
Performing a 3D scan explains the two types of SAP shapes in the previous study using SEM (42).

 
(a) Air void. (b) SAP-tracer void.

Figure 9. Microstructure phase: (1) Air void; (2) 
SAP particle; (3) SAP void; (4) Matrix; 

(5) Aggregate.
Figure 10. Greyscale value of line profile at the center of void.

Slices Day 1 Day 3 Day 7

Z=15

Z=30

Z=45

Figure 11. The evolution of SAP at various height.

Figure 11 also illustrates the evolution of SAP over time. At Z=15, it can be observed that initially, it attaches to the 
matrix, but over time, it becomes more separated due to the shrinking of SAP as it releases previously absorbed water. 
At Z=30, the boundaries of the SAP ring gradually become less distinct. This change is quantified through the line 
profile, as shown in Figure 12. From Figure 12, it can be seen that the center of the SAP exhibits a diminishing grayscale 
value as time progresses. This change can be attributed to the release of the tracer by the SAP.

Consequently, X-Ray μCT scanning of SAP provides a clearer view of the physical conditions within the voids, 
offering a more comprehensive 3D understanding of SAP void structure. It also confirms that SAP contributes to 
calculated porosity in X-Ray μCT methods and impacts the resulting pore shape.
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Figure 12. Greyscale value of line profile at inner SAP void at 1, 3, and 7 days.

3.7. The dispersion of SAP

Figure 13 shows the increased grayscale value in the line profile for the outer SAP void at 1, 3, and 7 days. The line 
profile analysis shows the enhancement in grayscale value in the outer SAP void. There is a significant increase from 
day 1 to day 3, while the increase from day 3 to day 7 is relatively small, which can be attributed to the water-to-cement 
ratio (w/c) of 0.5, allowing for faster densification and reduced effectiveness of internal curing from SAP (43). 

According to the line profile, SAP’s internal curing effective range is around 30 pixels or 0.9 mm. Previous study 
found that SAP can release water up to a distance of 2-3 mm in the early stages, calculated numerically (44). Nevertheless, 
the densification in the capillary pores will progressively reduce the supply range, making the effective range shorter 
over time. However, it should be not that the effect of the tracer solution on the hydration of cement remains unknown 
although the distance of released tracer can provide valuable insight regarding the behavior of the SAP embedded in 
the cement hydration products.

 
Figure 13. Greyscale value of line profile at outer SAP void at 1, 3, and 7 days.

3.8. Crack geometry parameters

Table 3 shows the crack geometry parameters for Ref- and SAP-specimens after extracting the crack from the CT 
images. The tortuosity for Ref- and SAP-specimens are found to be around 1.10 and 1.04, respectively. Darma et al. (2013) 
(16) reported that for the specimen which contains maximum aggregate size of 1.7 mm, w/c ratio of 0.6 and crack was 
induced by splitting tensile test, the length of crack was about 25% longer that the length of specimen. This result implies 
that in the same crack inducing method, the tortuosity depends on the mix proportion as well as maximum aggregate size.

Table 3. Crack geometry parameters.

Spesimen Residual Crack Width (μm) Tortuosity Mean Crack Width (μm) Constrictivity
Ref 216 1.10 227.89 0.58
SAP 238 1.04 247.17 0.71

Figure 14 shows the crack width distribution for both specimens. Ref-specimen has a more extensive crack width 
distribution, reflecting the higher variation of crack width along the crack length. Large differences in crack width 
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significantly affect the lower degree of constrictivity. The constrictivity of SAP-specimen is larger than that of Ref-
specimen, although the residual crack opening width of Ref-specimen is smaller than that of SAP-specimen. Darma et 
al. (2013) (15) showed that the use of fly ash increased the constrictivity of crack. Pozzolanic reaction products creating 
a more densified material. In this regard the propagation of cracks is expected to occurs in the area around the aggregate 
and cement matrix resulting to a more uniform crack width. 

(a) Ref (b) SAP
Figure 14. Crack width distribution.

Fly ash contributes to increased cement based materials density through pozzolanic reactions. In this study, the 
incorporation of SAP in low water-to-cement ratios, serving as internal curing, enhances the degree of hydration, 
resulting in a lower amount of unhydrated cement grains. 

3.9. Capillary absorption

Figure 15 shows tracer penetration in Ref- and SAP-specimens. The tracer makes the penetrated specimen brighter. 
The height of penetration can be obtained from 3D orthogonal slice. While tracer penetration is visible from the bottom 
surface, distinguishing the difference between Ref- and SAP-specimens is challenging, and determining the penetration 
height becomes subjective. Enhancing the contrast can make the tracer penetration boundary more visible. One of 
the existing quantitative methods is using line profile and analyzing the difference in greyscale value trendlines (29), 
ilustrated in Figure 16.

Based on the line profile analysis, the penetration depths of the Ref-specimen and SAP specimen were 1.53 mm and 
1.62 mm, respectively. The capillary coefficient was calculated and the results are presented in Table 4. The apparent 
coefficients obtained in this study are considered reasonable and are within reported ranges by previous research (45). 
However, in comparison to a previous study that also using image quantitative method, a difference of two orders of 
magnitude is observed. This discrepancy can be reasonably explained by the lower w/c used in the present study, as a 
lower w/c ratio generally leads to lower total pores resulting in smaller penetration depths.

This result implies that Ref-specimen and SAP-specimen has similar water penetration depth through the uncracked 
surface. It is expected that up to several depth from the specimen surface the hydration level are same under the same 
curing condition.

Table 4. Capillary coefficient.

Specimen w/c Capillary Coefficient (m/s1/2) SAP Addition Method
Ref 0.20 5.21 × 10–6 Without SAP X-Ray μCT
SAP 0.20 5.51 × 10–6 With SAP X-Ray μCT

Previous 
Study

(44) 0.20 2.31 × 10–6 Without SAP Additional weight
(45) 0.40 1.15 × 10–4 Without SAP Neutron radiography
(25) 0.45 1.65 × 10–4 Without SAP X-Ray CT
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(a) Ref (b) SAP
Figure 15. Orthogonal slice capillary absorption. 

(a) Ref (b) SAP
Figure 16. Greyscale value line profile capillary absorption.

3.10. Capillary absorption throgh crack

Figure 17 shows the maximum lateral penetration through cracks in both Ref- and SAP-specimens, it can be seen that 
penetration of tracer in uncracked body for SAP specimens is lower than that of Ref-specimens. Figure 18 shows the 
line profile analysis for quantification of tracer penetration depth. The depth penetration, of the Ref-specimen and SAP 
specimen were found to be around 3.95 mm and 1.45 mm, respectively. This implies that the Ref-specimen’s penetration 
was approximately 2.7 times deeper than SAP-specimen. This difference can be attributed to the densification effect on 
matrix and capillary pores for SAP-specimens. These findings further support that SAP can serve as an internal curing 
medium and preventing the presence of unhydrated cement as shown in Figure 2. 

The penetration height of the tracer in capillary absorption through crack can also be assessed through a 3D analysis, 
as shown in Figure 19. It can be seen that the penetration of Ref-specimens is deeper towards both sides, which is 
characterized by thicker segmentation results. 

As shown in Tabel 4 the capillary coefficient uncracked surface of Ref-specimens is similar with that of SAP-
specimens. However, for the case of capillary absorption through cracks, the difference in penetration depth is 
significantly distinct of equivalent crack opening width.

There is no previous study has analyzed the transport properties of Ref- and SAP-specimens using X-Ray μCT and 
capillary absorption. To confirm the densification formed can be through comparison with RCPT or carbonation testing 
in previous studies, although there are drawbacks of these tests. The previous study also found that transport properties 
would decrease when using SAP (5, 47).
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(a) Ref (b) SAP
Figure 17. Orthogonal slice capillary absorption through crack. 

(a) Ref (b) SAP
Figure 18. Greyscale value line profile capillary absorption through crack.

(a) Ref                                                       (b) SAP
Figure 19. 3D tracer penetration through crack.

In mortar with a low w/c ratio, the conventional curing by water immersion is only effective for several depth 
from the surface neither spesimens core. Water penetration during the curing process may not reach the core of the 
mortar, leading to a lower degree of hydration leaving a high presence of unhydrated cement grains. In contrast to 
SAP specimens, the water supply from SAP facilitating the hydration process in the core even in very low water 
conditions.

These test results imply that SAP, as an internal curing agent, contributes to achieving a higher final degree of 
hydration, resulting in better density and consequently lower capillary coefficient values. On a laboratory scale, 
spesimens incorporating SAP (with the same water content, cement content, w/c ratio, and mixing method) has 
demonstrated improvements in quality and durability, suggesting potential cost savings for industrial applications. 
However, further exploration is required, as the distribution of SAP during mixing poses a challenge. Full-scale testing 
may be necessary to fully understand and optimize SAP dispersion in practical construction settings.
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4. CONCLUSIONS

Based on this study, the following conclusions are drawn.

1.	� The addition of SAP increase for both degree and uniformity of hydration in low w/c cementitious materials 
resulted in increasing compressive strength by 17.4%. 

2.	� SAP does not impact total porosity; it does affect pore structure size by decreasing peak pore thickness by 15% 
and did not cause increased of percolated voids.

3.	� The presence of SAP induces densification within capillary pores by releasing supply water up to 0.9 mm outside 
the voids.

4.	� In swollen state, SAP particle appears as complete circle at close to the surface and ring-like shape in the center.
5.	� In the same crack inducing method, the tortuosity of crack depends on the mix proportion as well as maximum 

aggregate size. The addition SAP increased the crack width uniformity.
6.	� Capillary absorption coefficients of concrete with SAP are similar for both cracked and uncracked bodies. The 

absence of SAP results in 2.7 times greater penetration for the core than that of the surface in normal mortar. 
7.	� X-Ray μCT demonstrates efficacy in microstructure analysis and assessing the durability of cement-based 

materials.
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