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Laser 3D scanning for shrinkage 
measurement in 3DCP mortar: an 
investigative study
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Department of Structural and Geotechnical Engineering, School of Civil Engineering, Vellore Institute of 
Technology, Vellore, India

The shrinkage of 3D concrete printing (3DCP) mortars has been evaluated using 
methods such as length comparator, DIC methods that consider one dimension, 
or a surface for estimating the shrinkage in the specimen. The application of 
metrology-grade laser 3D scanning (3DS) technology is potent in acquiring high- 
accuracy point cloud. The study investigates the feasibility of assessing the 
shrinkage of 3D printable mix using 3DS technology. The shrinkage can be 
assessed using two different methods: (a) cloud volume computation and (b) 
an M3C2 approach on the 3DS of the specimens at various time intervals, ranging 
from demoulding to 64 days. A total of 18 specimens of different mixes for cement 
replacement with two clay-based materials (substitution percentage was varied 
between 0% and 22%) were examined. The specimens attained a similar pattern of 
shrinkage in post-demoulding, followed by expansion due to curing, and an 
increasing trend of shrinkage for 60 days post-curing. The shrinkage performance 
in the 3DCP mixes was reduced with the addition of clay-based cement 
replacement. In addition, the cement-to-sand ratio and the addition of fiber 
content had a significant impact in reducing the extent of shrinkage. The extent of 
the effect of the above variables needs to be determined in future research. The 
cloud-volume-based shrinkage estimation assisted in understanding the overall 
shrinkage behavior of the specimen; however, it was susceptible to errors during 
scanning. M3C2 shrinkage estimation was based on the mean deviation of the 
point cloud. The 3DS utilized in the shrinkage evaluation provides insight into 
volumetric shrinkage using a mesh volume calculation and the maximum extent 
of point deviation in the specimen through M3C2 point cloud processing.
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1 Introduction

The cementitious mortar used in 3D concrete printing (3DCP) demonstrates 
greater shrinkage strain acting on printed models than on cast counter parts (Els 
et al., 2025). Researchers have identified that the increase in shrinkage in 3DCP models 
is due to the low volume of aggregate, higher percentage of paste and fines content, lack 
of formwork, and minimal bleeding water (Moelich et al., 2020; Almusallam et al., 
1998; Combrinck and Boshoff, 2019). Moreover, the increase in shrinkage strains 
eventually leads to crack formation in the printed structures (Els et al., 2025). 
According to Moelich et al. (2020), the relation of plastic shrinkage crack to 
restrained volumetric shrinkage is caused by early-age evaporation of pore water. 
The conventional method used for measuring drying shrinkage is a length comparator 
or an indicator gauge (Slavcheva, 2019), wherein the change in length measurements 
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were taken between the copper heads (Ma et al., 2024) or 
“DEMEC” pins (Rahul et al., 2022) embedded over the 
surface of specimens. The shrinkage of the cast or printed 
models was reported in terms of (μm/m), considering the 
shrinkage along the length of the specimens. Rahul et al. 
(2022) studied the shrinkage of a 3DCP specimen by 

embedding the DEMEC pins. However, the DEMEC 
measurement technique has more operational difficulties in 
the shrinkage evaluation process.

Non-contact shrinkage measurements including 2D digital 
image correlation (DIC) (Moelich et al., 2020; Han et al., 2023; 
Markin and Mechtcherine, 2023; Putten et al., 2021), 3D DIC (Chen 

FIGURE 1 
Specimens 1–18 for shrinkage assessment.
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et al., 2018), and optical sensor (Federowicz et al., 2020) have been 
used in past research. Chen et al. (2018) stated that the use of non- 
contact measurement techniques, such as 2D or 3D DIC, assists in 
considering the surface of the specimen altogether rather than 
relying solely on the length change value. Technology for 3D 
scanning (3DS) can recreate the actual model in a digital point 

cloud. Therefore, using techniques like DIC, the study of shrinkage 
can be further improved to a volumetric level from a 2D 
surface using 3DS.

Mollazade et al. (2023) reported that the volume calculation 
from 3D scanning obtained better results than volume calculation 
from 2D imaging. In addition to that, the 3DS technique has been 

TABLE 1 Mixture proportion of specimens.

Specimen ID Clay-based material replacement Type of clay-based material w/c s/c Ad % Fiber%

1.1 0 Cx 0.33 1 0.15 0

2.1 0 Cy 0.42 1.2 0.3 2

3.1 0 (0.5 Cx + 0.5 Cy) 0.53 1.5 0.6 5

4.1 2 Cx 0.33 1.2 0.3 5

5.1 2 Cy 0.42 1.5 0.6 0

6.1 2 (0.5 Cx + 0.5 Cy) 0.53 1 0.15 2

7.1 5 Cx 0.42 1 0.6 2

8.1 5 Cy 0.53 1.2 0.15 5

9.1 5 (0.5 Cx + 0.5 Cy) 0.33 1.5 0.3 0

10.1 9 Cx 0.53 1.5 0.3 2

11.1 9 Cy 0.33 1 0.6 5

12.1 9 (0.5 Cx + 0.5 Cy) 0.42 1.2 0.15 0

13.1 14 Cx 0.42 1.5 0.15 5

14.1 14 Cy 0.53 1 0.3 0

15.1 14 (0.5 Cx + 0.5 Cy) 0.33 1.2 0.6 2

16.1 22 Cx 0.53 1.2 0.6 0

17.1 22 Cy 0.33 1.5 0.15 2

18.1 22 (0.5 Cx + 0.5 Cy) 0.42 1 0.3 5

FIGURE 2 
Timeline of the shrinkage estimation process.
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used in the food industry in estimating the shrinkage caused during 
drying (Vaskoska et al., 2020). It has also been applied to monitor 
shrinkage in horticultural produce such as plums, dates, figs, and 
mushrooms before and after drying. Mollazade et al. (2023) also 
found a significant effect in using 3D laser scanners compared to 2D 
imaging. Sydor et al. (2023) studied the change in clearance in 
assembled wooden furniture due to anisotropic shrinkage or 
swelling using 3DS technology. By considering the effect of 3DS 
technology, Wong et al. (2019) employed 3DS in civil engineering 
arena to study the shrinkage curve of soil specimens. This 
technology has been used by Wei et al. (2021) to assess early 
age-cracking in concrete specimens. Lague et al. (2013) used 
M3C2 (Multiscale Model to Model Cloud Comparison) 
methodology CloudCompare (2019) to quantify the surface 
change between point clouds and facilitate the measurement of 
minute dimensional changes. The M3C2 approach computes the 
displacements orthogonal to each point, thus isolating the true 
surface deformation in the material from noise and misalignment 
artifacts. Abdelazeem et al. (2021) used the M3C2 approach with 
various methods to estimate the accuracy of the 3D models created 
using the mean deviation of a 3D model obtained from a terrestrial 
laser scanner. Instead of comparing a single point (which would be 
sensitive to noise), M3C2 averages measurements within a local 
neighborhood; therefore, the surface-change estimate is less affected 
by random errors. This spatial averaging produced more reliable 

results by reducing uncertainty in detected changes between two 
scans (Winiwarter et al., 2023). The M3C2 approach has been used 
in processing a 3D point cloud prepared from aerial survey to 
estimate variation time (Winiwarter et al., 2023; Cook and Dietze, 
2019). Thus, it could be concluded from these methodologies that 
M3C2 methodology can be employed in the estimation of precise 
surface deviation anticipated from specimens due to shrinkage. 
Laser-based 3DS can be used in acquiring the point cloud at 
various intervals for the process. By consolidating the cited 
studies, the method of non-contact 3DS was successfully used in 
various fields. In addition, the application of 3DS technology for 
shrinkage evaluation of mortar specimens can provide a holistic 
insight into the shrinkage behavior of all six faces of the specimen, 
unlike relying on the length variation measured on a single location 
using a length comparator reading or the variation detection on a 
single surface using DIC. This corroborates the need to conduct a 
feasibility study on using laser-based 3DS to evaluate the shrinkage 
of cementitious mortar.

The present study aims to measure the volumetric shrinkage in 
18 different 3DCP mixes using a high precision (metrology-grade 
accuracy up to 0.02 mm and volumetric accuracy of 0.025 mm + 
0.05 mm × L (m)) metrology-grade laser-based 3D scanner. The 
shrinkage calculation was carried out using mesh volume calculation 
and M3C2 methodology. The 18 mix proportions used two 
variations of clay-based cement replacements: calcium-bentonite 

FIGURE 3 
Overview of the steps in shrinkage evaluation using 3D scanning.

Frontiers in Built Environment frontiersin.org04

Sunny and Jaganathan 10.3389/fbuil.2026.1765067

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1765067


Cx and sodium-bentonite Cy. In addition, the application of 3DS in 
shrinkage evaluation, the effectiveness of Cx and Cy, and its 
composition in reducing shrinkage are studied.

2 Materials and methods

The experimental study was conducted to evaluate the shrinkage 
of 18 specially designed cement mortar mixes for 3DCP (Figure 1). 
This study used a prismatic-shaped specimen with dimensions of 
40 × 40 × 160 mm (b × h × l) as per ASTM C490. Previous studies 
(Rahul et al., 2022; Ma et al., 2024) used similar dimensions to assess 
the shrinkage of concrete specimens. Table 1 shows the 18 different 
mixture compositions with their varying proportions of ingredients. 
The constituents of the mixtures and their proportions were adopted 
similar to those of other 3DCP mixtures. The prismatic specimens of 
each mixture were cast and scanned at set intervals for the shrinkage 
assessment. The mixture consists of Chettinad Cement OPC (grade- 
53), river sand (i.e., passing through a 2.36 mm sieve), and 
polycarboxylate-ether-based admixture, with two clay-based 
cement replacements: calcium-bentonite and sodium-bentonite. 
The cement-replacement clay-based materials were coded as 
Cx and Cy, respectively, in the study. The extent of the cement 
replacement in the mixture was 0%–22%. In the 18 mixtures, the 
cement replacement was carried out by either (a) individual cement 

replacement (Cx � 1, Cy � 0 or Cx � 0, Cy � 1) or (b) combined 
two-component cement replacement, where total cement 
replacement was obtained by blending both the components in 
half the quantity of total percentage of cement replacement 
(Cx � 0.5, Cy � 0.5). The method followed in evaluating the 
drying shrinkage of the specimens was modified from the 
prescribed method in ASTM C596-23 (2023). Instead of using 
the length comparator, 3DS technology was used in measuring 
the length change in the complete specimen due to drying shrinkage.

Specimens were prepared for all 18 different mixtures (Table 1). 
The prism specimens were demoulded after 24 h and scanned prior 
to the curing process to obtain a baseline 3DS of the specimen for 
further shrinkage estimation. All specimens were cured for 3 days in 
a water-immersed tank and were then allowed to dry for 24 h in a 
laboratory environment. Subsequently, the specimens were scanned 
for 1 day post-curing. Similarly, the subsequent scans were 
conducted at specified time intervals: 3, 7, 14, and 60 days post- 
curing scan (Figure 2). The interval of 1–14 days post-curing 
between the 3DS for shrinkage evaluation was adopted based on 
Rahul et al. (2022).

The last measurement of shrinkage at 60 days post-curing was 
added to attain insight into the performance of the specimen beyond 
the 25-day shrinkage measurement prescribed in ASTM C596-23 
(2023). Rahul et al. (2022) made the shrinkage evaluation at 30 days. 
The specimens were maintained at room temperature during the 

FIGURE 4 
Process of 3D scanning using Revo Scan.
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time between the scans. During the test period, the average 
temperature and relative humidity of the room were 28°C and 
65%, respectively. The process followed for the 3DS-based 
shrinkage mainly used two software tools: (a) Revo Scan for 
capturing the 3D model of the specimens at each time interval 
and (b) CloudCompare for comparing the different scans for each 
model. An overview of the shrinkage estimation through 3DS is 
illustrated in Figure 3. Each of the 3DS of specimens were carried out 
in vertical orientation (i.e., l oriented on the z-axis).

A metrology grade 3D scanner (Revopoint Metro X) was used to 
scan the models. Each of the specimens required six scans for 
shrinkage evaluation at different time intervals; the scans were 
captured by covering all the sides of the prism specimen to 
obtain its overall closed-point cloud. The 3DS process used to 
obtain a watertight mesh of the prism specimens is illustrated in 
Figure 4. At each 3DS step, the specimens were scanned at both top- 
facing and bottom-facing orientations to prevent capturing the 
resting face of the specimen and thus create a closed model in 
the following process. Each scan underwent rigorous post- 
processing to eliminate any stray points and excluded parts of 
the markers used during scans. The scanning software 
(i.e., “Revo Scan”) has the feature of automatic detection of 
marker and stray points. In addition, manual selection was 
employed to eliminate any unwanted artifacts from the model. 
The cleaned scans were combined to produce a closed-point 

cloud. The Revo Scan software used in the scanning process has 
the capability of automatically merging multiple 3DS based on the 
common surface features. This feature was used to produce a closed 
3DS of the specimens. In addition, the “fill holes” option in Revo 
Scan was used to fill any existing pin holes. The proprietary software 
“Revopoint” was used to capture the 3DS of the specimens, clean up 
the raw scans (i.e., removing stray points and markers), and mesh 
the point cloud, using a triangulation algorithm. The meshing 
algorithm is defined as the construction of triangles by utilizing 
the captured point cloud, where the triangles act as a solid surface in 
the meshed models (RevoPoint, 2025). The 3DS captures of the 
specimens were exported in meshed form and stored in “. ply” file 
format. The meshed 3DS was used in further analysis in 
CloudCompare software.

After completing the 216 scans of the 18 prism specimens, 
CloudCompare software was used to estimate the volume of the 
meshed bodies. The deviations of the point clouds were estimated 
using (a) mesh volume calculation and (b) the M3C2 method. The 
3DS in mesh format was imported into CloudCompare where each 
of the scans was aligned with one another to facilitate effective 
calculation (Figure 5). The imported mesh was aligned using the 
“align” and “fine registration (ICP)” functions. “Align” roughly 
aligned the 3DS based on four to five identical surface features 
selected by the user. In order to achieve a complete overlap of the 
3DS, “fine registration (ICP)” was applied on the mesh with an RMS 

FIGURE 5 
Process of analyzing the 3D scanned data.
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TABLE 2 M3C2 parameters.

M3C2 parameters (projection diameter and projection max. depth)

Specimen 
ID

Initial 1 Day 3 Day 7 Day 14 Day 60 Day

Projection 
diameter

Maximum 
depth

Projection 
diameter

Maximum 
depth

Projection 
diameter

Maximum 
depth

Projection 
diameter

Maximum 
depth

Projection 
diameter

Maximum 
depth

Projection 
diameter

Maximum 
depth

1.1 0.6266 8.4853 0.6266 8.4895 0.6266 8.5038 0.6266 8.4773 0.6266 8.4849 0.6266 8.4729

2.1 0.6256 8.4679 0.6239 8.4679 0.6239 8.4679 0.6239 8.4679 0.6239 8.4679 0.6239 8.4673

3.1 0.6447 9.0106 0.6369 9.0106 0.6369 9.0106 0.6369 9.0106 0.6369 9.0106 0.6369 9.0106

4.1 0.6256 8.4853 0.6285 8.5712 0.6285 8.5266 0.6285 8.5274 0.6285 8.5337 0.6285 8.5273

5.1 0.6256 8.4853 0.6248 8.4900 0.6248 8.4900 0.6248 8.4891 0.6248 8.4789 0.6248 8.4900

6.1 0.6256 8.4853 0.6282 8.5380 0.6282 8.5073 0.6282 8.4819 0.6282 8.4816 0.6282 8.5380

7.1 0.6256 8.4853 0.6323 8.5994 0.6323 8.5900 0.6323 8.5589 0.6323 8.5594 0.6323 8.5492

8.1 0.6256 8.4853 0.6317 8.6008 0.6317 8.6134 0.6317 8.5595 0.6317 8.5728 0.6317 8.5278

9.1 0.6256 8.4853 0.6274 8.5317 0.6274 8.5216 0.6274 8.5317 0.6274 8.5148 0.6274 8.5096

10.1 0.6256 8.4853 0.6304 8.5843 0.6304 8.5747 0.6304 8.5642 0.6304 8.5716 0.6304 8.5669

11.1 0.6256 8.4853 0.6386 8.6096 0.6386 8.5886 0.6386 8.5994 0.6386 8.6512 0.6386 8.6160

12.1 0.6256 8.4853 0.6338 8.6289 0.6338 8.6249 0.6338 8.6108 0.6338 8.6049 0.6338 8.5936

13.1 0.6256 8.4853 0.6348 8.6282 0.6337 8.6275 0.6337 8.6411 0.6337 8.6344 0.6337 8.6386

14.1 0.6256 8.4853 0.6320 8.5860 0.6319 8.5348 0.6319 8.5158 0.6319 8.5399 0.6319 8.5147

15.1 0.6256 8.4853 0.6299 8.5537 0.6298 8.5801 0.6298 8.5954 0.6298 8.6253 0.6298 8.5549

16.1 0.6256 8.4853 0.6249 8.5019 0.6249 8.5073 0.6249 8.5073 0.6249 8.5019 0.6249 8.5007

17.1 0.6256 8.4853 0.6388 8.7059 0.6388 8.6806 0.6388 8.6784 0.6388 8.6862 0.6388 8.7059

18.1 0.6408 8.4853 0.6408 8.7119 0.6408 8.6689 0.6408 8.6550 0.6408 8.7123 0.6408 8.6811
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difference defined as 1.0 × 10−5 to achieve an overlap of 100%. The 
mesh-volume-based shrinkage evaluation is not dependent on the 
orientation of the models; hence, the mesh volume of the specimens 
was calculated directly from imported 3DS in CloudCompare. 
However, M3C2-based evaluations calculated the deviation of 
two superimposed point clouds. Therefore, alignment of the 
point clouds is essential in obtaining accurate results. As 
M3C2 works on point clouds, the imported mesh models were 
converted to point cloud. The “point sampling on mesh” feature was 
used to generate points with normals on the mesh, where the 
number of points generated was defined as 10,00,000. The 
density of the points in the specimens was 3.91 points/mm3 for 
the specimens of a volume of 2,56,000 mm3. These point clouds were 
processed in the M3C2 plugin of CloudCompare to calculate the 
average surface change distance between neighboring points. In 
M3C2, cloud # 1 (taken as reference) was selected as the initial scan 
for each specimen for the drying shrinkage calculation between 
1 and 60 days post-curing and were also used as the core points in 
the process. For the initial shrinkage calculation, the theoretical 
model and initial demoulded scanned theoretical model were 
assigned as cloud# 1. The projection diameter and depth 
parameters used in each M3C2 are tabulated in Table 2. The 
main parameter section of M3C2 (i.e., projection diameter and 
projection maximum depth) was adopted based on the software 
recommendation in each case.

Volumetric shrinkage (post-curing: (> 4 days)) occurring in 
each time duration was computed in terms of volumetric difference 
with respect to the initial scan after the demoulding stage. In 
addition, the volumetric shrinkage (while hardening: (< 24 h)) 
was calculated in terms of volume difference of the 3D scan at 
demoulding stage with reference to a model designed with the 
theoretical size of the specimen—40 × 40 × 160 mm. The values 
of the shrinkage from the two methods were processed to offer an 
interpretation of the shrinkage performance of the specimens from 
3DS. The interpretations from the 3DS study are in terms of (a) the 
change in volume captured from the 3DS of the specimen at various 
time intervals and (b) the mean and standard deviation of between 
two compared point clouds (computed using M3C2). Thus, these 
values need to be evaluated and connected to the shrinkage 
mechanism in the specimen.

3 Results and discussion

All specimens were scanned at different time intervals from 
demoulding until 64 days to study the shrinkage and expansive 
behavior of the mix. The shrinkage in 3DS prism specimens was 
estimated through the volume change in the specimens using 
mesh volume computation (Table 3) and deviation 
measurements in the point cloud generated from 3DS using 

TABLE 3 Shrinkage calculation using mesh volume.

Specimen 
ID

(1) (2) (3) (4) (5) (6) (7) = (1)-(2) (8) = (2)-(6)

Initial 
deviation 

%

1 day 
shrinkage 

%

3 days 
shrinkage 

%

7 days 
shrinkage 

%

14 days 
shrinkage 

%

60 days 
shrinkage 

%

Expansion 
during 
curing

Shrinkage 
between 

1–60 days

1.1 3.987891 −0.49025 −1.83408 −0.33769 −0.32222 −0.05777 4.478145 0.432481254

2.1 4.985938 −0.87939 −0.48841 −0.56529 −0.69439 −0.03988 5.86533 0.839513888

3.1 3.551953 −1.91246 −1.63827 −1.57873 −1.30008 −1.14699 5.464414 0.7654704

4.1 0.983984 −4.4816 0.676974 0.456839 0.423306 0.78428 5.465583 5.265877916

5.1 2.945313 −3.80021 0.371488 0.177896 0.380343 −0.5852 6.745522 3.215004427

6.1 4.481641 0.377872 0.662095 0.646554 0.533683 0.614247 4.103768 0.236374715

7.1 3.757031 −0.63073 0.209837 0.486237 0.500848 0.834882 4.387759 1.465610312

8.1 0.56875 0.46986 0.653718 0.529182 0.987649 1.518009 0.09889 1.048148847

9.1 0.794922 0.101589 0.352017 0.381155 0.47605 1.19544 0.693333 1.093851515

10.1 −0.025 0.005858 0.159335 0.35577 0.431533 0.860722 −0.03086 0.854864409

11.1 0.685938 −0.02793 −0.1412 0.097151 −1.43878 0.697755 0.713863 0.725680842

12.1 −0.83516 0.381191 0.216163 0.37848 0.534598 1.060673 −1.21635 0.679481518

13.1 1.976172 −0.15542 0.431576 0.345898 0.725669 1.209846 2.131587 1.365261157

14.1 0.399219 −0.13609 0.949101 1.128333 1.438948 2.021743 0.535309 2.157833225

15.1 −0.17852 −0.15012 −0.01677 0.008968 0.185606 0.998608 −0.02839 1.148730586

16.1 2.239453 −0.07752 −0.00759 0.057938 0.033564 0.647309 2.31697 0.724825886

17.1 0.039844 −0.26495 0.041032 0.01485 0.112545 0.793285 0.304793 1.05823414

18.1 −1.4207 −0.07164 0.027346 0.13827 0.228011 0.897022 −1.34906 0.968660091
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the M3C2 technique (Table 4). The initial volumetric change in 
the specimens was estimated by comparing the “initial scan” 
after demoulding and a 3D model with the theoretical dimension 
of the prism specimens (40 × 40 × 160 mm), whereas the 
remaining shrinkage measurements were made by keeping the 
“initial scan” after demoulding as the reference. The volume 
change in the prism specimens was calculated using the mesh 
volume feature. The shrinkage percentages calculated are 
recorded in Table 3 and are graphically plotted in Figure 6. 
The negative shrinkage percentage refers to an expansion in 
the specimens.

It was observed from the mesh-volume-based shrinkage 
assessment (Figure 6) that all specimens excepting 10.1, 12.1, 
15.1, and 18.1 had shrunken compared to the mold dimensions. 
The shrinkage values observed in the specimens ranged between a 
maximum of 4.9859375% (specimen 2.1) and a minimum of 
0.03984375% (specimen 17.1). Furthermore, specimens excepting 
8.1, 10.1, 12.1, 15.1, and 18.1 showed an expansion in 1-day post- 
shrinkage scans due to the effect of expansion occurring in the 
specimens during the period of curing. Specimens 6.1 and 9.1 were 
observed with 1 day shrinkage values of 0.377872% and 0.101589%, 
respectively. These specimens, despite positive values, cannot be 
classified into the non-expanding category as they exhibited an 
expansion effect. However, with a lesser magnitude, they could not 
reach a volume higher than the initial volume of the specimens. The 
shrinkage evaluation from 1 day to 60 days post-curing in all 

specimens observed a similar trend of initial shrinkage followed 
by an expansion during curing and a subsequent increment in 
shrinkage, where the rate of shrinkage varied depending on the 
mixture composition and the clay substitution percentage. There 
were two contradicting values observed during the shrinkage 
calculation: 60 days post-curing in specimen 5.1 (Figure 6B) and 
14 days post-curing in specimen 11.1 (Figure 6F). The measured 
shrinkage in specimens 5.1 and 11.1 showed a sudden expansion, 
which differed from the continuous shrinkage trend in the other 
specimens. These anomalies probably occurred in specimens due to 
the potential errors in the 3DS process, such as stray points and 
markers from the scanning process not being properly removed 
from the point cloud. Despite the careful post-processing of the 3DS, 
some stray points or parts of the markers might be very near or 
slightly attached to the actual model, due to which it remained 
undetected in automatic point isolation and was very hard to detect 
manually in the case of a high quantity of 3DS (i.e., 216 scans). 
Moreover, this error might lead to an over calculation of the volume 
of specimens. Specimens 10.1, 12.1, 15.1, and 18.1 observed an 
expansion beyond the theoretical volume of the specimen 
(256000m3) by 0.025%, 0.835%, 0.179%, and 1.42% respectively. 
Upon closer inspection, all the above-mentioned specimens had 
surface undulations from the casting with raised sections (Figures 
7–10). In addition to surface undulations, the addition of the clay- 
based cement replacements could have arrested the potential 
shrinkage post-casting.

TABLE 4 Point deviation calculated using M3C2.

Specimen 
ID

Initial 1 day 3 days 7 days 14 days 60 days

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

1.1 −0.44294 0.63287 0.04446 0.07817 0.15664 0.63351 0.03160 0.07719 0.02939 0.07805 0.00528 0.08500

2.1 −0.63535 0.64144 0.14861 0.57128 0.12314 0.55144 0.12728 0.53396 0.13542 0.54441 0.09177 0.52767

3.1 −0.35905 0.50881 0.13282 0.32209 0.11201 0.39716 0.11490 0.40149 0.09822 0.59581 0.07788 0.61905

4.1 −0.16377 0.61223 0.36643 1.28981 −0.08349 0.46659 −0.06000 0.46202 −0.05578 0.45178 −0.09263 0.49214

5.1 −0.36607 0.68824 0.15271 0.49006 −0.03435 0.10290 −0.01713 0.09634 −0.03524 0.08618 0.05599 0.23932

6.1 −0.49289 0.64414 −0.04788 0.37854 −0.06135 0.11498 −0.06071 0.12255 −0.05040 0.11890 −0.11118 1.08882

7.1 −0.40505 0.58745 0.04004 0.18648 −0.02234 0.11998 −0.04391 0.09527 −0.04575 0.11638 −0.08785 0.44974

8.1 −0.10700 0.57925 −0.05112 0.45485 −0.07151 0.40100 −0.05347 0.14883 −0.09542 0.16066 −0.15411 0.41162

9.1 −0.15755 0.69631 −0.00832 0.13344 −0.03731 0.61580 −0.03559 0.10345 −0.04463 0.10919 −0.11798 0.42923

10.1 −0.06493 0.70991 −0.00270 0.11801 −0.01725 0.10992 −0.03539 0.11843 −0.04235 0.12689 −0.08149 0.12897

11.1 −0.05572 0.61268 −0.07653 0.23420 −0.06795 0.24757 −0.09215 0.26655 −0.03519 0.37601 −0.14803 0.28550

12.1 0.00694 0.67699 −0.03597 0.07233 −0.02101 0.07026 −0.03567 0.07391 −0.05060 0.08054 −0.09896 0.09215

13.1 −0.26158 0.62334 −0.16823 0.67221 −0.06102 0.47822 −0.05260 0.47578 −0.08830 0.47429 −0.13685 0.49997

14.1 −0.07997 0.47076 −0.12236 0.47665 −0.09000 0.47408 −0.10467 0.49541 −0.13229 0.51983 −0.17862 0.54103

15.1 −0.05400 0.75721 −0.02812 1.16224 −0.02586 1.18117 −0.02744 1.22731 −0.02202 1.18094 −0.11050 1.15523

16.1 −0.28059 0.65424 0.00657 0.04742 0.00021 0.04178 −0.00573 0.04603 −0.00344 0.04207 −0.05902 0.05798

17.1 −0.09709 0.77662 0.02447 0.86643 −0.00231 0.55664 −0.00356 0.55364 −0.01423 0.88837 −0.08189 0.55590

18.1 0.05245 0.68648 0.00408 0.14867 −0.01172 0.44408 −0.01630 0.16430 −0.02623 0.18375 −0.08827 0.18811
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From specimens 1.1–3.1 (Figure 6A) with 0% of Cx or Cy, it was 
observed that the shrinkage measurements of specimen 3.1 with the 
highest fiber content and aggregate-to-cement ratio (fb% = 5%, s:c = 
1.5) attained the least initial shrinkage of 3.55% among the three 
mixes (i.e., 1.1, 2.1, and 3.1). Subsequently, the shrinkage of 
specimen 3.1 exhibited a slower pace than other specimens 
1.1 and 2.1 (see Figure 6A). This stabilization in shrinkage curve 
of specimen 3.1 is due to the fiber content and the higher quantity of 
fine aggregate. Specimen 2.1 also showed a similar trend in 
shrinkage pattern with a higher degree of initial volumetric 
expansion (i.e., between initial scan and 1 day post-curing scan); 
the shrinkage observed between 1 and 60 days was 5.87% and 0.84%, 
respectively (Figure 6A). The specimen with the lowest sand content 
and no fiber, mix 1.1 (i.e., s:c = 1,fb% = 0%), expanded until the 3rd

day post-curing, beyond which the specimen started to shrink. The 
prolonged expansion observed in specimen 1.1 can be justified by 
the formation of hydration products from the extra cement content. 
Moreover, it was observed that there was a considerable increase in 
shrinkage (i.e., 1.78%) between the 3rd to 60th day. This value was the 
largest observed shrinkage percentage among the 18 samples in the 
period 3–60 days post-curing. These observations point toward a 

potentially higher volumetric reduction due to shrinkage in high 
cement content mixtures commonly used in 3DCP mixtures.

Specimens 4.1–18.1, with Cx or Cy substitution, displayed a 
lower percentage of initial deviation than control (specimens 
1.1–3.1). The initial deviations for specimens 4.1–18.1 were 
recorded in the range of 4.48%–0.04% (Figures 6B–F). It was 
observed that four specimens (i.e., 10.1, 12.1, 15.1, and 18.1) 
attained respective expansions of 0.025%, 0.835%, 0.179%, and 
1.42% before curing (i.e., initial deviation post-demoulding). It 
was noted that even with the addition of a small percentage of 
clay-based cement replacement (2% of Cx, Cy or its combination), 
the specimen attained a higher degree of expansion (6.75%) between 
the initial scan and 1 day post-curing (see specimen 5.1, Figure 6B). 
In addition, specimen 4.1 recorded the greatest drying shrinkage of 
5.27% over a period of 60 days. The largest expansion during curing 
(specimen 5.1) and the largest shrinkage on drying (specimen 4.1) 
reported among the samples with 2% cement replacement indicate 
the possibly high effect of Cx and Cy on the shrinkage of the 
specimens. Upon evaluation, the cement substitute Cy used in 
specimen 5.1 enhanced the expansion of the specimen with 
curing and was more resistant to drying shrinkage over time, 

FIGURE 6 
(A) Shrinkage calculated on samples with 0% cement replacement. (B) Shrinkage calculated on samples with 2% cement replacement. (C) Shrinkage 
calculated on samples with 5% cement replacement. (D) Shrinkage calculated on samples with 9% cement replacement. (E) Shrinkage calculated on 
samples with 14% cement replacement. (F) Shrinkage calculated on samples with 22% cement replacement.
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even when the fb percentage was zero. However, specimen 4.1 with 
Cx � 2% was found to have the largest shrinkage (5.47%) and 
identical expansion (5.27%) even when the mixture had fb% = 5. 
This finding indicates that the highly expansive and shrinkage 
nature of the Cx blended mixture had an influence beyond the 
shrinkage resistance of fiber addition. Thus, on blending the two 
substitute materials (Cx and Cy), we can hypothetically expect a 
mixture that benefits from the greater expanding power of Cx and 

the long-term shrinkage resistance of Cy. Specimen mix 6.1 with 
fb% � 2 and s:c = 1 with the combined 2% clay based cement 
replacement (1% Cx and 1% Cy) recorded the least shrinkage over 
60 days post-curing. The shrinkage observed was 0.2363% and an 
initial expansion of 4.104% with curing, satisfying the ideal 
condition of high initial expansion on curing and reduced 
shrinkage over drying in the specimens. Further optimization 
research is needed on the mixture proportions to formulate the 

FIGURE 7 
Surface undulation on specimen 10.1.
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mixture proportion with the least shrinkage. The increase in the 
substation percentage was 2% Cx and Cy to 5%, as in specimens 
8.1 and 9.1. The shrinkage in the specimen was observed to be 
relatively constant, with minute deviation in the shrinkage curve till 
7 days. Thence, the models showed an increase in shrinkage 

(Figure 6C) till 60 days post-curing. Similarly, the identical 
shrinkage trends were observed in other specimens such as 
10.1 and 12.1 (Figure 6D) and 15.1 (Figure 6E). Specimen 17.1 
(Figure 6F) was found to have the least initial volume deviation of 
0.0398% before curing. It was also observed to maintain a shrinkage 

FIGURE 8 
Surface undulation on specimen 12.1.
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value between −0.26495% and 0.11255% till 14 days 3DS, after which 
the shrinkage in the specimen was found have increased to 
0.79328%, exhibiting the capability of Cy to stabilize the 
shrinkage effect of the specimen. From a detailed discussion on 
the mesh volume-based shrinkage estimation, the specimen 
observed a similar pattern, such as shrinkage in the initial scan 
after demoulding followed by expansion in the specimen volume at 

1 day post-curing, subsequently leading to increasing shrinkage till 
60 days post-curing. The anomalies in this general pattern point 
toward the need for detailed research to uncover the effect of the 
material composition and proportion on shrinkage.

The M3C2 procedure in CloudCompare software estimated the 
surface changes between two subsequent point clouds obtained from 
3DS. The measurement algorithm worked on a strong base of 

FIGURE 9 
Surface undulation on specimen 15.1.
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evaluating the orthogonal distance between the respective point 
from the two point clouds. The M3C2 analysis of the point cloud was 
carried out in six steps (Figure 11). Each 3DS was subsampled to a 
point cloud with 10,00,000 points. The initial deviation of the 
specimens (Figure 11A) was calculated with reference to the 
theoretical model. These results were obtained in the form of 
mean and standard deviation of the orthogonal deviation 
measured from corresponding 10,00,000-point pairs in the 3DS. 
Similarly, the remaining five M3C2 results (Figures 11B–F) were 
evaluated by calculating the orthogonal deviation of the 3DS of the 
respective time with the initial 3DS. The statistical observations in 
terms of the orthogonal deviation in the 3DS of the specimens are 
plotted in Figures 12A–F; Table 4 shows the point deviation 
calculated using M3C2. Control specimens 1.1–3.1 (Figure 12A) 

produced the highest mean point deviation in the initial 3DS, 
potentially due to the initial volumetric shrinkage (i.e., while 
changing from a plastic to a hardened state). The error bars of 
the respective point deviation values are the highest in all models, 
indicating the greater variability in deviation, probably due to the 
residual stresses and surface deformation during the demoulding.

The M3C2 results in specimens 1.1–3.1 (Figure 12A) portray the 
general shrinkage pattern, such as an initial negative point deviation 
representing a shrinkage or points located inwards of the theoretical 
model. Subsequently, these specimens exhibited a decreasing trend 
in expansion from 1 day to 60 days of post-curing. This trend 
indicates that there was shrinkage in the specimens from 1–60 days 
post-curing. The specimens were found to expand between post- 
demoulding and 1 day post-curing, signified by the positive point 

FIGURE 10 
Surface undulation on specimen 18.1.
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FIGURE 11 
M3C2 results for specimen 5.1 from casting till 60 days post-curing. (A) M3C2 result of specimen 5.1 post-demoulding. (B) M3C2 result of specimen 
5.1 at 1 day post-curing. (C) M3C2 result of specimen 5.1 at 3 days post-curing. (D) M3C2 result of specimen 5.1 at 7 days post-curing. (E) M3C2 result of 
specimen 5.1 at 14 days post-curing. (F) M3C2 result of specimen 5.1 at 60 days post-curing.
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deviation. This change in specimens 1.1–3.1 (i.e., negative value to 
positive values) was due to the expansion between the post- 
demoulding and 1 day post-curing. Specimen 1.1 illustrates an 
expansion continuing till 3 days post-curing (Figure 12A), which 
is similar to the observation from the mesh volume computation. 
Specimen 3.1 was more stable to the shrinkage since the variation of 
the mean point deviation was 0.055 mm. This deviation recorded in 
specimen 5.1 at 60 days (Figure 12B) was found to be positive, 
denoting an expansive nature. Similarly, specimen 11.1 at 14 days 
(Figure 12D) showed a sudden reduction in point deviation 
from −0.09215 mm to −0.03519 mm, representing an expansion. 
These anomalies were also observed in the mesh-volume-based 
shrinkage calculation. These identical observations from mesh 
volume and M3C2 can help eliminate the possibility of errors in 
the mesh volume calculation or M3C2 procedure. Thus, the 
abnormal observation might be a result of the error accumulated 
during the 3DS procedure. The 3DS scan of the specimen with the 
error is interpreted as an expansion in mesh volume and 
M3C2 calculation. In the case of specimens with 2% and 5% 
clay-based cement replacement (3.1–6.1, Figures 12B and C), the 
point deviation and spread in the recorded point deviations were 

found to have stabilized from 3 days to 14 days of post-curing 3DS. 
The plateau effect on the values was observed till 14 days post- 
curing, followed by the increase in point deviation values at day 60, 
thus indicating the initiation of shrinkage in the specimen. This 
observation supports the claim that the clay-based cement 
replacement resists shrinkage, especially in high cement content 
specimens. Moreover, the uniformity in the error bars is probably 
due to the micro structural densification occurring in the specimen 
or interruption in the movement in water (i.e., attaining moisture 
equilibrium) or reduction in mass loss. The specimen with clay 
substitution of 9%–22% (Figures 12D–F) exhibited a reduction in 
initial point deviation compared to the other specimen, with clay 
substitution of 0%–5%. Moreover, it was observed that specimens 
with 9%–22% of clay-based replacement attained approximately 
constant deviation and minimal spreads till 7 days post-curing due 
to resistance to shrinkage. Beyond 7 days post-curing, there was a 
slight increase in shrinkage in specimens. This was probably due to 
the inefficiency of the clay in resisting shrinkage. This observation 
points to the potential problem in high clay-substituted mixes where 
the cement content might not be able to make a dense 
microstructure to resist shrinkage within the effective time period 

FIGURE 12 
Shrinkage calculated using M3C2. (A) 0% clay based material, (B) 2% clay based material, (C) 5% clay based material, (D) 9% clay based material, (E) 
14% clay based material, (F) 22% clay based material.

Frontiers in Built Environment frontiersin.org16

Sunny and Jaganathan 10.3389/fbuil.2026.1765067

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1765067


of the substituted clay material. The study found that specimen 17.1 
(Figure 12F) had better resistance against initial shrinkage and long- 
term shrinkage till 60 days. This was due to the combined action of 
the clay-based cement replacement and other aspects of the mix 
proportion. Further investigation is required to understand the 
underlying effects and use of clay-based material as a shrinkage 
reduction agent. The M3C2 results indicate that the application of a 
clay-based cement replacement is effective in providing a temporary 
support structure that prevents shrinkage by the expansion property 
of the clay material in contact with water. The study reveals the 
effective clay substitution percentage to be selected, such as the type 
and proportion of the clay-based cement replacement being selected 
such that it resists the potential shrinkage in the specimen due to the 
expansive nature of clay. Furthermore, the cement matrix in the 
mixture should be densified by the time the clay content losses its 
efficiency to resist shrinkage as it starts dry out and shrink.

4 Conclusion

The two separate methodologies of shrinkage evaluation using 
3DS employed in this study are found to provide detailed insight, 
aiding in shrinkage-based material research. The observations from 
these helps in material optimization for highly cementitious content 
mixes, especially to those used in 3DCP. Requiring higher shrinkage 
resistant properties.

• The cloud-volume-based computation method provides an 
overall volume-based insight into the shrinkage and surface 
features (i.e., surface undulations) of the specimen. It was also 
observed that there might be an error in volume calculation if 
the stray points in the 3DS point cloud and scanning markers 
are not properly removed.

• The cloud-volume-based shrinkage study revealed that 
specimens 8.1, 9.1, and 17.1 exhibited stable shrinkage 
performance at 5% and 22% cement replacement. The 
specimen with 2% sodium bentonite (Cy) observed the 
largest expansion due to curing; however, the specimen 
with 2% calcium bentonite (Cx) showed the highest 
shrinkage over 60 days post-curing. Thus, an optimized 
blend of both components Cx and Cy controls the 
expansion as well as shrinkage of the specimen.

• The M3C2-based study provides insight into the magnitude of 
deviation in the 3DS point cloud of the specimen at various 
ages post-casting. This methodology provides indirect insight 
into the shrinkage in the specimen through its mean and 
standard deviation of the magnitude of point deviation, where 
a larger value of the error bar denotes a greater variability in 
the measured point deviation. Hence, ideally smaller mean 
deviation and spread denote the smallest error bar for a 
specimen less prone to overall shrinkage.

• From the overall study, specimen 17.1 with 22% sodium 
bentonite (Cy) attained the least mean deviation (i.e., less 
shrinkage). It was observed that specimens with 9%–22% clay- 
based replacement attained approximately constant deviation 
and minimal spreads till 7 days post-curing due to resistance to 
shrinkage. Beyond 7 days post-curing, there was a slight 
increase in shrinkage in specimens. This was probably due 

to the inefficiency of the clay in resisting shrinkage. This 
observation points to the potential problem in high-clay- 
substituted mixes, where the cement content might not be 
able to make a dense microstructure to resist shrinkage within 
the effective time period of the substituted clay material.

• Results show that the s:c ratio and fiber content were found to 
have a significant effect on reducing shrinkage; however, it 
must be subjected to a detailed material proportion study to 
design an optimized mix with reduced shrinkage.
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