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Can superabsorbent polymers be used as rheology modifiers for 
cementitious materials in the context of 3D concrete printing? 

Yu Chen , Minfei Liang *, Yu Zhang , Zhenming Li , Branko Šavija , Erik Schlangen , 
Oğuzhan Çopuroğlu 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands   
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A B S T R A C T   

Autogenous shrinkage may be a critical issue concerning the use of limestone-calcined clay-cement (LC3) in high- 
performance concrete and 3D printable cementitious materials, which have relatively low water to binder (W/B) 
ratio. Adding an internal curing agent, i.e., superabsorbent polymer (SAP), could be a viable solution in this 
context. However, employing SAP (without adding additional water) may also influence the fresh properties of 
LC3 composites by increasing yield stress and viscosity, which may be beneficial for 3D printability. Therefore, 
this study attempts to use SAP as a rheology modifying admixture with the aim of investigating the impact of SAP 
on flow behavior, structural build-up, hydration kinetics, compressive strength, and autogenous shrinkage of LC3 
pastes with a fixed W/B (0.3). In addition, hydroxypropyl methylcellulose (a typical rheology/viscosity modifier 
in 3D printable cementitious materials) was also employed in two mixtures to compare their effects. Results show 
that adding SAP increases the dynamic yield stress and the apparent viscosity, as well as structural build-up and 
hydration, but decreases the compressive strength at 3, 7 and 28 days. Furthermore, using SAP (especially 0.2 wt 
% SAP) not only promotes the early-age expansion but also effectively mitigates the autogenous shrinkage of LC3 
pastes for up to 7 days. Overall, the obtained results indicated that SAP could act as a promising rheology 
modifier for the development of 3D printable cementitious materials.   

1. Introduction 

Substituting part of Portland cement (PC) or clinker with supple
mentary cementitious materials (SCMs) for making blended cement is a 
sustainable strategy to reduce the carbon footprint of the cement in
dustry [1]. However, the most commonly used SCMs, i.e., fly ash and 
slag, are gradually declining in availability [2–4], hindering the appli
cation of blended cement. Increasingly, limestone and calcined clay are 
proposed as alternatives to SCMs due to their abundant deposits and 
supply worldwide [2,5]. Limestone-calcined clay-cement (LC3), 
comprised of up to 50% blend of calcined kaolinitic clay and limestone, 
was proposed as one of the most promising sustainable cements and has 
been under development in the last decade [2,6]. LC3 can provide 
comparable compressive strength to PC from 7 days onwards [7] and 
displays good durability, e.g., excellent resistance to chloride penetra
tion [8,9] and alkali-silica reaction (ASR) [10]. Furthermore, producing 
1 ton of LC3 may reduce the CO2 emissions by up to 40% compared to PC 

[11]. 
Early-age cracking caused by volumetric reduction is a critical issue 

for the health of concrete structures, severely affecting mechanical 
performance, and long-term durability [12,13]. Autogenous deforma
tion is one of the prominent reasons for volume change of cementitious 
materials occurring after forming a solid skeleton. In particular, when 
the water-to-cement (or binder) mass ratio (W/C or W/B) is less than 
0.42, autogenous shrinkage plays a dominant role in the early-age 
cracking of cementitious material [14]. This is because autogenous 
shrinkage is driven by capillary tension generated in the process of 
hydration-induced self-desiccation [15]. The low W/C or W/B may 
result in small capillary pore size, which can induce high capillary 
tension according to the Laplace and Kelvin Laws. Recent studies have 
shown that LC3 could be used in ordinary/normal concrete, as well as 
high-performance concrete [16] and 3D printable cementitious mate
rials [17-19]. According to Scrivener et al. [11], the autogenous 
shrinkage seems not to be an issue for the use of LC3 in ordinary/normal 
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concrete (W/B = 0.4). The authors found that the onset of autogenous 
shrinkage was postponed by 4 days in LC3-50 (50% clinker, 15% lime
stone, 30% calcined clay, and 5% gypsum) pastes compared to PC 
pastes. After 28 days, LC3-50 showed a similar total autogenous 
shrinkage to the PC. In contrast, as reported by Hay et al. [14], higher 
autogenous shrinkage was observed in LC3 pastes in comparison with PC 
pastes when the W/B was 0.485. Nguyen et al. [12] found that LC3 
concrete (0.4 of W/B) showed a much more pronounced autogenous 
shrinkage than PC concrete at later age (up to 100 days) probably due to 
the pore refinement. Different findings in this regard may be governed 
by the variation in the composition of calcined clay, sulfate content and 
time zero selection. Additionally, for most of high-performance concrete 
and 3D printable cementitious materials, a relatively low W/B (e.g., 
equal to or less than 0.35) is typically employed, which may cause a 
particularly significant autogenous shrinkage [20]. Du and Pang [16] 
reported that autogenous shrinkage of LC3 paste with a W/B of 0.3 
increased with limestone and calcined clay contents and was much 
higher than that of PC paste in the first 10 days. 

Internal curing is a commonly accepted approach for maintaining 
high internal relative humidity (RH), and mitigating the autogenous 
shrinkage during hydration of cementitious materials [21,22]. Super
absorbent polymer (SAP), as one of the most efficient internal curing 
agents for cementitious materials, has been widely studied and reported. 
Due to the cross-linked polyelectrolytes with hydrophilic network 
structures, SAP can physically absorb water or solutions and then release 
them to balance the internal RH [23]. However, to our knowledge, few 
studies have attempted to use SAP in LC3-based cementitious materials 
to prevent the early-age cracking induced by autogenous shrinkage. 
Besides, due to the water absorption of SAP, the fresh-state behavior of 
cementitious materials may be modified by the addition of SAP. Snoeck 
et al. [24] found that the flowability of PC mortar can be significantly 
decreased by adding SAP. Additional water seems to be needed to retain 
the fluidity of fresh mortar [24,25], while excess water may be added 
due to the overestimation of the initial absorbency [26]. In addition to 
increasing water amount, some studies kept the same water content but 
adjusted the flowability by increasing superplasticizer dosage [27–29]. 
For the flow behaviors of fresh cementitious materials, rheological in
dicators, including yield stress and plastic viscosity, can be modified 
using SAP [30–32]. Owing to the unique physical features of calcined 
clay, i.e., high specific surface area (SSA), small particle size, and 
layered particle structure [33–35], the impacts of SAP on fresh proper
ties (e.g., flow behavior and structural-build up) of LC3 may be more 
significant than PC or other blended cements. On the other hand, the 
increase in yield stress and viscosity of fresh cementitious materials 
induced by SAP may be beneficial for improving 3D printability. In this 
context, SAP may play the same role as viscosity/rheology modifying 
admixture (VMA) used in many 3D printable cementitious materials 
[19,36,37]. Nevertheless, few studies have attempted to employ SAP as 
a VMA. 

Moreover, the hydration and mechanical performance of hardened 
cementitious materials can be severely influenced by the addition of 
SAP. According to earlier investigations [38,39], the formation of C-S-H 
gel may be promoted by internal curing ascribed to the desorption of 
SAP. Meanwhile, macro-voids/cavities form as a result of water release 
from SAP, thereby reducing the strength of cementitious matrix [24,40]. 
Nevertheless, these impacts of SAP may also depend on the binder 
composition, and it is therefore unclear what the effects would be for 
LC3 mixtures with a relatively low W/B (e.g., 0.3). 

This study attempts to employ SAP as a rheology modifier with the 
aim of investigating the impact of SAP on flow behavior, structural 
build-up, hydration kinetics, compressive strength, and autogenous 
shrinkage of LC3 pastes with a fixed W/B (0.3). Hydroxypropyl meth
ylcellulose, as a typical VMA used in 3D printable cementitious mate
rials, was also employed in two mixtures to compare the effects caused 
by SAP. The rheological behavior of fresh pastes was characterized using 
flow curve, amplitude sweep, and small amplitude oscillatory shear 

tests. Furthermore, isothermal calorimetry and thermogravimetric 
analysis (TGA) were carried out to determine the hydration of mixtures 
with SAP and/or VMA. Compressive strength of paste samples was 
measured at 3, 7, and 28 days. The air void content of hardened samples 
was quantified using X-ray computed tomography (CT) scanning and 
image analysis. Additionally, linear autogenous shrinkage of studied 
mixtures was quantified using the corrugated tube test method. 

2. Material and methods 

2.1. Materials 

The binding materials used in this study included CEM I 52.5 Port
land cement (PC), calcined clay (CC), limestone powder (LP), and gyp
sum. Calcined clay with about 50% of metakaolin was provided by 
Argeco, France. Gypsum with more than 99% purity was purchased from 
Merck KGaA, Germany. Fig. 1 (a) illustrates particle size distribution of 
all fines. Calcined clay had the coarsest grain size compared to other 
binding materials. X-ray diffraction (XRD) patterns of PC, CC, and LP 
(PhilipsPW1830 powder X-ray diffractometer with Cu-Kα radiation) are 
reported in Fig. 1 (b). Quartz was the major impurity in the calcined clay 
used. The reactive silica and aluminate contents in the calcined clay are 
12.3 wt% and 32.0 wt%, respectively. X-ray fluorescence (XRF) char
acteristics of PC, CC, and LP are presented in Table 1. Table 2 reports 
physical characteristics, i.e., Brunauer-Emmett-Telle (BET) specific 
surface area (SSA), density, and average grain size of all binding 
materials. 

Table 3 shows that all studied paste mixtures had the same binder 
composition and water-to-binder mass ratio (0.3). The binder was 
comprised of 54 wt% PC, 30 wt% CC, 15 wt% LP and 1 wt% gypsum. 
Except for mixture A3, 0.8 wt% of polycarboxylate ether (PCE)-based 
superplasticizer (SP) (MasterGlenium®51, BASF, Netherlands) was 
added. A commercially available superabsorbent polymer (SAP, FLOSET 
27CC, SNF Floerger, France) was employed with 0.1 wt% or 0.2 wt% in 
mixtures A1, A2, A3, and B2. As reported by [41], the average particle 
size of this dry SAP (measured by laser diffraction) is about 250 μm. As 
shown in Fig. 2, the absorption capacity of SAP in different types of 
mixing liquids was compared using a teabag method (detailed proced
ures given in [42,43]). It can be found that increasing SP concentration 
in the mixing liquid decreased the absorbed solution amount of SAP, 
which was consistent with the findings of [44]. Note that this study only 
focused on the effect of low amounts of SAPs on rheology, hydration, 
and compressive strength of cementitious materials. The use of high 
amounts of SAPs (e.g., 0.6–1 wt% of binder or cement) may cause many 
different phenomena and may require additional water, which can be 
referred to earlier studies [24,27]. In addition to SAP, 0.1 wt% of 
hydroxypropyl methylcellulose (HPMC)-based viscosity modifying 
admixture (VMA) was included in mixtures B1 and B2. This VMA was 
supplied by Shanghai Ying Jia Industrial Development Co., Ltd and its 
viscosity is about 201,000 mPa.s. A small planetary HOBART mixer was 
used to prepare paste samples. The mixing liquid (water + SP) was 
added to the binder in a bowl and mixed at low and high speeds for 2 min 
and 1.5 min, respectively. 

2.2. Test procedures 

2.2.1. Rheological tests 
Rheological behaviors of studied mixtures were characterized using 

an Anton Paar MCR 302e rheometer equipped with a cylindrical 
measuring cell (28.92 mm inner diameter and 68 mm depth) and a four- 
blade vane (22 mm diameter and 40 mm height). The inner surface of 
the measuring cell was fitted with steel lamellas to mitigate slippage. 
About 88 g of fresh paste was filled in the measuring cell for each 
measurement. Prior to testing, the fresh mixture was compacted using a 
vibration table (30 Hz for 30 s) to minimize the entrapped air voids. 
Before conducting rheological tests, 100 s− 1 of shear rate was executed 
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to the fresh sample at 7 min for 30 s to keep a similar flow history. Af
terwards, a resting time of 150 s and 30 s were applied for flow curve 
and strain sweep tests, respectively. SAOS test was performed after 
strain sweep test at the material age of 22 min. All tests were conducted 
at room temperature (about 20 ◦C). 

2.2.1.1. Flow curve test. Fig. 3 (a) shows the protocol of the flow curve 

test used in this study. For each sample, three testing trials were con
ducted at the material age of 10 min, 25 min, and 40 min. The resting 
time between two testing trials was 5.5 min. In the testing trial, the shear 
rate increased in nine consecutive steps from 10 s− 1 to 100 s− 1 and then 
decreased following the same interval from 100 s− 1 to 10 s− 1. The 
increasing shear rate part was employed to ensure a deflocculated state 
of fresh paste, and the decreasing regime was used to obtain the flow 
behavior. Each shear rate needed 30 s to reach the steady flow regime, 
resulting in 9.5 min total time for each trial. The data was collected 
every 0.3 s. Fig. 3 (b) illustrates the typical flow curve of one testing 
trial. The last 30 measuring points, providing an equilibrium value, were 
averaged to represent the shear stress at the given shear rate. The 

Fig. 1. (a) Particle size distribution of CEM I 52.5 R Portland cement, limestone powder, calcined clay, and gypsum. (b) X-ray diffraction (Cu-Kα radiation) patterns 
of CEM I 52.5 R Portland cement, limestone powder, and calcined clay. Cal-calcite, Gp-gypsum, C3S-alite, C3A-tricalcium aluminate, Mul-mullite, Qz-quartz, Kln- 
kaolinite. 
Adapted from [45] 

Table 1 
Oxide compositions of calcined clay, limestone powder, and CEM I 52.5 R 
Portland cement, measured using XRF [45].  

XRF [wt.%] Calcined clay Limestone powder Portland cement 

CaO 0.55 55.40 68.71 
SiO2 55.14 0.17 17.41 
Al2O3 38.43 0.03 4.62 
Fe2O3 2.60 0.04 2.75 
K2O 0.17 0 0.63 
TiO2 1.12 0 0.34 
ZrO2 0.05 0 0 
SO3 0 0 2.44 
Other 1.94 44.36 3.10 
Total 100.00 100.00 100.00  

Table 2 
Physical characteristics of all binding materials [45].   

Calcined 
clay 

Limestone 
powder 

Portland 
cement 

Gypsum 

Density [g/ 
cm3]  

2.51  2.65  3.12  2.32 

SSA [m2/g]  10.06  1.22  1.16  0.53 
Dv50 [μm]  69.35  24.19  14.86  31.94  

Table 3 
Mix designs of cementitious materials (% of the binder mass).   

Portland cement [wt.%] Limestone powder 
[wt.%] 

Calcined clay 
[wt.%] 

Gypsum 
[wt.%] 

Water 
[wt.%] 

SP 
[wt.%] 

SAP 
[wt.%] 

VMA 
[wt.%] 

REF 54 15 30 1 30 0.8 0 0 
A1 54 15 30 1 30 0.8 0.1 0 
A2 54 15 30 1 30 0.8 0.2 0 
A3 54 15 30 1 30 1 0.2 0 
B1 54 15 30 1 30 0.8 0 0.1 
B2 54 15 30 1 30 0.8 0.1 0.1  

Fig. 2. Absorption capacity of the SAP in tap water, mixing liquids (tap water 
+ 2.60 wt%, 3.23 wt%, and 4.87 wt% superplasticizers) using the teabag 
method. 2.60 wt% and 3.23 wt% of superplasticizers in mixing liquids are 
equivalent to 0.8 wt% and 1 wt% of superplasticizers in the binder. 
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obtained shear stresses at different shear rates are plotted in Fig. 3 (c). 
The area of up and down curves was considered to indicate the thixo
tropic behavior of the tested material. Moreover, the descending curve 
of all studied mixtures followed the Herschel-Bulkley model (Eq. (1)) 
and was used to determine the dynamic yield stress. 

τ = τ0 + kγ̇n (1)  

where τ0 and γ̇ are dynamic yield stress and shear rate. k and n denote 
consistency factor and power index. The apparent viscosity η at each 
shear rate in Fig. 3 (d) can be computed using Eq. (2). 

η = τ(γ̇)/γ̇ (2)  

2.2.1.2. Oscillatory shear test. After 30 s of pre-shearing and 30 s of 
recovering, the amplitude sweep test with the strain of 0.0005%–50% 
and a frequency of 1 Hz was applied at the material age of 8 min. The test 
duration was about 14 min. The linear viscoelastic domain (LVED) of 
studied mixtures can be determined by this manner, and the critical 
strain was defined as the maximum strain of LVED. 

Small/low amplitude oscillatory shear test, as a non-destructive 
measurement, was employed to quantify the structural evolution of 
fresh pastes with viscoelastic behaviors. As shown in Fig. 4, a continuous 
sinusoidal oscillatory strain γ that is smaller than the critical strain is 
applied to the fresh sample. 

γ = γ0sinωt (3)  

where γ0 means maximum strain amplitude. ω and t represent the con
stant frequency and time. In this study, 0.005% of the maximum strain 
amplitude was employed according to the test results of amplitude 
sweep in Section 3.2.1. Such a strain also agrees with the values reported 
by earlier studies [46–50]. In addition, for fresh cementitious materials, 
the measured storage modulus using the oscillatory shear test is inde
pendent of the frequency when the applied frequency is larger than 0.2 
Hz [51]. 1 Hz of frequency employed by [52,53] was selected in the 
current work. The measured response (shear stress) as a function of time 

Fig. 3. (a) Protocol of flow curve test (at material ages of 10 min, 25 min, and 40 min) used in the study. (b) A typical flow curve of one testing trial. (c) The average 
shear stresses with various shear rates. The descending curve was fitted using the Hershel-Bulkley model. (d) The average apparent viscosity at different shear rates. 

Fig. 4. Illustration of applied sinusoidal strain γ(t) and measured response 
(shear stress) τ(t) for a typical viscoelastic material in the SAOS test. 
Adapted from [54] 
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can be presented as: 

τ(t) = γ0(G
′sinωt + G˝cosωt) (4)  

where G’ is storage modulus indicating the elastic or in-phase compo
nent of stress. G’’ is loss modulus representing the liquid, viscous, or out- 
of-phase component of stress. Additionally, the ratio between G’’ and G’ 
is defined as loss factor (tan(δ)) that was used to indicate the lag between 
the applied strain and the resulting stress [51]. 

tanδ = G˝/G′ (5) 

δ denotes the phase angle. The material displays solid state behavior 
when the loss factor is close to zero. In contrast, a viscous/liquid-like 
state can be determined. 

2.2.2. Characterization of hardened properties 
The hydration heat released for the first 7 days was measured by an 

eight-channel TAM Air isothermal calorimeter. After mixing the pre- 
weighed dry components with the pre-mixed liquid (water and SP) by 
a mixing machine for 3 min, 6 g of fresh paste was filled into a 20 mL 
glass vessel. The glass vessel, together with a reference vessel that was 
filled with fine quartz sand, were sealed and placed in the calorimeter 
under 20 ◦C. Heat values were recorded each 30 s. In addition, TGA was 
also used to quantify the effect of chemical additives on hydration. The 
hydration of studied mixtures was stopped using solvent exchange 
method with isopropanol (procedures were referred to [18,55]) at the 
material age of 1 and 7 days. About 50 mg of powder sample was heated 
from 40 to 900 ◦C (heating rate: 10 ◦C/min) and the test was in an argon 
environment with a 30 mL/min flow rate. 

Compressive strength of mold-cast paste samples (40 mm cubic 
specimens) was tested at 3, 7 and 28 days. All specimens were cured and 
stored in sealed plastic bags under an ambient temperature of about 
20 ◦C. According to NEN-EN 196-1 [56], 2.4 kN/s of loading rate was 
chosen for compressive strength testing. The compressive strength of 
each mixture at each age was obtained by three repeated tests. The air 
void analysis of studied mixtures was conducted using CT scanning and 
image analysis through ImageJ (open-source software). Details can be 
found in our earlier studies [19,57]. Cylindrical samples (25 mm 
diameter and 20 mm height) were casted by using cylindrical plastic 
mold. A spatial resolution of 15 μm3/voxel was obtained. A rectangle 
region of interest (ROI) with a side length of 17 mm was extracted from 
the image stack to perform the image analysis. For every sample, 700 
transverse planes (grayscale images) were employed. Note that only the 
size of air voids larger than 15 μm can be considered. 

Additionally, an automatic Vicat test apparatus was used to measure 
the initial and final setting times of studied mixtures. The test was 
performed by following NEN-EN 196-3 [58]. Note that the initial setting 
time in this study was defined as the time elapsed between the time of 
adding water and the time at which the penetration depth was 36 mm. 
For the final setting time, the penetration depth was about 5 mm (the 
needle without attachment). The linear autogenous shrinkage was 
quantified using paste samples according to ASTM C1698-19 [59]. 
Corrugated tubes (28.5 mm diameter and 425 mm length) were utilized, 
and the deformation of each specimen was automatically measured 
using linear variable differential transformers (LVDTs) until 7 days. 

3. Results and discussion 

3.1. Flow curves 

The average shear stresses at the different shear rates from the 
descending part of flow curve were fitted by the Herschel-Bulkley 
model, as shown in Fig. 5 (a) (b). The obtained dynamic yield stress 
and power index are presented in Fig. 5 (c) (d). For mixtures REF, A1 and 
A2, increasing SAP content increased shear stress at the same shear rate 
and dynamic yield stress at the same material age. The enhancement in 

yield stress can be ascribed to the reduction of free water in the 
cementitious material due to the water absorption of SAP [30]. 
Compared to mixture A2, mixture A3 with a slightly higher SP dosage 
showed lower dynamic yield stress. However, the water uptake was 
significantly decreased by increasing the concentration of SP. There 
appeared to be more free water in mixture A3 (see Fig. 2), resulting in 
lower yield stress. The dynamic yield stress was significantly increased 
by adding VMA, especially when the SAP was also added (mixture B2). 
This is because HPMC-based VMA can not only physically absorb large 
amounts of free water through forming the hydroxyl bonds, but can also 
enhance the flocculation between cementitious particles via different 
mechanisms, i.e., bridging flocculation (adsorbing cementitious parti
cles), polymer–polymer interaction and entanglement [60,61]. Mixtures 
B1 and B2 showed higher dynamic yield stress at 25 min than at 10 and 
40 min, whereas the dynamic yield stress of mixtures REF, A1, A2, and 
A3 was relatively constant within the first 40 min. The fluctuation of 
dynamic yield stress for mixtures B1 and B2 may be tied to the 
competitive adsorption between VMA and SP molecules, resulting in the 
presence of non-adsorbing polymers in the fresh mixture. Attractive 
depletion forces caused by these non-adsorbing polymers [62] may lead 
to the instability of yield stress of the suspension. 

A shear thickening behavior of mixtures REF, A1, A2, and A3 was 
observed since the power index was higher than 1 (Fig. 5 (d)). 
Conversely, using VMA resulted in a shear-thinning behavior. The 
average apparent viscosity can also confirm the shear-thinning or 
thickening behavior at the different shear rates in Fig. 5 (e) (f). After a 
sharp decrease (shear rate: 10–40 s− 1), the apparent viscosity of mix
tures REF, A1, A2, and A3 increased slightly with the shear rate. In 
contrast, a continuous decrease in apparent viscosity was found in 
mixtures B1 and B2. According to Roussel et al. [63], the shear thick
ening behavior at the relatively high shear rate may be governed by the 
inertial effects and solid contacts between cementitious particles. As 
reported by [64], the use of calcined clay can reduce the average 
interparticle distance between particles, thereby promoting their solid 
contacts. This behavior cannot be modified by only adding 0.1–0.2 wt% 
SAP but can be altered by adding 0.1 wt% VMA. Except for the water 
retention property, the use of VMA can also increase the cohesion and 
macroscopic viscosity of cement suspension [60], which may extend the 
viscous regime. Consequently, the applied shear rate (up to 100 s− 1) was 
insufficient to reach the inertial regime in this context. 

Fig. 5 (g) compares the thixotropic area of different mixtures at 10 
min. Note that the thixotropy in this context was only used to describe 
the reversible effect (see [47,65,66]). Thus, the area of thixotropy can 
represent the magnitude difference between dynamic and static states of 
a fresh mixture. As shown in Fig. 5 (g), the thixotropy of fresh mixtures 
was enhanced by increasing SAP dosage and/or adding VMA at 10 min. 
The increase in thixotropy by adding 0.1 wt% VMA was more significant 
than increasing the dosage of SAP from 0.1 wt% to 0.2 wt%, which was 
attributed to the flocculation enhancement of VMA, as mentioned 
earlier. Furthermore, increasing SP amount also increased the area of 
thixotropy, probably due to the attractive depletion forces induced by 
the presence of non-adsorbing polymer in the pore solution [67]. 

3.2. Structural build-up 

3.2.1. Linear viscoelasticity domain and critical strain 
The variation of G’ determined from the amplitude sweep mea

surement for different studied mixtures at 8 min is presented in Fig. 6 
(a). All curves showed a near-linear growth until reaching a critical 
strain. After the critical strain, the increase in G’ became smaller, and 
then G’ decreased after the peak. According to [49,67], G’ is indepen
dent of the applied strain within the linear viscoelastic domain (LVED). 
Thus, the linear growth of G’ within LVED is ascribed to the flocculation 
nature of cementitious materials at the resting time. The decrease in G’ 
with increasing the shear strain amplitude is related to the breakage of 
the flocculated microstructure. Fig. 6 (b) compares the critical strain of 
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Fig. 5. Flow curves at the material ages of 10 min, 25 min, and 45 min – descending curves fitted by the Herschel-Bulkley model of (a) mixtures REF, A1, A2, and A3, 
and (b) mixtures REF, B1, and B2. (c) Dynamic yield stress of different mixtures. (d) Power index of different mixtures. The average apparent viscosity at different 
shear rates (descending part): (e) mixtures REF, A1, A2 and A3, and (f) mixtures REF, B1 and B2. (g) Area of thixotropy for different mixtures at 10 min. 
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different studied mixtures. The critical strain was decreased by 
increasing SAP dosage and/or adding VMA. Mixture B2 showed the 
lowest critical strain (about 0.02%) due to the use of both VMA and SAP. 
Compared to mixture A2, mixture A3 with a higher amount of SP dis
played a more considerable critical strain. The strain amplitude used in 
the SAOS test should be less than 0.02% to ensure that G’ evolution of all 
mixtures is not disturbed by the applied strain. Therefore, 0.005% of 
applied strain amplitude in the SAOS testing is suitable. 

3.2.2. Structuration with time 
Fig. 7 reports SAOS test results of different mixtures from 22 min to 

72 min, including the evolution of storage modulus G’, loss modulus G’’, 
and loss factor G’’/G’. As shown in Fig. 7 (a), G’ of mixtures REF, A1, A3, 
and B1 demonstrated a similar development path. G’ showed a near- 
linear growth at a very small slope within the first 15–20 min, and 
then developed with a much higher linear evolution rate. Except for 
these two stages, G’ of mixtures A2 and B2 also had a third stage with a 
smaller slope than the second one. In the first stage, G’ evolved linearly 
at a relatively small rate, which may be attributed to the retarding effect 
of SP on the flocculation [68–70]. According to Roussel et al. [65], the 
second stage (rapid G’ growth) can be linked to the flocculation/re- 
flocculation of cementitious particles, resulting in the formation of a 
percolated network of colloidal interactions. After that, the growth rate 
of G’ became smaller. The third stage indicated the formation of a 
percolated rigid network attributed to the C-S-H precipitating at the 
pseudo-contact points between cementitious particles [65,71]. The 
linear evolution rate of stage 1 and stage 2 and transition time t1 were 
employed to compare the G’ development of different mixtures in Fig. 7 
(a) (d) (e). The high evolution rates of both stages coincided with the 
short transition time, as illustrated in Fig. 7 (f). For the mixture with the 
same SP addition, increasing SAP dosage can significantly enhance G’ 
development, i.e., induce the rise in G’ and its evolution rate in both 
stages, as well as a decrease in t1. Such an enhancement in G’ evolution 
can be linked to the water absorption of SAP, which essentially reduced 
the free/excess water amount, resulting in a decrease of mean inter
particle distance/water film thickness in the fresh mixture. According to 
[64,72], the flocculation and nucleation can be stimulated by dimin
ishing the mean interparticle distance/water film thickness. Compared 
to the REF mixture, only adding 0.1 wt% VMA (mixture B1) or 
increasing SP percentage (mixture A3) inhibited the G’ growth over the 
testing time. The former displayed more severe side effects than the 
latter. As reported by [67,73], a softer system (fresh mixture) with lower 
elastic modulus may be formed using cellulose ether-based VMA in 
comparison with the reference cement paste. Brumaud et al. [73] 
pointed out that cellulose ether adsorbed onto the surface of cement 
grains appeared to delay the C-S-H nucleation over the first tens of 

minutes after water addition. Similar to PCEs, cellulose ether adsorption 
could form a layer of polymer that can generate steric repulsive forces 
between cement grains. This effect can weaken the colloidal interaction 
network and adversely affect the development of rigidity. However, 
adding both VMA and SAP (both in 0.1 wt%) can enhance G’ evolution, 
which may be governed by the synergistic effect of water absorption by 
both polymers. This effect still needs to be further explored. 

In Fig. 7 (b), G’’ of mixtures A1, A2, and B2 increased with time until 
reaching a peak and then displayed a decreasing trend. The downward 
branch was not observed for mixtures REF, A3, and B1 because of the 
limited testing time. The mixtures with an earlier appearance time of the 
G’’ peak corresponded to a higher G’ and a faster G’ evolution, which 
agrees with results reported in [45]. Fig. 7 (c) compares the loss factor 
development of various mixtures. It can be found that the loss factor of 
mixtures A2, B1, and B2 displayed a decreasing trend with time, which 
indicates the forming process of a percolated rigid network between 
cementitious particles. A very similar value was observed between 
mixtures A2 and B2, which was much lower than that of mixture B1. For 
mixtures REF, A1, and A3, the loss factor vs. time curve exhibited the 
same pattern that had a peak at 30–40 min (after a short decrease pro
cess). According to earlier studies [46,74], this peak may be attributed 
to gelation. The solid dissolution was slightly faster than the liquid 
consumption, forming a relatively large volume of gel-like phases. After 
the peak, the loss factor of these mixtures gradually decreased over time. 
As mentioned earlier, the cementitious mixture tends to form a more 
rigid microstructure with reduced loss factor. Thus, at 72 min, mixtures 
A2 and B2 displayed a similar rigidity degree that was higher than other 
mixtures. Only adding 0.1 wt% of SAP (mixture A1) can also promote 
the rigidity and stiffening process, whereas the use of 0.1 wt% of VMA 
(mixture B1) or an additional 0.2 wt% of SP (mixture A3) resulted in a 
delay compared to the reference mixture. As mentioned earlier, the 
absorbed cellulose ether and/or PCE molecules may be at the origin of 
repulsive steric forces leading to the retardation of rigidity. 

3.3. Hydration kinetics and compressive strength 

The heat flow of studied mixtures normalized by paste mass is re
ported in Fig. 8 (a). It can be found that there are two peaks after the 
acceleration period for all curves. The first one was related to the main/ 
C3S hydration peak, and appeared at 12–16 h. Afterwards, due to the 
depletion of gypsum and fast dissolution of C3A and/or other reactive 
aluminate phases in calcined clay, an aluminate reaction peak [6] was 
observed at 16–22 h. Based on the normalized heat flow of different 
mixtures, the required times to the C3S hydration peak and the slope of 
the acceleration period were obtained and plotted in Fig. 8 (c) and (d), 
respectively. Adding 0.1 wt% SAP or 0.1 wt% VMA can accelerate and 

Fig. 6. Amplitude sweep test results (started at 8 min): (a) Storage modulus G’. (c) Critical strain of different mixtures.  
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enhance the LC3 hydration. Mixtures A1 and B1 showed shorter times to 
reach the main hydration peak, the higher slope of the acceleration 
period and the intensity of C3S peak. Increasing the amount of SAP from 
0.1 wt% to 0.2 wt% can still reduce the appearance time of the main 
hydration peak but results in a slight decrease in the intensity of C3S 
peak and the slope of the acceleration period. Similarly, the first day 
hydration of mixture B2 was delayed and reduced by adding 0.1 wt% 
SAP compared to mixture B1. This may be due to the severe water 

uptake of internal curing agents (0.2 wt% SAP or 0.1 wt% SAP + 0.1 wt 
% VMA), resulting in a significant increase in viscosity and agglomera
tion of cementitious particles. However, this hypothesis still needs to be 
confirmed by further investigation. Furthermore, increasing SP dosage 
can further delay the C3S hydration, which is consistent with findings of 
Ref. [17]. 

Fig. 8 (b) reports the normalized cumulative heat of different mix
tures by paste mass over the first 7 days. Adding SAP and/or VMA 

Fig. 7. SAOS test results (22–72 min): (a) Storage modulus G’. Two linear regimes of the SAOS curve are defined as stage 1 and stage 2. t1 indicates the transition 
time between stage 1 and stage 2. (b) Loss modulus G’’. (c) Loss factor G’’/G’. (d) Slope value of stage 1 and stage 2. (e) Transition time between stage 1 and stage 2. 
(f) Correlation between slope value and transition time. 
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resulted in a higher cumulative hydration heat than that of the REF 
mixture. This may be caused by the internal curing effect of these ad
mixtures [39,75]. The release of internal curing water from SAP and/or 
VMA contributed to increasing the hydration degree of LC3 mixtures. 
However, the cumulative heat of mixtures A2 and B2 is lower than that 
of mixtures A1 and B1. As mentioned earlier, the particle agglomeration 
induced by adding high content of internal curing agent may be the main 
reason for reducing cumulative heat. In addition, as shown in Fig. 8 (a), 
the aluminate reaction appeared to be inhibited in mixtures A2 and B2, 
which can also cause lower heat values. Compared with the REF 
mixture, the cumulative heat of mixture A3 from 12 h to 48 h was 
slightly lower due to the delayed hydration on the first day caused by SP, 
but the value was higher after 72 h, which may still be related to the 
internal curing of SAP. 

Thermogravimetric (TG) and derivative thermogravimetric (DTG) 
results of studied mixtures at 1 and 7 days are reported in Fig. 9 (a) (b). It 
can be found that a large peak appeared at 100–150 ◦C in DTG curves 
indicated water loss of C-S-H and ettringite [76]. Afterwards, a small 
peak at 150–200 ◦C (only at 7 days) revealed the decomposition of 
monocarboaluminate (CO3-AFm), according to [55]. The formation of 
CO3-AFm was attributed to the reaction between portlandite (CH), 
calcined clay and limestone [77]. The decomposition temperature of CH 
was in the range of 400–500 ◦C and the CH amount can be calculated 
using Eq. (6). 

W[Ca(OH)2 ] =
M400◦C − M500◦C

M600◦C
×

m[Ca(OH)2 ]

m[H2O]

× 100(%) (6)  

where W[Ca(OH)2 ]
is the mass percentage of CH in mixtures. m[Ca(OH)2 ]

, and 

m[H2O] represent the molar masses of portlandite (74 g/mol) and water 
(18 g/mol). M400◦C, M500◦C and M600◦C mean the mass percentages at 
400 ◦C, 500 ◦C, and 600 ◦C. Fig. 9 (c) summarizes the CH content of 
different mixtures at 1 and 7 days. Mixture A3 exhibited a lower CH 
content than the reference mixture on the first day, due to the delayed 
C3S hydration caused by increasing SP dosage, which is also consistent 
with isothermal calorimetry results. Both SAP and VMA can promote CH 
precipitation in the first 7 days. Increased SAP dosage enhanced CH 
formation at 7 days. As mentioned earlier, increasing the SAP content 
improved the internal curing and thus the degree of hydration. VMA has 
a stronger promoting effect on CH compared to SAP. CH content in 
mixtures B1 and B2 was higher than mixtures A1 and A2 at 7 days. The 
enhancement of CH formation by small amounts of VMA was also re
ported by Chaves Figueiredo et al. [75]. The authors attributed this CH 
increase to the internal curing effect of VMA. 

The compressive strength of paste samples at 3, 7, and 28 days is 
reported in Fig. 10. Fig. 11 shows the air void analysis of different 
studied mixtures. Adding SAP and/or VMA negatively affected the 
compressive strength development. For mixtures REF, A1 and A2, 
increasing SAP content decreased the compressive strength up to 18%. 
As shown in Fig. 11 (b), the decrease in compressive strength was 
attributed to the increase in air void content. Two types of pores were 
observed in Fig. 11 (a), round bubbles (circularity = 0.8–1) and granular 
macro-pores (circularity = 0–0.8). The increase in SAP dosage did not 
increase the content of round bubbles but increased granular macro- 

Fig. 8. Isothermal calorimetry test results: (a) Normalized heat flow by weight of paste with time (36 h). (b) Normalized cumulative heat by weight of paste with 
time (168 h). (c) The required time to the C3S hydration peak of different mixtures. (d) The slope of the acceleration period of different mixtures. 
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pores (Fig. 11 (b)). The macro-pores with granular shape can be ascribed 
to the cavities caused by SAP and entrapped air voids due to poor 
workability. However, it is difficult to distinguish them based on pore 
size and shape. The compressive strength at all tested ages was further 
reduced by about 7% with increasing the dosage of SP. Compared to 
mixture A2, mixture A3 displayed a slightly lower air void content in 
Fig. 11 (b). The workability was improved by the additional SP, which 
reduced the entrapped air void content. Thus, the reduction of 

compressive strength appeared to be determined by the negative effect 
of SP on cement hydration (see Figs. 8 and 9). 

Compared to SAP, a more significant strength reduction was found in 
mixtures containing VMA. As shown in Fig. 11 (a), mixtures B1 and B2 
exhibited a porous matrix structure compared to other mixtures without 
VMA. The cohesion of fresh mixtures was significantly increased by 
adding VMA, potentially stabilizing many entrapped air bubbles (macro- 
pores) during the mixing and casting [19,75]. Additionally, the air 
bubbles caused by grinding aid (that is used in the production of PC) and 
PCE-based SP can also be stabilized in the matrix, resulting in a very 
porous structure. This can be evidently observed in Fig. 11 (c). Mixtures 
B1 and B2 contained more small air voids (0–100 μm of pore diameter) 
and number of pores than other mixtures. These small air voids led to the 
formation of a porous matrix structure that significantly weakened the 
compressive strength. Thus, entrapped air bubbles would be more 
prevalent in mixtures with VMA. Mixture B2 showed the weakest 
compressive strength at all tested ages owing to the overlapping effect of 
SAP and VMA on porosity. 

3.4. Autogenous shrinkage 

As shown in Fig. 12 (a), autogenous shrinkage (AS) of studied mix
tures can be divided into 3 phases: fast chemical shrinkage, autogenous 
swelling, and autogenous shrinkage. Due to the low elastic modulus and 
high creep/relaxation [78–80], the AS can only generate a very limited 

Fig. 9. TGA results: (a) TG and DTG curves of different mixtures at 1 day. (b) TG and DTG curves of different mixtures at 7 days. CO3-AFm - monocarboaluminate, CH 
- calcium hydroxide/portlandite. (c) The content of portlandite normalized by the dry sample mass at 600 ◦C. 

Fig. 10. Compressive strength of different mixtures at 3, 7, and 28 days.  
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amount of stress in the first hours. To characterize the early-age cracking 
(EAC) risk, a proper selection of time-zero is essential since it denotes the 
onset when the AS-induced stress starts to accumulate in the restrained 
specimen. However, time-zero is too complex to define. Earlier studies 
[15,81–84] attempted to define time-zero based on AS rate peak, the 
onset of internal capillary pressure, relative humidity change, after 
early-age swelling or setting time. Considering the uncertainty of time- 
zero selection, this study selected 4 time-zeros of AS, as shown in Fig. 12 
(b) (c) (d) (e): initial setting time, final setting time, 12 h and time of the 
expansion peak (after early-age swelling). The analysis for the AS with 
different time-zeros was presented as follows:  

1) As shown in Fig. 12 (b) (c) (T0 = initial or final setting times), the AS 
process for all mixtures was still governed by the chemical shrinkage 
at the first few hours. Adding SAP and/or VMA seemed to mitigate 

the AS of LC3 paste. For the mixtures incorporating SAP (A1, A2, A3, 
and B2), apparent expansion was observed, which compensated for 
the AS and was beneficial in preventing EAC since the induced 
compression can delay the onset of tensile stress.  

2) All AS processes showed an expansion peak when the time-zero was 
defined as 12 h (Fig. 12 (d)). The mixtures with 0.2 wt% SAP dis
played a relatively higher peak around 18 h than other mixtures. 
Such a peak can be ascribed to the water desorption of SAP. The 
magnitude of the expansion peak was enhanced by increasing SP 
dosage or adding 0.1 wt% VMA. After the peak, the AS of mixtures 
REF, A1, B1, and B2 gradually increased over time, whereas a con
stant value was found in mixtures A2 and A3. Furthermore, only 0.1 
wt% VMA addition (mixtures B1 and B2) can also mitigate AS within 
the first 7 days due to the internal curing of VMA. 

Fig. 11. Air void analysis: (a) Grayscale image of different mixtures. (b) Air void content of different samples. Circularity = 4π(A/S2), A and S are area and perimeter 
of the air void. (c) Relative frequency of air voids in two pore size groups (0–100 μm and 100–1000 μm of pore diameter). n1 indicates the total number of air voids. 
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3) If T0 = time of the expansion peak (after early-age swelling) (Fig. 12 
(e)), mixtures A2 and A3 with 0.2 wt% SAP showed negligible AS in 
comparison with others, which can confirm the effectiveness of SAP 
in mitigating AS over the first 7 days. Also, the addition of 0.1 wt% 
SAP can slightly improve AS at later ages. However, limited miti
gation in AS can be found by adding 0.1 wt% VMA. The use of VMA 
even counteracted the internal curing effects of SAP in mixture B2. 

Overall, the addition of 0.2 wt% SAP not only contributed to the high 
expansion peak in the first few hours but also effectively reduced the AS 
in the later ages. Considering the occurrence of the “knee point” in 
Fig. 12 (d), the starting time of 12 h appears to be the most appropriate 
time zero compared to other cases. 

Fig. 12. Autogenous shrinkage of different mixtures: (a) time zero T0 = 0 h (the start time of measurement); (b) time zero T0 = initial setting time; (c) time zero T0 =

final setting time; (d) time zero T0 = 12 h; (e) time zero T0 = time of the expansion peak (after early-age swelling). 
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4. Conclusion 

This study attempted to use superabsorbent polymer (SAP) as a 
rheology modifier for modifying the rheology and structural build-up of 
fresh cementitious materials. The effect of SAP on flow behaviors, 
structural build-up, hydration kinetics, compressive strength, and 
autogenous shrinkage of limestone-calcined clay-based cement (LC3) 
pastes with a relatively low W/B (0.3) has been studied. The main 
findings based on test results can be summarized as follows.  

• In the flow regime, increasing SAP dosage increased the dynamic 
yield stress and the apparent viscosity of LC3 pastes due to the water 
uptake of SAP. The addition of VMA further boosted both values, 
relying on water absorption and bridging flocculation. Dynamic 
yield stress and apparent viscosity were reduced by increasing SP 
dosage, which may be related to the reduction in water absorption of 
SAP. The flow curve of mixtures without VMA displayed shear- 
thickening behavior (10–100 s− 1), whereas a shear-thinning prop
erty (10–100 s− 1) was observed after adding 0.1 wt% VMA.  

• The critical strain of fresh LC3 pastes was decreased by adding SAP 
and/or VMA in the amplitude sweep test (started at 8 min). 
Furthermore, using SAP (only SAP or SAP + VMA) appeared to 
reduce the free water content and the mean interparticle distance in 
the fresh mixture, promoting the structural build-up of LC3 pastes 
during 22–72 min. Conversely, the structuration of LC3 pastes was 
delayed by only adding 0.1 wt% VMA or increasing SP dosage from 
0.8 wt% to 1 wt%.  

• During the first 24 h, hydration of LC3 was accelerated and enhanced 
by adding only 0.1 wt% SAP (mixture A1) or 0.1 wt% VMA (mixture 
B1), whereas C3S hydration was attenuated by further addition of 
0.1 wt% SAP (mixture A2) or 0.2 wt% SP (mixture A3). Compared to 
the REF mixture, mixtures with SAP and/or VMA showed a higher 
cumulative heat and portlandite content at 7 days, probably due to 
their internal curing effects. Also, the compressive strength of LC3 
paste at 3, 7, and 28 days was decreased by adding SAP (with or 
without increased SP) and/or VMA. Both SAP and VMA increased the 
air void content of the cementitious matrix, thereby negatively 
affecting the compressive strength.  

• When the time-zero was defined as 12 h, the use of SAP (especially 
adding 0.2 wt% SAP) not only contributed to the growth of expan
sion peak on the first day but also effectively mitigated the autoge
nous shrinkage of LC3 pastes over 7 days. The addition of 0.1 wt% 
VMA (mixtures B1 and B2) appeared to alleviate autogenous 
shrinkage compared to the REF.  

• The obtained results indicated that SAP could act as a promising 
rheology modifier for the development of 3D printable cementitious 
materials. Compared to HPMC-based VMA, the addition of SAP re
sults in less flowability sacrifice, considerable improvement of 
structural build-up and autogenous shrinkage. Please note that all 
conclusions in this work are based on a specific SAP. The influences 
on rheology, hydration kinetics, strength and internal curing may 
vary if a different type of SAP is used. 
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