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Abstract 

Cracking caused by shrinkage deformation of cement-based materials at early age is a major problem leading to 
material failure in restrained conditions. Carbon nanotubes (CNTs) are incorporated into cement-based materials, and 
the autogenous shrinkage and crack resistance of the new composite materials obtained by linear shrinkage and 
ring tests are studied to solve the destruction of the materials caused by the shrinkage of cement-based materials. 
The results showed that addition of CNTs significantly inhibited the autogenous shrinkage of cement-based materials 
with maximum reduction rate above 40%. CNTs also significantly improved the cracking resistance of cement-based 
materials. The optimal effect was noticed at CNTs content of 0.1 wt%. The incorporation of CNTs not only inhibits the 
autogenous shrinkage of cement-based materials, but also inhibits the drying shrinkage of cement-based materials to 
some extent. Therefore, carbon nanotubes have the potential to solve the destruction of materials caused by shrink-
age of cement-based materials.
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1 Introduction
Cracking caused by shrinkage deformation of cement-
based materials in early age is still the major problem 
leading to material failure in restrained conditions. Tradi-
tional concrete materials are brittle with greatly variable 
tensile and compressive strengths. In actual engineering, 
less than one-thousandth of ultimate elongation can eas-
ily develop into macro-cracks, causing safety accidents 
due to temperature changes and autogenous shrink-
age (Tazawa et al. 1995; Lura et al. 2003; Shi et al. 2017; 
Ren et al. 2019). In general, shrinkage can be controlled 
by admixture (Tazawa and Miyazawa 1995). However, 
different admixtures have variable influences on shrink-
age and crack resistance of cement-based materials. 

Water reducing agents often increase early shrinkage and 
total shrinkage of concrete materials (Zia and Ali 2017). 
Some expansion agents have been shown to have strong 
reduction effects but moderate on strength of cement-
based materials (Huang et  al. 2013). Besides, shrinkage 
reducing agents might significantly decline shrinkage of 
cement-based materials (Yoo et al. 2015). The use of fib-
ers to bridge the hydration cement products is relevant 
in controlling shrinkage and cracking (Zia and Ali 2017). 
For instance, Lee and Won (2016) incorporated nanosyn-
thetic fibres into concrete. They noticed reduction in area 
of crack occurrence by more than 30%. Also, the fibre 
effectively inhibited shrinkage cracking. Internal curing 
might also affect the shrinkage properties of cement-
based materials, and effectively prevent early shrink-
age and cracking (Şahmaran et  al. 2009). Self-repairing 
of concrete can fix early cracks. Through this could not 
directly affect the degree of shrinkage, it might greatly 
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reduce the impact of cracking on structures (Al-Ansari 
et al. 2017).

Since the discovery of carbon nanotubes (CNTs) by the 
Japanese scholar Iijima (1991), they attracted increasing 
attention in research and development due to their excel-
lent mechanical (Treacy et  al. 1996; Wong et  al. 1997) 
and electrical optics (Lekawa-Raus et  al. 2017) prop-
erties. CNTs have then been combined with cement-
based materials (Li et al. 2004) to yield composites with 
improved performances (Wang et  al. 2013) in terms of 
electrical (Wang et al. 2013), durability (Shi et al. 2019), 
and hydration aspects (Shi et  al. 2019). Some scholars 
have tried to study the effect of carbon nanomaterials 
on cement-based materials and solutions to their early 
cracking (Jiang et  al. 2014; Safiuddin et  al. 2018). Stud-
ies have shown that multi-walled CNT can improve the 
mechanical properties (compressive strength and bend-
ing strength) and physical properties (shrinkage rate and 
water loss rate) of cement-based materials under dry 
and freeze–thaw conditions (Lim et  al. 2019).The use 
of CNFs contributed to decreasing the later-age autog-
enous shrinkage of UHPC (Li et al. 2015). However, only 
few studies dealing with the effects of CNTs on shrink-
age and crack resistance of cement-based materials have 
so far been reported, which requires further tracking 
and research. CNTs possess large aspect ratios, hence 
regarded as nano-scale fibres that could inhibit shrinkage 
cracking of cement-based materials. Hence, CNTs might 
have the same effects on shrinkage cracking of cement-
based materials.

There are also some scholars who have done relevant 
research (Hogancamp and Grasley 2017; Blandine et  al. 
2016; Zhao et al. 2020). The main questions now are: (1) 
How much influence does CNTs have on the autogenous 
shrinkage of cement-based materials? (2) If the CNTs 
can inhibit the autogenous shrinkage of the cement-
based material, can it also affect its drying shrinkage? 
Based on the above questions, in this paper, CNTs were 
incorporated in cement-based materials. The autogenous 
shrinkage and cracking properties of the obtained CNTs 
cement composites were evaluated.

2  Materials and Methods
2.1  Materials and Preparation of CNTs Suspension
Multi-walled carbon nanotubes (Nano Port limited 
Company, Shenzhen) were employed as CNTs source. 
The CNTs were characterized by Tecnai G2 F30 S-Twin 
transmission electron microscope model of Philips-FEI 
in the Netherlands. The specific physical parameters of 
these CNTs are listed in Table  1 and the TEM images 
before and after the dispersion of CNTs are shown in 
Fig. 1. It could be clearly seen from the TEM images that 
the agglomeration of CNTs didn’t occur after dispersion, 

and the dispersion effect of carbon nanotubes is very 
excellent. P·II 52.5R (Jiangnan-Ogino Cement, China) 
was employed as cement. The chemical and mineral com-
positions, as well as the physical properties of the cement 
are gathered in Tables 2, 3, and 4. The chemical compo-
sition of cement was determined by GB/T176-2008, the 
mineral composition was determined by XRD, and the 
physical properties were determined by GB/T1346-2011 
and GB/T17671-1999. China ISO standard sand was 
employed as sand source.

The CNTs were first ultrasonically dispersed in water 
with LonS-P polycarboxylate as high-performance water 
reducing and dispersing agent (water reducing rate 25%) 
using the FS-750T instrument. Briefly, certain amount 
of the dispersing agent was mixed with distilled water 
for 2–3 min until complete dissolution. CNTs were then 
ultrasonically dispersed in water and placed in an ice 
bath for controlling the internal dispersion temperature 
to below 20 °C for 15 min and yield uniform dispersion. 
The parameters of the FS-750T disperser are set as fol-
lows: power 60%, operation 15 s, rest 3 s, limit tempera-
ture is 20 °C.

2.2  Autogenous Shrinkage Test
To evaluate the effect of CNTs content and water-cement 
ratio on early shrinkage performances of cement paste, 
CNTs amounts of 0.00  wt%, 0.05  wt%, 0.10  wt% and 
0.15 wt% were tested at water-cement ratios of 0.30, 0.35 
and 0.40, respectively. The specific proportions are listed 
in Table 5.

The measuring device was upgraded according to the 
American ASTM C 1698-09 specification (Fig.  2). The 
changed ring size was: inner diameter of inner steel ring 
149  mm, outer diameter 159  mm; outer diameter of 
inner steel ring 257  mm, outer diameter 273  mm. The 
dial gauge was based on Taiwan EEE digital dial indica-
tor with range of 12.7  mm and measuring accuracy of 
0.001 mm. The data acquisition system consisted of data 
line, 8-way hub, and supporting data acquisition soft-
ware. The acquisition of data was automatically collected 
by a computer.

The autogenous shrinkage test was carried out in 
accordance with the bellows method recorded in the 
ASTM specification (Jensen et  al. 2007). The uniformly 
dispersed CNTs were first mixed with cement and uni-
formly stirred by paste mixer (GB1346-2001) then 

Table 1 Physical parameters of CNTs.

Outer 
diameter (nm)

Length (μm) Aspect ratio Purity Specific surface 
area  (m2/g)

40–60 > 5 100–300 > 97% 40–70
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quickly poured into bellows. The two sides of bellows 
were sealed by special pistons then placed in the autog-
enous shrinkage test device. The dial gauge measured 
the amount of shrinkage generated by the bellows, which 
was transmitted to the computer through data acquisi-
tion instrument for subsequent shrinkage data analysis. 
Figure 2 shows the TDS303 data acquisition instrument 
used to measure and control the internal temperature 
of test samples during autogenous shrinkage testing. 
The real-time temperature information was transmit-
ted to the collector through the thermocouple, a T-type 

thermocouple temperature measuring line with wire 
diameter of 0.25 mm and temperature range from − 200 
to 150 °C. The schematic diagram is shown in Fig. 2. The 
experiments were performed at controlled temperature 
of 21.0 ± 2.0 °C and humidity of 55 ± 5%.

2.3  Ring Test
The effects of CNTs contents and water-cement ratios 
on crack resistance of CNTs cement mortar specimens 
were investigated using the cement mortar mixes listed 
in Table 6. One sample was tested for each composition. 
A ring device was employed to characterize the effects 

Fig. 1 The TEM image of CNTs: a before the dispersion; b after the dispersion.

Table 2 Chemical properties of cement.

Compositions SiO2 CaO Al2O3 Fe2O3 SO3

Content/wt% 22.73 66.68 5.84 2.23 2.30

Table 3 Mineralogical properties of cement.

Compositions C3S C2S C3A C4AF Ignition loss

Content/wt% 49.86 26.87 10.84 9.68 2.57

Table 4 Physical and mechanical properties.

Physical properties Specific surface area/m2/kg Standard consistency water 
consumption/%

Initial setting time/min Final setting time/min

Measured values 377 27.4 146 201

Physical properties Stability (boiling method) Compressive strength/MPa Flexural strength/MPa

3 days 28 days 3 days 28 days

Measured values Qualified 37 62.8 6.5 9.4

Table 5 Mixture proportions of  different cement pastes 
with CNTs.

Sample number Water to cement ratio Water 
reducing 
agent (%)

CNTs 
content 
(wt%)

AS-A-1 0.3/0.35/0.4 0.2 0.00

AS-A-2 0.2 0.05

AS-A-3 0.2 0.10

AS-A-4 0.2 0.15
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of incorporated CNTs on crack resistance of cement 
pastes. The experimental device consisted of two parts: 
the ring data measurement and data acquisition. The ring 
device referred to size of the experimental instrument 
according to the American standard ASTM C1581 with 
some improvements (Fig.  3). The data acquisition sys-
tem consisted of strain gauges, wires, and data acquisi-
tion instruments. The employed strain gauge model was 
BX120-5AA (Zhejiang Huangyan Test Instrument Fac-
tory). The resistance was set to 120.1 ± 0.2Ω and sensi-
tivity coefficient to 2.20 ± 1% using data the acquisition 
instrument TDS303. The strain gauge was attached to 
center line of inner wall of inner ring with adjacent strain 
gauge of 90°.

Controllable variable speed mixer was utilized to pre-
pare the cement mortar specimens. To this end, dis-
persed CNTs, cement and sand were placed in the mixer. 
The stirred cement mortar was then layered on the cir-
cle of ring, where each layer was inserted to ensure uni-
form mixing of test pieces. After completion of pouring 
process, the strain gauges were connected to the data 
acquisition instrument to obtain real-time strain data. 
Removed the outer ring after 1 day of specimen curing. 
In the semi-closed state (only the inner ring constrained 
the sample), the upper surface of the sample was cov-
ered with paraffin to seal to measure the total shrinkage 

(including autogenous shrinkage and dry shrinkage). 
In fully closed state, the whole surface was coated with 
paraffin, and amount of autogenous shrinkage was meas-
ured. The dry shrinkage and autogenous shrinkage were 
separated to analyze autogenous shrinkage ratios. The 
experimental process was controlled at temperature of 
21.0 ± 2.0  °C and humidity of 60 ± 5%. When test pieces 
underwent cracking, strain gauges would show negative 
values.

3  Results and Discussion
3.1  Linear Shrinkage
3.1.1  Water‑Cement Ratio and Shrinkage of Cement Paste
Table  7 lists the shrinkage scales for test duration of 
160  h of mixtures with different water-cement ratios 
and CNTs. The optimal dosage of CNTs was recorded 
as 0.10  wt%. At 0.05  wt% CNTs, the inhibitory effect 
was produced despite the very low dosage but not sig-
nificant. At 0.15 wt% CNTs, the inhibitory effect looked 
inferior to that obtained at 0.05  wt%. The reason for 
this may have to do with the fact that larger dosages 
may likely induce agglomeration of CNTs and poor uni-
form dispersion in the cement matrix. The full or partial 
uniform distribution had poor inhibitory effects. The 
dispersion of CNTs in aqueous solution and the disper-
sion of CNTs slurry in cement pastes are still the most 

Fig. 2 Bellows testing device.

Table 6 Mixture proportions of different cement mortars with CNTS.

Specimen number Water to cement ratio Sand to cement ratio Water reducing agent (wt%) CNTs 
content 
(wt%)

AC-A-1 0.3/0.35/0.4 1.5 0.2 0.00

AC-A-2 1.5 0.2 0.05

AC-A-3 1.5 0.2 0.10

AC-A-4 1.5 0.2 0.15
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important factors affecting material properties. Obvi-
ously, it is more difficult to disperse with large amounts 

of CNTs. However, the incorporation of CNTs overall 
inhibited autogenous shrinkage of cement pastes. The 
water-cement ratio showed also effect on shrinkage of 
cement pastes. As water-cement ratio increased, autog-
enous shrinkage gradually decreased. Meanwhile, inhibi-
tion of autogenous shrinkage by incorporation of CNTs 
became gradually obvious. At water-cement ratios of 
0.30, 0.35 and 0.40, reductions in autogenous shrinkage 
under the optimal dosage were estimated to 20.3%, 33.8% 
and 43.6%, respectively. Here, we found an interesting 
phenomenon, that is, the inhibitory effect of CNTs on the 
autogenous shrinkage of cement paste is more effective at 
high water-cement ratio. Therefore, it is believed that the 

Fig. 3 Equipment and sample for ring test.

Table 7 Shrinkage value of  cement paste samples  
( µm/m).

The negative sign in the table represents the contraction deformation.

Water to cement 
ratio

CNTs content (wt%)

0.00 0.05 0.10 0.15

0.30 − 1397 − 1178 − 1119 − 1318

0.35 − 1178 − 884 − 780 − 990

0.40 − 1132 − 728 − 638 − 981
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water-cement ratio and CNTs have different inhibitory 
effects on the autogenous shrinkage of cement-based 
materials. In the system with low water-cement ratio, 
the influence of water-cement ratio is obviously greater 
than that of CNTs, so we see that the influence of CNTs 
is weakened. In the system with high water-cement ratio, 
the opposite is true.

Figure  4 depicts the shrinkage changes of cement 
pastes at water-cement ratios of 0.30, 0.35, and 0.40. The 
overall shrinkage curve showed “three-stage” distribu-
tions. The first stage was the first 8 h, during which the 
sample contracted rapidly. The second stage depicted 
slight expansion between 8 and 20 h, and the third stage 
illustrated smooth contraction after 20  h. The shrink-
age change diagram revealed largest autogenous shrink-
age of blank control group. The incorporation of CNTs 
indicated good inhibitory effect on autogenous shrink-
age of cement pastes. The optimal inhibition effect was 
achieved at 0.10 wt% CNTs content.

The incorporation of CNTs inhibited autogenous 
shrinkage of cement pastes that might be due to several 
reasons. First, CNTs filled the micropores inside cement 
pastes, reduced porosity of cement paste, and induced 
more compact and shrink-resistant cement pastes struc-
tures. On other hand, CNTs with high aspect ratio cre-
ated bridging effect in cement pastes (Shi et al. 2019; Li 
et al. 2015), restraining shrinkage of cement matrix and 
inhibited shrinkage of cement pastes.

3.1.2  CNTs Content and Shrinkage of Cement Paste
Between 8 and 20  h of testing, the specimens showed 
slight expansions with temperature recording during 
autogenous shrinkage process (Fig.  5). The early hydra-
tion reaction of cement appeared severe with large 
hydration heat, inducing an increase in temperature and 
expansion of the specimens. The other part was linked to 
chemical reactions. The early hydration reaction looked 
intense, hence increasing volumes of C–S–H and AFt 
in hydration products during formation and crystalliza-
tion when compared to raw materials. This raised the 
macroscopic volumes of test specimens, inducing slight 
expansions.

3.2  Ring Strain
3.2.1  CNTs Content and Crack Resistance of Cement Mortar
Figure  6 depicts the circular strain diagram of cement 
mortar specimens at water-cement ratio of 0.30 under 
semi-closed and fully enclosed conditions. Note that 
starting point of the curve consisted of initial set-
ting time of test specimen, and ring strain consisted 
of strain of inner steel ring. Due to the early hydra-
tion temperature rising effect and volume expansion of 
hydration product, expansion phenomenon occurred at 

early stage before normal shrinkage started. The com-
pressive strains of ring specimens with incorporated 
CNTs appeared lower than that of blank group under 
both fully enclosed and semi-closed conditions. At 
CNTs content of 0.15 wt%, the ring showed the smallest 
compressive strain and total shrinkage. However, the 

Fig. 4 Shrinkage curve of cement paste with different water to 
cement ratios (W/C = 0.30/0.35/0.40).
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time of cracking changed significantly under different 
closed conditions.

Table  8 compares chart of cracking indexes under 
different sealing conditions of cement mortar with 
water-cement ratio of 0.30. Note that cracking strain 
represented strain value of the ring under cracking, and 
cracking time measured the period from the initial set-
ting when the specimen cracked. Under full closure, the 
cracking strain of ring specimen slightly increased when 
compared to semi-closed conditions, and cracking time 
greatly delayed. Compared to blank group, the cracking 
compressive strains of specimens with CNTs contents 
of 0.05  wt%, 0.10  wt% and 0.15  wt% subjected to semi-
closed conditions decreased by 26.7%, 8.2% and 28.7%, 
respectively. The cracking compressive strains under 
full-closed conditions reduced by 6.0%, 2.6% and 14.5%, 
respectively. Under semi-closed conditions, the cracking 

time of four sets of ring specimens looked relatively close 
and located between 95 and 105 h. At CNTs amount of 
0.10 wt%, cracking time increased but overall shrinkage 
cracking time showed little effect on incorporation of 
CNTs. Under full closure, the cracking time difference 
became more obvious. The cracking time of ring speci-
mens with CNTs was longer than that of blank group. 
The cracking time of specimens containing 0.05  wt%, 
0.10  wt% and 0.15  wt% CNTs increased by respectively 
5.2%, 46.2% and 17.1% when compared to blank group. 
The cracking time delay was the best at CNTs content of 
0.10 wt%.

Table  9 gathers the autogenous shrinkage strain and 
total shrinkage strain of cement mortar samples at water-
cement ratio of 0.30. The rightmost column shows the 
proportion of autogenous shrinkage strain in total shrink-
age strain used for characterization of cement mortar 
specimens. The autogenous shrinkage strain and total 
shrinkage strain of cement mortar specimens decreased 
differently after addition of CNTs. This indicated that 
incorporation of CNTs inhibited autogenous shrink-
age and total shrinkage of cement mortar specimens. 

Fig. 5 Temperature curve of cement paste with CNTs.

Fig. 6 Cracking strain curve of cement mortar with CNTs (W/C = 0.3).

Table 8 Cracking indicators of  cement mortar with  CNTs 
(W/C = 0.3).

CNTs 
content/
wt%

Semi-closed experiment Closed

Cracking 
time/h

Cracking 
strain/10−6

Cracking 
time/h

Cracking 
strain/10−6

0.00 101.3 − 150 212.2 − 142

0.05 98.3 − 110 223.2 − 133

0.10 102.3 − 115 310.2 − 138

0.15 99.8 − 107 248.5 − 121
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Compared to blank group, the proportion of autogenous 
shrinkage of cement mortar containing CNTs decreased 
in total shrinkage. The proportion of autogenous shrink-
age in total shrinkage of cement mortar specimens with 
CNTs declined as CNTs amounts increased. From this, it 
is roughly think that the inhibition of the drying shrink-
age of the sample by CNTs is more obvious. In addition, 
the experimental results also show that in all the shrink-
age of the sample, the proportion of autogenous shrink-
age is still the main, which has a certain relationship with 
the amount of cement used in the sample.

The influence of incorporated CNTs on cracking time 
of cement mortar was related to nature of CNTs as fibre 
material with high aspect ratio. The reason behind crack-
ing was linked to microcracks spread with penetration 
of final joint to cause cracking. CNTs might restrain the 
spread of microcracks and inhibit cracking of cement 
mortar. CNTs might also affect void filling in the pastes 
to form dense microstructures, reduce shrinkage, and 
delay cracking.

3.2.2  Water‑Cement Ratio and Crack Resistance of Cement 
Mortar

Figure  7 represents ring strain curves of cement mor-
tar specimens with different water-cement ratios under 
semi-closed and fully closed conditions at CNTs con-
tent of 0.05  wt%. Table  10 indicates the cracking of 
cement mortar test block. As water-cement ratio 
increased, the cracking strain gradually decreased 
and cracking time rose. Compared to cement mortar 
specimens with water-cement ratio of 0.3, the crack-
ing times of those with water-cement ratios of 0.35 and 
0.40 subjected to semi-closed state increased by 6.4% 
and 13.4%, respectively. The cracking strain decreased 
by 2.6% and 10.7%, respectively. The cracking times of 
cement mortar specimens with water-cement ratios of 
0.35 and 0.4 under fully closed state enhanced by 6.2% 
and 9.7%, respectively. The cracking strain decreased 
by 14.3% and 21.1%, respectively. In the case of a low 
water to cement ratio, the relative humidity inside the 
cement paste is low, and the negative pressure in the 
capillary pores increases to form shrinkage. Therefore, 

Table 9 Autogenous shrinkage strain and  total shrinkage 
strain of  cement mortar with  different CNTs dosage 
(W/C = 0.30).

The strain measurement time in the table is the cracking time of specimen 
under semi-closed environment, the same as below.

CNTs 
content/wt%

Autogenous 
shrinkage strain ε1

Total shrinkage 
strain ε

ε1/ε× 100%

0.00 − 106 − 150 70.7

0.05 − 94 − 110 85.5

0.10 − 92 − 115 80.0

0.15 − 84 − 107 78.5

Fig. 7 Cracking strain curve of cement mortar with different water-cement ratios.

Table 10 Cracking indicators of  cement mortar 
with different water-cement ratios.

Here is the cement mortar samples with 5 wt% CNTs.

Water 
to cement 
ratio

Semi-closed experiment Closed experiment

Cracking 
time/h

Cracking 
strain/10−6

Cracking 
time/h

Cracking 
strain/10−6

0.30 98.3 − 120 310.2 − 145

0.35 104.6 − 117 329.5 − 124

0.40 111.5 − 107 340.3 − 114
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the lower the water-to-binder ratio, the worse the crack 
resistance of the hardened cement pastes.

Therefore, higher water-cement ratios induced better 
crack resistance of CNTs modified cement mortar speci-
mens. The reason for the comprehensive analysis may be 
that when the water-cement ratio is relatively high, it can 
be used to evaporate more water, and the time to break 
the critical pressure is prolonged. Higher water amounts 
would induce easy formation of uniform dispersion of 
carbon nanotubes in cement pastes and better crack sup-
pression effect.

Table  11 compares autogenous shrinkage strain and 
total shrinkage strain of cement mortar specimens pre-
pared with CNTs content of 0.05 wt% at different water-
cement ratios. As water-cement ratio increased, the 
autogenous shrinkage strain and total shrinkage strain 
of cement mortar specimens decreased. This suggested 
that autogenous shrinkage and total shrinkage of speci-
mens reduced with water-cement ratio. The proportion 
of autogenous shrinkage in total shrinkage declined with 
water-cement ratio.

4  Conclusions
CNTs were added to cement-based materials and both 
early shrinkage properties and crack resistance of the 
composites were studied by means of bellow and ring 
experiments. The following conclusions could be drawn:

(1) The incorporation of CNTs showed certain inhibi-
tory effect on shrinkage of hardened cement pastes. 
About 40% inhibition was achieved at CNTs 
amount of 0.1  wt%. The increase in water-cement 
ratio raised the inhibitory effect of CNTs on mate-
rial shrinkage. The filling effect and bridging effect 
of carbon nanotubes inhibit the spontaneous 
shrinkage of cement paste.

(2) The autogenous shrinkage inhibition effect was 
optimal at CNTs ratio of 0.1 wt%. At water-cement 
ratios of 0.30, 0.35 and 0.40 concrete, the shrinkage 
inhibition ratios reached 20.3%, 33.8% and 43.6%, 
respectively.

(3) The ring experiments showed that incorporation 
of CNTs significantly improved crack resistance of 
cement-based materials. Hence, incorporation of 

CNTs did not only impact autogenous shrinkage of 
cement-based materials but also inhibited drying 
shrinkage. CNTs may inhibit the diffusion of micro-
cracks and affect the filling of voids in the slurry, 
thereby forming a dense microstructure and inhib-
iting the cracking of cement mortar.

(4) Water-cement ratios illustrated certain influence 
on the shrinkage effect of CNTs. Water-cement 
ratios and carbon nanotubes had different inhibi-
tory effects on the autogenous shrinkage of cement-
based materials. At a high water-cement ratios, car-
bon nanotubes were more effective in suppressing 
autogenous shrinkage of cement paste.

Overall, these data would provide some reference 
value for subsequent research and development of CNTs 
cement-based composites for practical engineering.
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Table 11 Autogenous shrinkage strain and total shrinkage 
strain of cement mortar with different ratios.

Water-cement 
ratio

Autogenous 
shrinkage strain ε1

Total shrinkage 
strain ε

ε1/ε× 100%

0.30 92 110 83.6
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0.40 58 107 53.8
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