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Abstract—The compressive strength and hydration process of 

cement-based materials containing with carbon nanotubes 

(CNTs) were investigated in this paper. The experimental 

results showed that the compressive strength of QC-CNT 

group under standard curing and dry-wet cycles was higher 

than that of Control group under different testing ages; The 

compressive strength under the standard curing was higher 

than that of the same group under dry-wet cycles; With the 

increasing of dry-wet cycling age, the compressive strength of 

Control group and QC-CNT group decreased gradually. 

Hydration exothermic curve in 72h showed the same trend in 

Control group and QC-CNT group. Exothermic peaks appear 

basically the same period .The peak value and the hydration 

reaction rates in each stage of the QC-CNT group were always 

higher than those in the Control group. The experimental 

results show that CNT can significantly improve the sulfate 

resistance of cement-based materials in two aspects: 

preventing harmful ions from entering the material and 

preventing cracking. 

Keywords-carbon nanotube, compressive strength, cement 

hydration heat, wet-dry cycle, sulfate erosion 

I. INTRODUCTION  

Sulphate attack is one of the key issues of durability for 
cement-based materials [1].Cement-based materials as an 
alkaline material is susceptible to damage in the sulfate 
environment. Sulfate atttack from the reaction mechanism is 
caused by chemical reaction of concrete degradation, and it 
is considered to cause deterioration of concrete damage as 
one of the main reasons. 

The essence of sulfate ions destroying the concrete is that 
the external sulfate ion infiltrates into the gaps and pores of 
the concrete and chemically reacts with the hydration 
products of cement to generate swelling erosive products 
with minimal solubility. There are Gypsum-type expanded 
destruction and ettringite-type expanded destruction. Erosion 
of ettringite-type sulfate is belonging to the typical sulfate 
attack. Sulfate ions enter into the cement matrix and react 
with calcium hydroxide to form calcium sulfate. Calcium 
sulfate then acts on the hydrated calcium aluminate to form 
trisulfide hydrated sulphoaluminate (ettringite crystals)[2]. 
When sulfate ions in the etching solution reach a certain 
concentration, or sulfate ions concentration in the materials 
increases due to the wet-dry cycle, not only the ettringite 
crystallization will be produced but also the gypsum crystal 
will be precipitated. El-Hachem et al.[3]reported that the 
expansion rate of cementitious materials exposed to sulphate 

increases with the C3A content in the cement. As the volume 
of both crystals increase, the expansion stress eventually 
exceeds the ultimate tensile stress of the concrete, causing 
cracking, spalling and destruction of the concrete. In the dry-
wet cycling environment, this action happens frequently, 
causing the internal expansion of the structure, which leads 
to the peeling between the material layers, which seriously 
affects the structural safety [4]. 

Dry-wet cycle is considered to be a worst environmental 
condition that affects the durability of concrete. Concrete can 
easily lose its bearing capacity and reduce its durability 
under the dry-wet cycling environment. Under complete 
immersion conditions, the concrete is in a state of 
approximate water saturation without head pressure and the 
solution flow rate is zero. The effect of capillary siphon 
pressure on water flow is equivalent to the effect of water 
saturated concrete subjected to 214 MPa head pressure [5]. 
Therefore, the alternating wet and dry environment will 
accelerate the migration of sulfate inside the structure. 

When the concrete is in a sulphate environment, sulfate 
and water enter the interior of the concrete together and 
chemically react with the substrate. When the concrete is in a 
dry condition, the internal moisture will be completely 
evaporated, leaving the sulphate inside the concrete. As the 
concrete returns to the sulphate environment, sulphate re-
enters the concrete and becomes saturated. When it enters the 
dry state, the water evaporates again and the sulfate enters 
the interior of the concrete because of the concentration 
difference existing inside and outside the concrete. This 
alternating wet and dry erosion process occurs repeatedly, 
exacerbating the erosion process of concrete sulfate, salt 
content of concrete continued to increase. Through 
experiments, Robert et al. [6] compared the volume 
expansion of concrete after soaking in sodium sulfate 
solution, the wet-dry circulation of sodium sulfate solution 
and the freeze-thaw cycle of sodium sulfate solution. The 
experiments showed that the volume expansion was the 
largest in the wet-dry cycle and that in the freeze-thaw cycle 
was the middle, in continuous immersion was the smallest, 
indicating that the wet-dry cycle has a very serious impact on 
the durability of the material.it was also observed through 
experiments that the mortars subjected to wet–dry cycles of 
sulphate attack were more severely damaged than ones 
immersed in a sulphate solution [7]. 

As carbon nanotubes can make the composite 
microstructure more dense, reducing the production of 
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harmful pores can reduce the invasion of harmful ions with 
the potential to improve the durability of the material.  

Some researchers have found that CNT is helpful for 
improvement of durability. Han et al. [8] found that multi-
walled CNT (MWCNT) could decrease the absorption 
coefficient, water permeability and gas permeability of 
cement-based materials; Weiwen Li et al. [9] found that with 
addition of carbon nanotube to the cement mortar, pores with 
a diameter of bigger than 200 nm are likely to be refined to 
50-100 nm; the disconnection of pores was also improved. 
However, CNT was also reported to have detrimental effects 
on durability. Del et al. [10] detected a slight increase in 
porosity when CNT was added to cement-based material; the 
results also showed that the addition of CNT increased the 
degradation of concrete under carbonation and promoted the 
ingress of chloride ions. 

In practical structural engineering, cement materials are 
often attacked both dry-wet circulation and salt erosion, so 
carbon nanotubes-cement mortar has more extensive 
application in sulfate resistance. Based on the above 
understanding,in the paper, the wet-dry cycle method is used 
to study the capability of anti-sulphate attack of carbon 
nanotubes-cement mortar, and the related theoretical analysis 
is carried out. 

II. EXPERIMENTAL DESIGN 

The carbon nanotubes-cement mortar prepared by adding 
CNTs in an amount of 0.0% and 0.3% was set as the control 
group and the QC-CNT group, respectively. The specimens 
for two experimental groups were respectively made 
according to the different mixing ratios shown in Table 1. 

Standard sand and cement are mixed together with the 
ball mill mixture prepared in the previous section in a mixing 
pan. The production process requires JJ-5 cement mortar 
mixer slowly stirred for 2 minutes, then add water and 
superplasticizer for rapid mixing for 1 minute. After the end 
of the well-mixed cement mortar into  standard mould (160 
mm × 40 mm × 40 mm), and then the mould is placed on a 
vibrating table to be shaked .The specimens were demoulded 
after 24 hours of curing under the standard curing conditions 
of 20 ± 2 °C and humidity of 90%. The samples were placed 
in standard curing rooms and maintained until the 28 days. 

The compressive strength and corrosion resistance 
coefficient is used to characterize the destructive effect of the 
dry-wet cycle on the concrete. The sulfate resistance test of 
the cement mortar is carried out according to GB/T50082-
2009. For the experiment, The oven are set in the constant 
temperature as (80±5) °C, and infusion tank with 8% 
Na2SO4 solution is equipped with sodium sulfate, in which 
the testing solution should be replaced per month. The 
experimental ages are set at 30d, 60d and 90d, respectively. 
After the curing process is done, the specimens will be put 
into the oven with 80°C for 48h. After drying and cooling, 
the specimen is placed in a sulfate immersion tank, soaked in 
a sulfate solution at 25°C for 8 hours. The specimen was 
taken out and air-dried, then baked in a drying oven at 80 °C 
for 16 hours. 

Experiments ensure the dry-wet cycling test per day, the 
dry-wet cycling test were set at 30, 60 and 90 times. The 
specimens were taken from the oven every 30d period and 
tested for compressive strength along with specimens under 
standard curing. From the Equation (1) to obtain the 
corresponding compressive strength corrosion coefficient Kf. 

 0

100cn
f

c

f
K

f
 

 (1) 

where, 
Kf -- the corrosion resistance coefficient of compressive 
strength (%);  
fcn--the average compressive strength (MPa) of a group of 
specimens corroded by sulfate after N cycles; 
fc0 - the average compressive strength (MPa) for a control 
group. 

Cement hydration heat test were carried out for both the 
control and QC-CNT group, the sample of the control group 
was 10g of ordinary unhydrated cement, and 10g of a 
mixture of ordinary unhydrated cement and carbon 
nanotubes was used as a sample of the QC-CNT group. Each 
sample was hydrated with 4.5g deionized water. The 
exothermic rate of 72h hydration reaction and the total 
amount of hydration heat were recorded by the instrument 
Germany TONI7388, and the corresponding curves were 
obtained. 

 

TABLE I. THE MIXING RATIO OF CARBON NANOTUBES-CEMENT MORTAR (SET THE CEMENT MASS OF 100G) UNIT: G 

Group Cement Sand Water CNT Superplasticizer 

Control 100 100 45 0 0.2 

QC-CNT 100 100 45 0.3 0.4 
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TABLE II. COMPARISON OF COMPRESSIVE STRENGTH OF CARBON NANOTUBES CEMENT MORTAR AND ORDINARY MORTAR UNDER SULFATE ATTACK AT 

DIFFERENT AGES 

Group 
Compressive Strength(MPa) 

Age S1 S2 S3 Average Kf(%) 

 

 

Control 

 

0d 48.63 47.25 49.75 48.54 - 

30d 53.72 52.96 53.28 53.32 - 

60d 49.15 48.35 47.14 48.21 - 

90d 27.50 28.75 33.13 29.79 - 

QC-CNT 

0d 51.38 51.81 53.44 52.21 - 

30d 48.90 48.12 47.75 48.26 - 

60d 

90d 

52.45 

30.50 

50.10 

36.50 

50.51 

27.13 

51.02 

31.38 

- 

- 

 

 

Control(D-W) 

 

0d 48.63 47.25 49.75 48.54 100% 

30d 42.71 45.23 

46.66 

41.65 

44.87 93.0% 

60d 45.73 41.11 42.83 88.8% 

90d 40.44 40.40 40.60 40.48 84.9% 

 

 

QC-CNT(D-W) 

 

0d 51.38 51.81 53.44 52.21 100% 

30d 30.50 36.50 27.13 31.38 95.2% 

60d 40.44 40.40 40.60 40.48 93.9% 

90d 46.93 40.30 49.20 45.48 90.6% 

(Kf---the corrosion resistance coefficient of compressive strength.) 

 

III. RESULTS AND ANALYSIS  

Fig. 1 and Fig. 2 showed that the compressive strength of 
QC-CNT group under both standard curing and dry-wet 
cycling was higher than that of control group while the 
compressive strength of QC-CNT group and control group 
under standard curing are higher than those of the same 
group under the dry-wet cycling condition. With the 
increasing of testing age, the compressive strength of Control 
and QC-CNT under the standard curing basically remained 
unchanged, and the compressive strength of Control and QC-
CNT under the dry-wet cycles gradually decreased. The 
corrosion resistance coefficients of compressive strength of 

ordinary cement mortar were 93.0%, 88.8% and 84.9% at the 
age of 30d, 60d and 90d, respectively. The corrosion 
resistance coefficient of compressive strength of CNTs with 
the content of 0.3% is 95.2%, 93.9% and 90.6% respectively. 
As shown in Fig. 3, The results of hydration exothermic 
curve in 72h show that the hydration exothermic rate curve 
of Control and QC-CNT at each stage is consistent and the 
two exothermic peaks appear basically the same. The peak of 
QC-CNT was higher than that of Control group, and the 
hydration reaction rate of each stage was also higher than 
that of Control group. It shows that carbon nanotubes can 
accelerate the hydration heat rate of cement-based materials, 
accelerate the early hydration process of cement and promote 
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the early hydration degree. Thus, CNT can improve the 
interior microstructures of the cement matrix. 

Sulfate erosion is mainly caused by the repeated process 
of harmful ions entering into the interior, reaction producing 
crystals and crystal expansion and destruction. Strengthening 
the microstructure of cement-based materials and reducing 
the formation of harmful pores is the most fundamental way 
to prevent harmful ions from entering into the interior. As 
carbon nanotubes can improve the porosity of cement mortar, 
the microstructure of the cement mortar is improved. 

When the crystal volume is expanded, there is an internal 
concentration stress. Because of its strong mechanical 
properties and high toughness, carbon nanotubes have the 
ability to bridge the hydration products, thus improving the 
mechanical properties of composite;carbon nanotubes 
dispersed by ball milling in the cement matrix improved 
mechanical strength of the carbon nanotube / cement 
compositeto resist matrix cracking caused by internal 
expansion pressure [9]. 

 
 

 

48.54 48.26 48.21 47.67

52.50
53.32

51.02
50.20

48.54

44.87
42.83

40.48

52.50
50.74

47.88

45.48

35.00

40.00

45.00

50.00

55.00

60.00

0 30 60 90

C
o

m
p

re
s
s
iv

e
  

  
S

tr
e
n

g
th
（

M
P

a
）

 

Age（d）

Control QC-CNT

Control(D-W) QC-CNT(D-W)

 

Figure 1. Comparison of strength between carbon nanotubes cement mortar and ordinary mortar under sulfate erosion at different ages(MPa). 
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Figure 2. Corrosion resistance coefficients of compressive stresses under sulfate erosion at different ages. 
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Figure 3. Hydration exothermic rate curve of carbon nanotube cement paste and ordinary cement paste. 

 

IV. CONCLUSIONS 

This article describes the effect of sulphate attack on 
cement mortar incorporated with carbon nanotubes under 
dry-wet cycles. The study used two different concentrations 
of carbon nanotubes (0%, 0.3%) cement mortar. The effect 
of carbon nanotubes on the compressive strength and 
hydration process of cement paste was studied. Available 
from the study: 

 Carbon nanotubes help to accelerate early hydration 
and enhance the internal density of the matrix. 

 Carbon nanotubes can significantly improve the 
sulfate resistance of cement mortars in terms of 
preventing harmful ions from entering the interior of 
the material and preventing matrix cracking. 
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