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      Durability of Cement-Based Materials 
and Nano-particles: A Review 

             Surendra     P.     Shah     ,     Pengkun     Hou     , and     Xin     Cheng    

    Abstract     The development of modern cement and concrete industry calls for the 
improvement of the durability. By addition of a small amount of nano-particles 
nano structure of cement based materials can be modifi ed and a higher durability 
can be achieved. In this paper, a review of the investigation of the effect of the fre-
quently used nanoparticles, i.e., nano-silica, nano-clay and carbon nanotube on the 
durability of cement and concrete is presented. It is concluded that nanomodifi ca-
tion of cementitious materials with nano-particle would make them durable through 
alteration of the physicochemical properties of the binder. Although intensive study 
on the usage of nano-silica has been conducted, more work is needed to get a better 
knowledge on the infl uencing mechanism. Surface-treatment of cementitous mate-
rials with nano-particles shows great potential for acquiring a durable concrete sur-
face, and study on the selection of the treatment agent and treatment technique has 
been suggested. In addition, potential of using nano-clay in decreasing the transport 
property and the effect of carbon nanotube in optimizing the microstructure, as 
well as in decreasing the volume instability of cement-based materials are also 
discussed.  
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1         Introduction 

 Since the last decades, with the invention of chemical agents used in concrete, espe-
cially the water-reducer, as well as the addition of pozzolans into cement-based 
materials, the quality of concrete mix has been greatly improved. It is generally 
agreed that a compact microstructure and an optimized composition/C-S-H gel 
structure are one of the key issue that govern the durability of a concrete structure. 
Considering the nano-scale feature of the C-S-H gel, researchers have been recently 
using nano-technology for the improvement of the durability [ 1 – 3 ]. 

 In this paper, the infl uences of the most widely used nanoparticles in cement and 
concrete, i.e. nano-silica, nano-clay, carbon-nanotube on the durability of cement- 
based materials are reviewed. Effects of these nano-particles on the improvement of 
concrete durability are exhibited and the potential directions of further investigation 
are discussed.  

2     Nano-silica Particle 

 Among all the nano-materials used in cement-based materials, nano-silica of differ-
ent forms, for example, powder(nano silica), colloidal solution (colloidal nano 
 silica) and even its precursor (tetraethoxysilane), have been investigated [ 4 – 10 ]. 
By exploring its effects on the hydration and hardening properties of cementitious 
materials, many researchers have reported the benefi ts that have been introduced, 
including the enhanced pozzolanic reactivity and the seeding effect.. Kong and 
his co-workers reported a greater Ca(OH) 2 -consuming capability of nano-silica as 
compared to that of silica fume. The current authors have reported one order of 
magnitude higher pozzolanic reaction rate of nano-silica particle than that of silica 
fume [ 11 ]. Singh recently reviewed the application of nano-silica in concrete [ 5 ], 
and his recently published paper quantitatively assessed the additional C-S-H gel 
formed by nano-silica hydration [ 12 ]. The alterations of the hydration and harden-
ing processes of cementitious materials in the presence of nano-silica particle as 
revealed by various workers improve the durability of cementitious materials. 

2.1     On the Early Age Properties of High-Volume Industrial 
By-Product Cementitious Materials 

 Using more industrial by-products, such as fl y ash, in cementitious material has been 
considered desirable for making cement based materials more sustainable. Although 
great advantages such as low-carbon footprint, smaller hydration heat, greater 
strength gain at later ages and higher resistivity to the surrounding environment are 
acquired when fl y ash is added into cementitious materials, the slow property gain at 
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early ages such as prolonged setting time, low early-age mechanical property are 
considered to the major drawbacks [ 13 ]. By taking the advantages of the acceleration 
effect of nano-silica particles on the hydration of cement [ 14 ], various researchers 
have investigated the infl uences of nanosilica on high volume fl y ash system (HVFA) 
[ 3 ,  15 ]. Hou et al. have measured the hydration heat of HVFA system after addition 
of nano-silica [ 3 ], as shown in Fig.  1 . It can be seen that the slowed hydration pro-
cesses of HVFA system, i.e. lower hydration temperature and slower hydration rate, 
are accelerated when 5 % colloidal nano-silica (CNS) is added. Acceleration effect 
of nano-silica is more apparently demonstrated in the setting time measurement: it 
can be seen in Fig.  1  that the initial and fi nal setting time of HVFA system was 
greatly shortened, and the setting times of 40 % FA replacement system were com-
parable to that of plain cement paste [ 3 ].  

 Zhang and his co-authors studied the infl uence of nano-silica particle on the 
mechanical property development of high volume fl y ash/pulverized blast furnace 
slag cementitious materials, whose results supported the great increase of the mec-
hanical properties of the systems, especially at early ages [ 16 ,  17 ]. 

 By analyzing the hydration extents of the pozzolans at various ages, Li [ 18 ] and 
Hou [ 3 ] have studied the infl uences of nano-particles on the pozzolanic reaction. 
Li reported an increased hydration degree of fl y ash in the presence of nano-silica. 
Hou et al. showed that the increase was seen in the early age, but a reduced  hydration 
degree was the result at later ages.  

2.2     On the Gel Property 

 As a silicate material, the pozzolanic reaction of nano-silica with the hydration 
product of Ca(OH) 2  forming additional C-S-H gel has often been ascribed to the 
benefi ts that nano-silica introduced into cement-based materials. Moreover, it has 
been reported that the alteration of the physicochemical properties of C-S-H gel 

44

40

36

32

28

24

20
0 4 8 12

Time/h

a b

16 20

Control

40FA 5%CNS

40FA 0%CNS

T
em

pe
ra

tu
re

 / 
�C

120 150 180 210 240
Time/min

270 300

t0%=299mint2.25%=235mint5%=201min

t0%=235mint2.25%=192min
t5%=154min

330

Final setting

Initial setting

FA
mpl.

=40%

NS=5%
NS=2.25%

NS=0%

45

40

35

30

25

20

15

P
en

et
ra

tio
n 

de
pt

h/
m

m

10

5

0

  Fig. 1    Infl uences of nano-silica on the early age hydration of HVFA system [ 3 ]. ( a ) Hydration 
temperature ( b ) setting time measured by Vicat needle       

 

Durability of Cement-Based Materials and Nano-particles: A Review



18

contributed to the improvement of durability of cement-based materials. Gaitero 
and his co-authors investigated the calcium-leaching resistivity of nano-silica-added 
cement-based materials [ 6 ]. They observed that degradation due to accelerated cal-
cium leaching was signifi cantly less for nano-silica addition as compared to that by 
micro-silica addition. They reported that nano-silica particles increase the average 
length of the silicate chains of C-S-H gel. In addition, it was reported that addition 
of nanosilica modifi ed the nano structure of C-S-H as measured by nano indentation 
(Fig.  2 ). Bosque studied the morphology of C-S-H gel after the addition of nano- 
silica particle into cement paste under different temperatures and their results 
 suggested that C-S-H gel of longer average length of the silicate chains was 
achieved [ 20 ].  

 The current authors made an in-depth study of the hydration properties of nano- 
silica particles. SEM images (Fig.  3 ) showed that a compacter micro-structure (with 
a lower calcium to silica ratio) of the pozzolanic reaction products is formed when 
compared to that of silica fume, and this has been attributed to the improvement of 
the durability of cementitious materials. A compacter C-S-H gel structure formed 
by nano-silica particle has also been reported by Thomas [ 22 ] and Singh [ 12 ].  

 Although nano-silica has been intensively used in cement and concrete, its reac-
tion mechanism and the infl uence on C-S-H gel still need to be clarifi ed.  

2.3     On the Surface-Treatment 

 More recently, the high pozzolanic reactivity and its nano-sized feature of nano- 
silica has been used for the surface-treatment of hardened cementitious materials [ 7 , 
 8 ,  23 ]. Due to its closeness to the environment, the surface of concrete structure 
exposed to the environment is the most vulnerable part and an improvement of the 

  Fig. 2    Elastic modulus of plain cement paste (CP) vs CP modifi ed with nano-silica [ 19 ]       
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surface would be benefi cial for the improvement of the durability. Cardenas and his 
coworkers investigated the infl uence of nano particle treatment on the properties of 
reinforced concrete, whose results supported that the quality of the surface concrete 
can be improved by nanoparticle-treatment through an electrokinetic technique [ 24 , 
 25 ]. More recently, Franzoni et al. used colloidal nano-silica in treating hardened 
concrete; their results did not support the positive effectiveness of surface-treatment 
of nano-silica [ 23 ], but they found that the precursor of producing nano-silica, tet-
raethoxysilane (TEOS), which hydrolyzes in the pore structure forming a silica sol 
[ 26 ], was effective in making more compacter and more durable concrete. The cur-
rent authors recently reported the mechanism of nano-silica for the surface- treatment 
of hardened cement-based materials under different curing regimes [ 7 ]. Results 
showed that the pozzolanic reaction of nano-silica contributes to the densifi cation of 
the surface micro-structure (reduction of the water absorption as shown in Table  1 ), 
meanwhile the alteration of the C-S-H gel, i.e. the increase of the polymerization 
degree was also ascribed to the improvement of the calcium-leaching resistivity as 
shown in Fig.  4 . All the results demonstrate the possibility of surface-treatment of 
cement-based materials with nano-particles. All the results demonstrated the poten-
tial of using nano particles, in various forms, of improving the surface quality. 
However, work on the selection of nano particle type, the reaction mechanism and 
the treatment technique still needed.

  Fig. 3    Morphology of pozzolanic hydration products of CNS and silica fume (CNS/SF:CH = 5:20; 
w/b = 2.0, 4 months old) [ 21 ]       

   Table 1    Initial water absorption coeffi cients of cement pastes before and after surface treatment/
(mg/cm 2  * s 1/2 ) [ 8 ]   

 w/c  0.26  0.38  0.6  1.0 

 Control  2.5(100 %)  5.7(100 %)  6.9(100 %)  8.3(100 %) 
 CNS  2.5(100 %)  5.7(100 %)  5.7(82.6 %)  6.3(75.9 %) 
 TEOS  2.5(100 %)  4.2(73.7 %)  5.2(75.4 %)  5.5(66.3 %) 
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3          Nano-clay 

 Due to the low price, as well as the benefi ts introduced, nano-clay is considered to 
be a promising alternative for the modifi cation of cement-based materials. Compared 
to the control, the fl exural strength of cement paste with 1 % kaolinite clay increased 
by 30.41 %, 39.04 %, 36.27 % and 38.32 % at 1, 3, 7 and 90 days, respectively. The 
increase in compressive strength of the cement concrete with clay is 12 %, 13.5 %, 
and 28.4 % compared to the control at 1 %, 3 % and 5 % addition, respectively [ 28 ]. 

 Nano-clay has a two-layer structure and it has been suggested that water mole-
cules transport through the sheets can be blocked and a lowered permeability of 
cement mortar can be achieved. Fan et al. [ 28 ] investigated the effects of nano-clay 
on the chloride ion diffusion and freezing-thawing resistivity of concrete and the 
results are shown in Table  2  and Fig.     5 . It can be seen in Table  2  that the reduction 
of chloride diffusion coeffi cient of cement concrete is 8.68 % and 18.87 % at 1 % 
and 5 % clay, respectively. After 125 freeze-thaw cycles, the relative dynamic elas-
tic modulus loss is 33 % of the plain concrete, while only 5 % is seen in the 3 % 
nano-clay added concrete.

–10 0 10 20 30 40 50 60 70 80

0

5

10

15

20

25

30

35

40

45
C

a2+
 c

on
ce

nt
ra

tio
n(

m
g/

m
l)

Time/hrs

 Control
 TEOS treated

w/c=0.38

–10 0 10 20 30 40 50 60 70 80

0

5

10

15

20

25

30

35

40

45

C
a2+

 c
on

ce
nt

ra
tio

n(
m

g/
m

l)

Time/hrs

 Control
 TEOS treated

w/c=0.60

  Fig. 4    Decalcifi cation of hardened cement pastes [ 27 ]       

    Table 2    Effect of nano-clay on the chloride diffusion coeffi cients of concrete [ 28 ]   

 Series  Clay additive wt/%  Diffusion coeffi cient/m 2 /s  Reduction diffusion coeffi cient/% 

 Plain  0  1.98262e-11   0.00 
 CC1  1  1.81058e-11   8.68 
 CC2  3  1.81343e-11   8.53 
 CC3  5  1.60840e-11  18.87 

  Note: Mix proportion of the concrete mixtures (in kg/m 3 ): cement:water:sand:aggregate = 350:
175:619:1,256  
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4         Multi-wall Carbon-Nanotube (MWCNT) 

 The excellent mechanical properties of CNT make it the candidate for the improve-
ment of the volume stability of cement-based materials. An uniform dispersion of 
CNT in cementitious materials can be achieved with the aid of sonication and sur-
factant (as seen in Fig.  6 ). With the addition of a small amount of CNT, various 
researchers reported a signifi cant improvement of the mechanical properties. For 
example, Li et al reported that the addition of 0.5 wt% MWCNTs into cement matrix 

  Fig. 5    Infl uence of nano-clay on the dynamic elastic modulus of concrete after freeze-thaw 
cycling [ 28 ]       

  Fig. 6    SEM images of cement paste fracture surfaces reinforced with undispersed ( a ) and dispersed 
( b ) MWCNTs, respectively [ 29 ]       
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resulted in a 25 % increase in fl exural strength and a 19 % increase in  compressive 
strength. Some other work demonstrated cement hydration acceleration of 
CNT [ 30 ]. Konsta-Gdoutos et al. [ 29 ] conducted nano-indentation on CNT- added 
cement pastes and revealed that the use of highly dispersed small amount (0.05 %) 
of MWCNTs can increase the amount of high stiffness C–S–H and decrease the 
porosity (see Fig.  7 ). The alteration of the nano-structure results in an improvement 
of the volume stability of cement-based materials at very early age: it can be seen in 
Fig.  8  that the autogenous shrinkage of cement paste was reduced by about 25 %, 
and this could be ascribed to the reduction of the capillary stresses induced by the 
reduction of the porosity.     

  Fig. 7    Probability plots of the Young’s modulus of 28 days cement paste (w/c = 0.3) and cement 
paste reinforced with 0.025 wt% long, 0.048 wt% long and 0.08 wt% short MWCNTs [ 29 ]       

  Fig. 8    Autogenous shrinkage of cement paste (w/c = 0.3) and cement paste reinforced with 0.025 
and 0.048 wt% long MWCNTs [ 29 ]       
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5     Conclusions 

 This paper presents a review of the infl uences of nanoparticle on the durability of 
cement-based materials. The following conclusions can be drawn.

    1.    The hydration and hardening properties of cement-based materials can be altered 
by nano-particles, resulting in a stronger and compacter micro-structure, as well 
as a modifi ed C-S-H gel structure, all of which contribute to the improvement of 
the durability. However, the hydration mechanism still needs more work;   

   2.    Modifi cation of the surface of cement-based materials with nano-particles is a 
promising way to improve the durability of concrete structure, and the selection 
of the treatment agent and treatment technique needs more work;   

   3.    Application of nano-material (such as CNT) in cement-based materials would 
contribute to a better performance of the transport and deformation resistivity, 
through which the durability of concrete structures can be improved.         
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