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 11	
  

ABSTRACT 12	
  

This paper investigated the influence of nano-silica (NS) on the mechanical and transport 13	
  

properties of lightweight concrete (LWC). The resistance of LWC to water and chloride ions 14	
  

penetration was enhanced despite strength marginally increased. Water penetration depth, 15	
  

moisture sorptivity, chloride migration and diffusion coefficient was reduced by 23% and 49%, 16	
  

23% and 10%, 5% and 0%, 22% and 12% compared to the two reference LWC mixes (pure 17	
  

cement and 60% slag blended cement), respectively with 1% NS. Such improvements were 18	
  

attributed to more compact microstructures because the micropore system was refined and the 19	
  

interface between aggregates and paste was enhanced. 20	
  

 21	
  

Keywords: Durability; Interfacial Transition Zone; Microstructure; Lightweight Aggregate; 22	
  

Pozzolanic Reaction.  23	
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Highlights 1	
  

• The effect of nano-silica on transport properties of LWC is firstly reported. 2	
  

• Interfacial transition zone became more compact and denser with nano-silica. 3	
  

• Nano-silica can increase compressive strength and lower porosity of LWC. 4	
  

• Resistance to water and chloride ion were both improved at 1% nano-silica. 5	
  

• Both pure cement and 60% slag cement LWC showed similar results.  6	
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1. Introduction 1	
  

Portland cement, one of the largest commodities consumed globally, has great advantages to be 2	
  

cast to any desired shape, cheap and fire resisting. However, cement also has weakness like 3	
  

brittleness, volume instability and porous system. Recently, the tremendous potential of 4	
  

nanotechnology to improve the performance of traditional cement-based materials has drawn 5	
  

increasing efforts from researchers and engineers to explore the promising applications. The bulk 6	
  

engineering properties of cement composites might be able to be modified by using nano-7	
  

particles such as higher strength and durability by nano-SiO2 [1]. In addition, some smart 8	
  

properties which are desired for special purpose can be equipped for cement-based materials, for 9	
  

instance, self-cleaning and discoloration resistance by nano-TiO2 to address air pollution 10	
  

problem [2], strain or damage sensing by carbon-based nano-materials in the area of structural 11	
  

health sensing [3,4], and higher ductility by carbon nanotube or nanofiber in the field of seismic 12	
  

resistance [5,6]. Among these nano-particles, nano-silica (NS) is the most used and studied [7-13	
  

22].  14	
  

Previous studies on the use of NS in cementitious materials show that NS can accelerate 15	
  

the cement hydration rate and its pozzolanic reaction can densify the microstructures (via turning 16	
  

calcium hydroxide into C-S-H gel and nano-filling) [7-9]. Therefore, the strength is improved 17	
  

and the strength gain rate could be greatly increased for cement mixture with high amount of 18	
  

pozzolanic materials. More recently, the durability properties for concrete with NS have also 19	
  

been documented. Quercia et al. [19] examined the influence of 3.8% colloidal NS on the 20	
  

durability performances of self-compacting concrete (SCC) and found that the pores are finer 21	
  

and less connected. In addition, the paste-aggregate interface is also modified and more tortuous 22	
  

for harmful agents. Therefore, the water resistance under pressure, chloride diffusion and 23	
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migration coefficient can be reduced by 88.5%, 63.1% and 63.6%, respectively. Du et al. [23] 1	
  

reported the transport-properties related durability of normal-strength concrete added with 2	
  

powdered NS at dosage of 0.3 and 0.9%. Incorporating NS, the calcium hydroxide was rapidly 3	
  

consumed and at the same time paste pore systems were clearly refined, even at small NS 4	
  

addition of 0.3%. In addition to the reduction in water penetration depth and chloride migration 5	
  

and diffusion, the rate of water absorption was also much reduced, attributed to the less 6	
  

connected pores. Furthermore, some recent studies [20,21,24-26] explored the application of NS 7	
  

in high performance cementitious composites (HPCC). It is generally consistently reported that 8	
  

there exists a critical NS content beyond which the HPCC quality could not be further enhanced 9	
  

due to the fact that more voids would be entrained in the system. Du and Pang [25] found that 10	
  

1.5-2.0% colloidal NS could produce the best mechanical and durability performances.  11	
  

Lightweight concrete (LWC) is a type of concrete with air-dry unit weight between 400 12	
  

and 2000 kg/m3. For structural LWC, the unit weight ranges 1400 and 2000 kg/m3 compared to 13	
  

that of 2400 kg/m3 for normal weight concrete [27-31]. With reduced self-weight, the buildings 14	
  

can have smaller cross-sectional structural components and thus more effective usable spaces. It 15	
  

was previously found that the ITZ thickness would decrease with higher absorption capacity of 16	
  

lightweight aggregate since less water can accumulate in the vicinity of the aggregate particle 17	
  

[32-34]. Beyond that, LWC with lightweight aggregates also has the advantage of internal curing 18	
  

which can prevent shrinkage cracking and reduce permeability [35]. Previous research [30,31] 19	
  

has shown that micro-silica (or silica fume) could obviously increase the LWC resistance against 20	
  

water and chloride-ion ingress. The bond at the paste-lightweight aggregate interface is improved 21	
  

because of both better packing (particles in micrometer level) and pozzolanic reaction 22	
  

(amorphous silica). Until now, no literature on the use of silica in nanometer scale in LWC is 23	
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available, to the best knowledge of authors. Thus, this study aims to investigate the influence of 1	
  

colloidal NS on LWC, with a focus on the durability properties. In addition, the effects of NS 2	
  

will be compared for LWC with pure cement and those with slag cement.   3	
  

 4	
  

2. Materials and Methods 5	
  

2.1 Materials 6	
  

Expanded clay spheres were used as lightweight aggregate in this study, with particle size in the 7	
  

range of 4.75 and 9.50 mm. The bulk density and dry particle density are 650 and 1200 kg/m3, 8	
  

respectively. The water absorption is 8.4% at 1 h and 13.0% at 24 h, respectively. The total 9	
  

porosity of lightweight aggregate is 57.2%, 25.8% of which is open while the rest is closed.  10	
  

Natural sand with a fineness modulus of 2.80 and specific gravity of 2.65 was used as 11	
  

fine aggregates. CEM I 52.5N cement and slag was used in this study, with chemical 12	
  

compositions shown in Table 1. The specific gravity for cement and slag is 3.25 and 2.90, 13	
  

respectively, as determined by Automatic Density Analyzer ULTRAPYC 1200e. Laser scattering 14	
  

particle size analyzer, Malvern Mastersizer was used to determine the particle size distribution 15	
  

(PSD) of cement and slag. It was assumed that the irregular shape of cement and slag particles as 16	
  

sphere to calculated the surface area and size distribution. Cement and slag were dissolved in 17	
  

acetone and sonicated in ultrasonic bath for 2 minutes to achieve uniform dispersion. PSD for 18	
  

natural sand was determined by sieve analysis and shown in Fig. 1, together with cement and 19	
  

slag. The morphology of the slag is shown in Fig. 2, as observed by scanning electron 20	
  

microscope (SEM). 21	
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Colloidal nano-silica1 used in this study contains 40% solids and has a density of 1.3 1	
  

g/mL. The surface area of nano-silica is 220 m2/g (provided by the product supplier) and 2	
  

correspondingly the average particle size is 12.4 nm. Fig. 3 shows the dispersion and 3	
  

morphology of mono-sized nano-silica particles in the as-received suspension, using a JEOL 4	
  

JEM2010 TEM at an operating acceleration voltage of 100 kV. Polycarboxylate-based 5	
  

superplasticizer was used to control the workability for LWC mixtures. It is commonly 6	
  

recognized that colloidal NS can achieve better dispersion than powdered NS and thus yielding 7	
  

better packing density (or lower porosity in another word) and better performances [10,11]. At 8	
  

the same time, the risk assessment for powdered NS is more severe compared to colloidal NS, 9	
  

which may cause unfriendly working conditions and heavy personal protective equipments for 10	
  

researchers. Thus, colloidal NS was used in this study, although its price is higher.   11	
  

2.2 Mix proportions and casting 12	
  

Table 2 summarizes the mix proportions for LWC with NS. Mix proportion for the reference 13	
  

LWC-C0 was modified based on a normal weight concrete mixture (selected according to ACI 14	
  

211.1, based on the raw materials used), by replacing the normal-weight coarse aggregates by 15	
  

lightweight aggregates at the equivalent volume. Colloidal NS was added into the reference 16	
  

LWC at 1% and 2% by weight of the cement, respectively, as recommended by previous work 17	
  

[25]. At the same time, 60% of the cement was substituted by slag by weight in the other 18	
  

reference LWC-S0. Because slag has a slightly lower specific density, sand content was reduced 19	
  

correspondingly to maintain a unit volume, as shown in Table 2. Similarly, 1% and 2% NS was 20	
  

added into this reference LWC. The water-to-cementitious (w/cm) ratio was kept as 0.42 for all 21	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1 LUDOX® HS-40 colloidal silica, W.R. Grace & Co.-Conn. 
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the concrete mixtures, for a target 28-day strength of 40 MPa, as suggested by ACI 211.1. It is 1	
  

noted that the water content in the NS aqueous suspension was calculated into the w/cm ratio. SP 2	
  

amount was adjusted to maintain the slump at 100 ±25 mm for each LWC mix, for the 3	
  

application of beams, reinforced walls or building columns as recommended by ACI 211.1.   4	
  

Prior to pouring into concrete mixer, lightweight aggregates were oven-dried for 24 hours 5	
  

and cooled down to room temperature. Sand was poured and mixed with lightweight aggregates 6	
  

for 1 minute, following by adding cement (or slag cement). All the dry materials were mixed for 7	
  

1 minute before water was added. Extra water was added with a calculated amount based on the 8	
  

1-h water absorption by lightweight aggregates. For colloidal NS incorporated mix, NS was first 9	
  

dissolved in the mixing water and hand stirred for 1 minute. After adding water, the concrete 10	
  

mixtures were mixed for 3 minutes and SP was added to achieve the desired workability.  Finally, 11	
  

the specimens were compacted on a vibration table. After that, the specimens were covered with 12	
  

a plastic sheet, until the next day. All the specimens were cured in fog room (100% RH, 30 ˚C) 13	
  

for 7 days and transferred to store in the laboratory air (80-85% RH, 30 ±3 ˚C), until the 14	
  

specified testing age.  15	
  

2.3 Test methods and specimens 16	
  

For each LWC mix, the test specimens and standard methods were summarized in Table 3. 17	
  

Compressive strength was determined at 1, 7 and 28 days. For all the other tests, preparation 18	
  

work was carried out at the age of 28 days. The water accessible porosity (φ, %) is determined as:  19	
  

  100A O

A W

m m
m m

ϕ
−

= ×
−

                                                    (1) 20	
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where mA and mW refers to the weight of specimen in air and water respectively, mO refers to the 1	
  

weight of specimen after 105 ˚C oven dry for 7 days.  2	
  

To determine the water penetration depth into concrete, two cylindrical specimens were 3	
  

exposed to 0.75 MPa water pressure for 3 days. The bottom and side surfaces were coated with 4	
  

impermeable epoxy while the top surface was exposed to water. The average water frontier was 5	
  

measured from the exposure surface after splitting the fresh specimen. 6	
  

The sorptivity is the rate of water absorption of unsaturated concrete. Specimens (at 28 7	
  

days) were kept in a dessicator (80% RH, 50 ˚C) for 3 days, followed by 18 days conditioning in 8	
  

sealed containers. After that, the side surface was sealed by epoxy and the top surface was 9	
  

attached by a plastic sheet to avoid the contact with water. The mass increase (Δm) of the 10	
  

concrete specimen was measured at the initial stage (every 10 minutes in the first half hour, and 11	
  

hourly until 6 hours) and the secondary stage (daily reading up to 10 days). The sorptivity (s, 12	
  

×10-4 mm/s0.5) was calculated as the slope of the mass increase verse the square root of time (t): 13	
  

0.5s m t= Δ 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (2) 14	
  

In this study, the specimens were saturated in water under vacuum condition, which is 15	
  

reported as the most efficient technique [36]. The same procedure was followed as the treatment 16	
  

method for specimens in rapid chloride penetration test (RCPT) to ensure the full saturation. A 17	
  

constant voltage of 30 V was applied to the specimen and the current (Ii) was measured for 12 18	
  

hours, at a time step (Δt) of 5 minutes. The total charge passed (Q, Coulombs) was calculated as 19	
  

follows.  20	
  

12

0
  

h

iQ I t= ⋅Δ∑ 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (3) 21	
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Compared to the voltage of 60 V specified by ASTM C 1202, the reduced voltage could lower 1	
  

the temperature rise during the test, to exclude the adverse effect of rising temperature [37].  2	
  

Prior to rapid chloride migration (RCM) test, concrete specimens, with thickness (L) of 3	
  

50 mm, were vacuum saturated in lime water. Chloride ions were forced to migrate along the 4	
  

applied electric field (U=30 V) through the specimen, for a duration (t) of 24 hours. After that, 5	
  

the average chloride penetration depth (d) was measured by spraying AgNO3 (0.1 mol/L) on the 6	
  

freshly splitted specimens. With recorded temperatures before (T1) and after (T2) the RCM test, 7	
  

the chloride migration coefficient (DRCM, ×10-12 m2/s) could be calculated as: 8	
  

( ) ( )
0.0239(273 ) (273 )0.0238

2 2RCM
T T LdD d

U t U t
⎛ ⎞+ +

= −⎜ ⎟⎜ ⎟− −⎝ ⎠
,	
  	
  	
  	
  	
   ( )1 2 2T T T= + 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4) 9	
  

For chloride diffusion test, concrete specimens were coated with impermeable epoxy at 10	
  

all surface while only one cross section surface was uncoated for chloride ions to diffuse into. 11	
  

The specimens were immersed in sodium chloride solution for 84 days. Then the average acid-12	
  

soluble chloride content (C) was determined for each layer of concrete at depth of 0-10 mm, 10-13	
  

20 mm, 20-30 mm, 30-40 mm and 40-50 mm. The apparent chloride diffusion coefficient (Da) 14	
  

and the surface chloride concentration (C0) was determined by fitting the chloride profiles with 15	
  

the following equation, 16	
  

0( , ) 1 ( )
2 a

xC x t C erf
D t

⎡ ⎤
= −⎢ ⎥

⎢ ⎥⎣ ⎦
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (5) 17	
  

where erf() is the error function.  18	
  

SEM (Hitachi-4300) was employed to examine the influence of NS on the LWC 19	
  

microstructures. Samples were taken from the fractured surface after the compressive strength 20	
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test. They were dried in a vacuum oven at 40 ˚C until no weight loss can be recorded before 1	
  

SEM observation. Isothermal calorimetry was performed on triplicate paste samples by using an 2	
  

eight-channel microcalorimeter (TAM AIR). Shimadzu XRD-6000 diffractometer was employed 3	
  

to qualitatively determine the influence of NS on the chemical composition of the hydrated 4	
  

production. The XRD scan was between 10˚ and 35˚ with a speed of 0.5˚/min. 5	
  

3. Results and Discussion 6	
  

3.1 Hydration  7	
  

Calorimetric test was conducted for cement paste with the same w/cm ratio to probe the influence 8	
  

of NS on the cement hydration, as shown in Fig. 4. For both pure cement and slag cement pastes, 9	
  

the peak rate was obviously increased with more colloidal NS which provides more nucleation 10	
  

sites. Also, the time to reach the peak hydration rate is also shortened, particularly for the second 11	
  

peak in Fig. 4(c), which represents the hydration of aluminum phase in slag. It is also noted that 12	
  

the addition of 2% NS did not further increase the total heat, in comparison to 1% NS addition at 13	
  

72 h for slag cement paste. The slag activation was caused by the calcium hydroxide, which is a 14	
  

hydration product during the first peak. With the added NS, calcium hydroxide could be 15	
  

consumed by the pozzolanic reaction. Thus, there will be less to activate the slag, resulting in no 16	
  

further increase in the total heat. Meanwhile, an obvious increase in the total heat was found for 17	
  

pure cement paste from 1% to 2% NS addition. At the fresh state of the paste with NS, the ultra-18	
  

fine silica particle can provide additional nucleation sites for precipitation of the cement 19	
  

hydration products. Previous literature has well documented that NS can accelerate the hydration 20	
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of cement or blended cement [10,17,18,21,25,26]. The results obtained in this study match with 1	
  

this general conclusion.  2	
  

XRD patterns were shown in Fig. 5, for cement, slag, slag cement paste with 0%, 1% and 3	
  

2% NS. Compared to the slag cement paste, the addition of NS could reduce the peak intensity 4	
  

for Portlandite, in a qualitative way, indicating that the Portlandite was consumed by the addition 5	
  

of nano silica. 6	
  

3.2 Compressive strength 7	
  

The compressive strengths of LWC (with average and range of the results) with different NS 8	
  

content at various ages are shown in Fig. 6. For pure cement LWC, compressive strength 9	
  

continues to increase with higher NS content at each test age. At the first day, an increase of 7.7% 10	
  

and 13.3% was noticed for 1% and 2% NS addition, respectively. However, this strength 11	
  

improvement was lowered to be 2.6% and 5.6% at 28-day, indicating that the NS benefits might 12	
  

fade with longer curing time. For slag cement LWC, 1% and 2% addition of NS could help 13	
  

increase 12.6% and 9.7% compressive strength on the first day. At 28 days, the improvement 14	
  

became marginal for 1% NS and 2% NS even slightly reduced the LWC strength. Overall, the 15	
  

LWC strength was noticeably improved at early age (within 7 days) and the enhancement was 16	
  

weak at a longer term. Such phenomenon for LWC is similar to what had been observed for the 17	
  

normal weight concrete [21].  18	
  

At the early age, the use of NS can have two fold benefits to concrete, in both physical 19	
  

and chemical means. In addition to the cement acceleration effect, NS, similar as silica fume, can 20	
  

increase the packing density by filling the voids between cement grains and particularly the 21	
  

interface between the paste and aggregate. As a result, the cement hydration products can be 22	
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more compact and homogenous at the early age. With longer curing time, the unhydrated cement 1	
  

grains continue to hydrate for all the LWCs, especially for the two reference mixes in which 2	
  

more cement was unhydrated at the earlier age (both of which had the lowest total hydration 3	
  

heat). Thus, the relative strength increase for NS incorporated LWCs was lower at 28 days than 4	
  

those reference mixes, as described above. Furthermore, it is found that the slag cement LWCs 5	
  

are slightly lower in compressive strength than pure cement LWCs, indicating that the slag used 6	
  

in this study has a reactivity smaller than 1, as at 60% cement substitution.  The marginal 7	
  

strength reduction in 2% NS slag cement LWC was possibly because NS could also compete for 8	
  

CH with slag for the pozzolanic reaction.  9	
  

In LWC, the porous aggregate might be the weakest phase in LWC which is different 10	
  

from normal weight concrete in which the interface determines the strength. The fracture 11	
  

resistance of lightweight aggregate is not altered by the inclusion of NS despite the interface is 12	
  

improved. Therefore, the increase in the ultimate strength is marginal for LWC. 13	
  

3.3 Water accessible porosity 14	
  

Fig. 7 shows the influence of colloidal NS on the average water accessible porosity for pure 15	
  

cement and slag cement LWC (maximum and minimum test results are also plotted). The 16	
  

addition of NS seems to decrease the porosity at 1% dosage, for both reference LWCs. However, 17	
  

the porosity of LWC at 2% NS slightly increased than 1% NS LWC, more obvious for slag 18	
  

cement LWC. The results are consistent with the compressive strength. It is common knowledge 19	
  

that the mechanical strength of concrete is inversely proportional to its porosity. Compared to 20	
  

pure cement LWCs, the overall higher porosities for slag cement LWCs match the lower 21	
  

compressive strengths. The reduced porosity at 1% NS addition should be caused by the better 22	
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packing of solids and the pozzolanic reaction of NS which both contribute to more compact and 1	
  

homogeneous microstructures, particularly at the interface between paste and lightweight 2	
  

aggregates. Another non-ignorable fact is that the viscosity of NS incorporated paste would be 3	
  

increased due to less lubricating water is available in such pastes. As a result, the air content in 4	
  

the fresh concrete mixtures was higher compared to the reference mixture. When the densifying 5	
  

effect of NS is not sufficient to compensate the increase in air content, the porosity of hardened 6	
  

concrete might be increased, as reported for the 2% NS adding LWCs.  Such impact of NS on 7	
  

LWC was similar to its impact on normal weight concrete [21,23]. Rong et al. [26] found that the 8	
  

change in the porosity is actually very marginal despite reduction was noticed up to 3% NS 9	
  

addition. Quercia et al. [19] also reported that the porosity was slightly altered by 3.8% NS. On 10	
  

the other hand, most of the previous literature states that the pore systems were refined by the use 11	
  

of NS.   12	
  

Previous literature [38] has found some specific relationship between the water accessible 13	
  

porosity and the transport properties related durability performances of concrete including LWC. 14	
  

General speaking, the transport of water and ions in concrete could be either partially blocked or 15	
  

hindered if the water accessible porosity is reduced because the connected channels are lesser.  16	
  

3.4 Water penetration depth 17	
  

The influence of colloidal NS on the water penetration depth of pure cement and slag cement 18	
  

LWCs is plotted in Fig. 8, at 28 days. The average penetration depth was 8.67 mm and 5.97 mm 19	
  

for pure cement and slag cement LWC respectively. In contrast to compressive strength and 20	
  

water accessible porosity, slag cement LWC has higher resistance to water penetration under 21	
  

pressure than pure cement LWC. This is possibly due to the fact that other factors also affect the 22	
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water permeability besides the total porosity, for example, pore size distribution and the 1	
  

connectivity of pores. In this case, it is assumed that the slag cement LWC have a finer pore 2	
  

system due to the pozzolanic reaction of slag. Regarding the influence of colloidal NS on the 3	
  

water penetration depth, 1% dosage could obviously reduce the permeability while 2% dosage 4	
  

appears to have less noticed benefits, particularly for slag cement LWC. The reducing effect on 5	
  

water permeability originates from the filler effect of NS in voids between solids, same as its 6	
  

influence on porosity. In addition, the pozzolanic reaction of NS can turn CH to C-S-H gel, 7	
  

which could fill the voids and thus further densify the microstructures of paste. The results in this 8	
  

study agree with previous findings on normal weight concrete incorporating NS [19,23]. 9	
  

 3.5 Water sorptivity 10	
  

Sorptivity, at both initial and secondary absorption stages, for pure cement and slag cement 11	
  

LWCs are displayed in Fig. 9. It is clear that the sorptivity of pure cement LWC was 12	
  

continuously reduced with more NS addition, for both initial and secondary absorption stage. 13	
  

This is slightly different from the change in water accessible porosity and water penetration, 14	
  

which both exhibited the lowest value at 1% NS. A reduction of 35% and 32% was found for 15	
  

initial and secondary sorptivity, at NS dosage of 2%. For slag cement LWC, initial and 16	
  

secondary sorptivity decreases to be 73% and 83% at 1% NS incorporation. However, the 17	
  

relative ratio becomes to be 87% and 121% for initial and secondary sorptivity, respectively, at 2% 18	
  

NS dosage. This is consistent with the water penetration and compressive strength, might be 19	
  

caused by the hindered slag activation by the addition of 2% NS, as discussed in Section 3.1. 20	
  

Water sorptivity is a measure of water uptake rate into unsaturated mortar, and mainly governed 21	
  

by the pore structure like pore size, connectivity and tortuosity. At the same time, the 22	
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microstructures at the interfacial transition zone (ITZ) between LWA and cement paste were 1	
  

more compact by the use of NS, as clearly seen from Fig. 10. The above described results are in 2	
  

consistence with the change in water accessible porosity due to the addition of colloidal NS. 3	
  

Some recent research also finds the water sorptivity of normal-weight cement paste could be 4	
  

reduced by the addition of silica nano-particles [39], but to a smaller extent than that of LWC in 5	
  

this study.  6	
  

3.6 RCPT and RCM tests 7	
  

The results of RCPT and RCM test for LWCs are shown in Fig. 11. It is noted that the resistance 8	
  

of LWCs to chloride ion penetration under externally applied electric fields are improved, 9	
  

regardless of pure cement or slag cement. RCPT actually measures the electrical conductivity of 10	
  

concrete instead of its real permeability against chloride-ion. Thus, RCPT result is heavily 11	
  

affected by the concentration of ions (Ca2+, OH-, Na+, K+, etc.) in the pore solution, besides the 12	
  

pore system [40]. This is verified by the much lower RCPT result for slag cement LWCs than 13	
  

pure cement LWCs since slag would consume calcium hydroxide during its pozzolanic reaction. 14	
  

As mentioned in the preceding sections, the pore structure of LWC concrete would be refined by 15	
  

the use of NS (owning to both nano-filler effect and pozzolanic reaction), thus the pathway for 16	
  

ions would become more tortuous or partially blocked. On the other hand, the reduction of 17	
  

Ca(OH)2 content also help increase the electrical resistance since less number of ions are 18	
  

available in the pore solution. Furthermore, it is surprising to see the 2% NS incorporated slag 19	
  

cement LWC shows the lowest RCPT result, only 66% of the reference mix. Considering this 20	
  

mix has larger porosity, we can assume that it is the depletion of Ca(OH)2 and alkalis in the pore 21	
  

solution that contribute to an even larger reduction in this RCPT result.  22	
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The RCM results almost show the same trend as RCPT, that is, chloride-ion is less 1	
  

permeable to LWC with the use of colloidal NS. This reduction is more obvious for slag cement 2	
  

LWCs. With 2% NS, the chloride migration coefficient could be lowered as much as 36% for 3	
  

slag cement LWC, in comparison to a 4% reduction for pure cement LWC at the same amount. 4	
  

The higher aluminum content in slag could decrease the chloride ion mobility since its hydration 5	
  

products (C-A-H, C-S-H and C-A-S-H) have higher binding capacity [41-43]. Since the added 6	
  

NS can accelerate the cement hydration and slag pozzolanic reaction, products in the paste might 7	
  

prevent the chloride ions from migration under the externally applied electric field.  8	
  

3.7 Chloride diffusivity 9	
  

The chloride content profiles along the diffusion direction are plotted in Fig. 12(a), in which the 10	
  

best-fitted curve is also included for each LWC mix. Fig. 12(b) shows the chloride diffusion 11	
  

coefficient for both pure cement and slag cement LWCs containing colloidal NS. Slag cement 12	
  

LWC has clearly lower diffusion coefficient because of the refined pore system by pozzolanic 13	
  

reaction, as well as the higher chloride binding capacity, same as discussed in the previous 14	
  

section. The incorporation of NS could continuously decrease the chloride diffusion coefficient 15	
  

up to 2% in this study. A reduction of 20% in the diffusion coefficient could be achieved for both 16	
  

pure cement and slag cement LWCs. The reduced porosity of concrete (or the more compact 17	
  

microstructures) as well as the refined pore system leads to this higher resistance to chloride 18	
  

diffusion. Compared to RCPT and RCM tests which are both accelerating measurements by 19	
  

applying electrical field to force chloride ions to migrate into concrete specimen, it takes 84 days 20	
  

for the samples to complete the chloride diffusion test. During this period, further hydration and 21	
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pozzolanic reaction could continue to occur, manifesting the benefits of adding NS on the 1	
  

resistance to chloride ingress, particularly for the pure cement LWC incorporating 1% NS.  2	
  

Also, it is noted that the transport of chloride ions (results from RCPT, RCM and 3	
  

diffusion) was less affected by the addition of NS, compared to the reduction in water transport, 4	
  

particularly at 1% NS addition. The highest improvement in resistance against chloride ion 5	
  

ingress occurred at 2% NS for LWC, indicating that chloride transport was hindered even the 6	
  

water porosity would be higher at 2% NS dosage.  This might be due to the higher chloride 7	
  

binding capability of the formed C-S-H gel from pozzolanic reaction [41-43]. 8	
  

4. Conclusion 9	
  

The influence of colloidal nano-silica in lightweight concrete was experimentally investigated at 10	
  

an adding dosage of 1% and 2%. The following conclusions can be drawn: 11	
  

1) Early age strength could be improved by adding silica nano-particles for LWC owning to 12	
  

the higher cement hydration rate. However, such benefit on strength became weakened 13	
  

with extended curing time. For 2% NS added slag cement LWC, the strength was slightly 14	
  

decreased because available calcium hydroxide is less due to the consumption by 15	
  

amorphous silica. This reduction was not found for pure cement LWC with 2% NS. 16	
  

2) In accordance with the compressive strength, water accessible porosity was also 17	
  

decreased with the addition of NS because of denser microstructures, resulted by the 18	
  

nano-filler effect and pozzolanic reaction. Beyond 1% addition, the porosity was slightly 19	
  

increased because more air voids could have been entrapped into the concrete mixture 20	
  

during mixing. 21	
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3) Both water penetration and sorptivity were reduced with the addition of nano-silica up to 1	
  

2% for pure cement LWC. The transport of water matches with the porosity except the 2	
  

sorptivity for the pure cement LWC with 2% NS. An optimum content of 1% NS was 3	
  

found for slag cement LWC to achieve highest resistance to water penetration.  4	
  

4) Both accelerated and non-accelerated tests indicate that higher resistance against chloride 5	
  

ion penetration was obtained by using nano-silica. Continuous improvement was 6	
  

observed with the increased NS content up to 2%, for both pure cement and slag cement 7	
  

LWC.  8	
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Table 1 Chemical compositions (% by mass) for cement and slag. 1	
  

 SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O 
Cement 20.8 4.6 2.8 65.4 1.3 2.2 0.31 0.44 
Slag 32.15 12.87 0.36 40.67 6.05 4.95 0.28 0.51 

 2	
  

Table 2 Mix proportions and dry density for LWCs (w/cm = 0.42). 3	
  

Mix No. 
Content, kg/m3 Densitya, 

kg/m3 
Densityb, 

kg/m3 Water Cement Slag Sand LWA* NS§ SP# 
LWC-C0 180 430 — 1000 345 0 1 1990 1900 
LWC-C1 174 430 — 1000 345 4.3 1.8 2025 1890 
LWC-C2 167 430 — 1000 345 8.6 4.3 1990 1880 
LWC-S1 180 172 258 975 345 0 1 1980 1855 
LWC-S2 174 172 258 975 345 4.3 2 1990 1875 
LWC-S2 167 172 258 975 345 8.6 4.1 1960 1845 

*LWA: lightweight aggregate; 
§ NS: nano-silica, weight of solids; 
# SP: superplasticizer; weight of aqueous suspension; 
a Air-dry density; 
b Oven-dry density. 

 4	
  

 5	
  

Table 3 Test specimens and standard methods for each LWC mix. 6	
  

Test Number of 
specimens Specimen Standards 

Compressive strength 3 Ø100×200 mm cylinder ASTM C 109 
Accessible water porosity 3 Ø100×50 mm slice ASTM C 642 

Water sorptivity 3 Ø100×50 mm slice ASTM C 1585 
Water penetration depth 2 Ø100×200 mm cylinder BS EN 12390-8 

RCPT 3 Ø100×50 mm slice ASTM C 1202 
RCM 3 Ø100×50 mm slice NT Build 492 

Chloride diffusion test 1 Ø100×100 mm slice NT Build 443 & BS 1881-124 
  7	
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Fig. 1. Particle size distribution of raw materials. 2	
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Fig. 2. TEM image of colloidal nano-silica used in this study. 2	
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 1	
  

Fig. 3. SEM image of slag used in this study. 2	
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Fig. 4. Paste hydration results: (a) hydration rate and (b) total heat generated for NS incorporated 3	
  

pure cement paste, (c) hydration rate and (d) total heat generated for NS incorporated slag 4	
  

cement paste.  5	
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Fig. 5. XRD patterns for cement clinker and slag before casting, and slag cement pastes with 0, 1% 2	
  

and 2% NS at the age of 3 days. 3	
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Fig. 6. Compressive strength of NS incorporated LWC with (a) plain cement and (b) slag cement.  3	
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Fig. 7. Water accessible porosity of NS incorporated LWCs. 2	
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Fig. 8. Water penetration depth into NS incorporated LWCs. 2	
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Fig. 9. Water sorptivity of NS incorporated LWCs with (a) pure cement and (b) slag cement. 3	
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Fig. 10. Microstructures at ITZ for (a) pure cement LWC, (b) 1% NS added pure cement LWC, 5	
  
(c) slag cement LWC, and (d) 1% NS slag cement LWC.  6	
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Fig. 11. (a) RCPT and (b) RCM testing results for NS incorporated LWCs.3	
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Fig. 12. (a) Chloride content profiles and best-fitted curves and (b) best-fitted diffusion 3	
  

coefficient into NS incorporated LWCs. 4	
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