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 This study's main goal is to examine the durability and shrinkage properties of 
high-performance lightweight concrete (HPLC) which uses lightweight synthetic 
fly ash instead of some natural coarse aggregate. By combining 90% fly ash and 
10% Portland cement by weight in a tilted rotating pan at room temperature and 
curing the aggregate for 28 days, the synthetic aggregate was created using the 
cold bonded pelletization procedure. Then, ten combination samples were made 
using HPLCs by substituting natural coarse aggregate for fly ash aggregate at 
percentages of 0, 10, 20, 30, and 40% of the aggregate's total volume with a water 
binder (w/b) ratio of 0.35 both with and without the addition of nano-SiO2 (nS). 
Durability characteristics, rapid chloride penetration and water permeability, 
were tested for 28 and 90 days, while drying shrinkage and weight loss were 
examined for 61 days. Results demonstrated a lower performance with control 
mix in terms of durability and shrinkage characteristics with increasing the 
coarse aggregate replacement (%) of lightweight aggregate (LWA).  Additionally, 
nS improved the transport qualities by reducing the porosity traits and 
detrimental effects of synthetic LWAs. On the other hand, nS particle-related 
permeability decreases up to 23.34% due to a larger surface area and smaller 
particle size that made a permeability channel more meandering or partially 
closed. HPLCs mixes greatly reduce the overall shrinkage strain when adding 3% 
nS to HPLC specimens by 11.73% over 61 days. The statistical models that were 
derived indicated that the independent variables have a statistically significant 
impact. 
 

© 2023 MIM Research Group. All rights reserved. 
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1. Introduction 

Due to the lack of landfills and the vast amounts of solid waste materials, controlling solid 
waste management is one of the most difficult problems in our nation and around the 
world. Reusing and recycling demolition waste is crucial as a result of lessening this issue 
and looking for an environmentally friendly answer. For instance, enormous amounts of 
pulverized fly ash are produced by coal-fired thermal plants, yet lesser amounts can be 
used in the building sector. Due to the severe lack of natural aggregates, synthetic 
aggregate utilization in the building industry has received significant attention. Thus, the 
manufacturing of synthetic aggregates addresses two issues: decreasing environmental 
harm and averting the loss of natural resources, paving the way for sustainable growth. 
Cold bonding and sintering are efficient ways to manufacture lightweight aggregates. Low 
strength synthetic aggregates are produced via cold bonding, which requires little energy 
and relies on the pozzolanic reaction of fly ash to assemble tiny particles into pellet.  
Pelletization, a procedure that involves mixing fly ash with the right quantity of water and 
a binder like cement in a pelletizer, can be used to create artificial lightweight fly ash 
aggregates that are then further hardened using the cold bonding technique [1 – 6]. 
Thomas, J. and Harilal, B. [7] provide a framework for assessing the sustainability of cold-
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bonded aggregates. Social, environmental, and economic aspects served as the primary 
evaluation criterion. These three sustainability pillars. Utilized were cold-bonded 
aggregates made from waste products like fly ash and quarry dust. According to this 
finding, cold-bonded aggregates are viable and should be taken into account when 
producing used concrete. The volume of binder and the distance to the raw material source 
were both mentioned as important considerations. 

 Civil infrastructures are commonly vulnerable to severe loading conditions and harsh 
environments, especially for structures in aggressive environments. Therefore, durability 
is an important feature of concrete since it strongly affects structures' maintenance costs 
and service life. Concrete service life is mainly influenced by permeability associated with 
harmful agents like chloride, water permeability, carbon dioxide (CO2), etc. Permeability is 
one of the fundamental characteristics of concrete structures, as it is closely associated 
with durability. Concrete durability depends strongly on the ability of concrete to prevent 
the entry of aggressive chemical species. For this reason, the permeability of concrete is a 
key indicator and major index for this ability [8 - 9]. 

The interfacial transition zone (ITZ) between coarse aggregate and cement paste is well 
established to have an effect on the durability of concrete. In general, when light weight 
aggregate (LWA) is used, the ITZ is better than when normal weight aggregate (NWA) used 
[10]. In general, LWAs have more porosity than NWAs. The permeability of LWC might not 
always be greater than that of NWC. Increasing porosity, enhancing the transition zone 
between the surface, enhancing cement hydration owing to internal curing, and limiting 
micro cracking that may affect chloride ions and water transport in the concrete are just a 
few of the ways that LWCs differ from NWCs. Since linking the pore system has been 
crucial, the transport properties of LWC in comparison to NWC rely on which of these 
variables is prominent. The quality of the LWC matrix is typically more significant in 
regulating the concrete's transport properties [11-12]. 

The growth of high strength-performance concrete for specific applications results from 
the retro-gradation of concrete structures in aggressive environments due to its better 
engineering and performance properties, mainly common characteristics of good 
workability, high strength, low porosity, and fine pore structure. These, in turn, enhance 
the concrete resistance to the penetration of harmful substances like chloride ions, carbon 
dioxide (CO2), oxygen, and water permeability [13]. 

In recent years, the incorporation of cementitious materials such as fly ash, silica fume, and 
ground granulated blast furnace slag (GGBFS) into concrete has been shown to increase 
the resistance to the deterioration of aggressive media and permeations while lowering 
the cost of concrete production, preserving resources and energy, and reducing the impact 
of environmental pollution [14]. The addition of nano-silica has generally improved the 
concrete performance due to experimental results [15-16] according to its pozzolanic 
reaction and filler effect. [17] Reported the pozzolanic reaction and the rate of cement 
hydration increased when the addition of nS because of the nS small particle size, which 
provides a larger surface area. In their discussion of the impact of 3.8% colloidal nS on the 
durability characteristics of self-compacting concrete (SCC), Quercia et al. [18] discovered 
that the pore was less linked and finer. Mohseni E. and Ranjbar M. [13] presented the 
durability properties of high-performance concrete incorporation nano TiO2 and fly ash. 
They concluded the concrete containing nano-TiO2 significantly improved durability 
performance in capillary water absorption and chloride diffusion and resistance to 
sulphuric acid attack by including the replacement of cement of 1% nanoparticles and 30% 
FA combination. [19] has been claimed that the inclusion of nano-SiO2 and TiO2 can refine 
pore strctures, reducing the permeability of concrete to chloride. For up to 56 days, Kayyali 
O. and Haque M. [20] looked at the drying shrinkage of LWC with coarse and fine sintered 
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fly ash aggregate. In terms of dry density and compressive strength, the concrete had 
values of 1900 kg/m3 and 70 MPa, respectively. They came to the conclusion that LWC 
shrank less while drying than NWC. In a 57-day study, Gesoğlu et al. [21] investigated the 
drying, restricted, and autogenous shrinkage of high strength concrete containing 
synthetic fly ash and blast furnace slag aggregates. Cold bonding was used to create the 
substitute aggregates. The test findings showed that high-strength concrete with 20% 
synthetic slag aggregate had better mechanical properties. Additionally, slag aggregate 
added to high strength concrete prolonged the cracking period and resulted in a finer crack 
with decreased free shrinkage. All high strength concretes, including those with synthetic 
aggregates, also showed a discernible decline. Atmaca et al. [22] looked into how 3% nS 
particles affected HSLWCs' compressive strength, sorptivity, splitting tensile strength, and 
gas permeability. They came to the conclusion that, in 28 and 90 days, nS particles in 
HSLWCs provide better compressive strength and splitting tensile strength. The included 
nS samples showed a decrease in gas permeability and water sorptivity. 

The results of an investigation by Kasm M. et al. [23] studied the effect of the micro-steel 
fiber, pelletized fly ash lightweight aggregate, and microsilica content on the mechanical 
properties of high-performance cementitious composite (HPCC) and shrinkage behavior 
showed that the steel fiber volume fraction had a positive effect. Microsilica also has the 
ability to neutralize the drawbacks of synthetic lightweight aggregate. Kseniia U. [24] 
demonstrated in his research for a C25/30 concrete with cold-bonded fly ash aggregate, 
that the linear expansion coefficient is 14.8 x 10-6 K-1, the modulus of elasticity is 18 x 109 
Pa, the compressive strength after 28 days is 37.8 MPa, and the flexural strength is 4.9 MPa. 
The kinetics of heat emission and cement hydration were unaffected by water presoaking 
lightweight aggregates, while air shrinkage deformation was positively affected. 

By using the cold-bonded approach, Jiayi L. et al. [25] created a novel type of artificial 
lightweight aggregates from a type of municipal woody biomass waste ash (MWBA). 
Municipal woody biomass waste ash aggregate (MWBAA) performance was examined in 
relation to the effects of varying cement content 5, 10, 15, and 20%, curing time 3, 7, 14, 
and 28 days, and rotation speed 30, 40, 50, and 60 rpm on particle size fractions of fraction 
4 mm–10 mm, 10 mm–16 mm, 16 mm–20 mm. The water content 20-33%, rotation speed 
30, 40, 50, and 60 rpm, and rotation angle 30–60°. The bulk density of the MWBAA ranges 
from 841 to 1058 kg/m3. Additionally, it was shown that 27–29% water concentration is 
ideal for MWBAA manufacture. The rotation speed and angle that produced the maximum 
granulation efficiency were 55° and 60 rpm. The MWBAA with 20% cement content had 
the maximum compressive strength after 28 days of curing was 2.6 MPa. In order to 
successfully recycle MWBA and maybe granulate MWBA into lightweight aggregate that 
can be used in concrete, the study offers an alternate option. The work suggests a different 
way to efficiently recycle MWBA and perhaps even granulate it into lightweight material 
that can be used in concrete. 

Therefore, the primary objective of this work is to investigate the shrinkage and durability 
properties of nano high performance lightweight concrete. In order to create HPLCs, fly 
ash was cold-bonded pelletized to create the alternative LWA. LWAs from 0 to 40% by 10% 
increments were used to partially replace the typical coarse aggregate. Thus, ten distinct 
HPLC mixes with and without nS were created, each with a 420 kg/m3 binder content and 
a 0.35 w/b ratio. The water permeability, capillary water absorption, chloride ion 
permeability, drying shrinkage, and weight loss of the created concrete mixtures were all 
examined to determine their durability. 
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2. Experimental Study 

2.1. Materials 

This experiment made use of Portland cement (PC) type I complies with [BS. EN197-1], fly 
ash (FA) meets the requirements of ASTM C618 [26], nano-SiO2 (nS), and high range water 
reducing admixture (HRWRA) had a specific gravity of 1.07 and was used as a 
superplasticizer (SP). The physical characteristics and chemical compositions of the 
materials used are stipulated in Table 1. 

Table 1. Chemical compositions and physical characteristics of materials used 

 PC FA nS 

Physical Characteristics    

Fineness (Blain) (cm2/g) 3950 3800 - 

Specific Gravity (s.g.) 3.16 2.06 2.3 

Specific surface area (BET) (m2/g) - - 150 ± 15 

Average primary particle size (nm) - - 14 

Chemical composition (%)    

Silicon Dioxide, SiO2 19.7 57.2 99.8 

Calcium Oxide, CaO 62.13 2.24 - 

Ferric Oxide, Fe2O3 2.9 7.1 - 

Aluminum Oxide, Al2O3 5.15 24.4 - 

Sulfur Trioxide, SO3 2.65 0.29 - 

Magnesium Oxide, MgO 1.2 2.4 - 

Sodium Oxide, Na2O 0.17 0.38 - 

Potassium Oxide, K2O 0.89 3.37 - 

Loss on Ignition 2.99 1.52 ≤ 1.0 

2.2. Synthetic Aggregates 

The fabrication of the synthetic LWAs in the pelletized machine at room temperature 
began the experimental program with the cold bonding of FA and PC. As shown in (Fig. 1), 
a pelletizer machine for this has an 80 cm diameter and a 35 cm depth. The horizontal angle 
of the pelletizer disc was 45 degrees, and its rotational speed was 42 rpm. The dry powder, 
which was poured out into the pelletizing pan and allowed to mix until a well-blended- 
mixture was reached to create the synthetic LWA, was composed of 90% FA class (F) and 
10% PC by weight. The pressurized water injection mechanism controlled the amount of 
water sprayed to be about 20% by weight of the dry mixed mixture. In this procedure, the 
coagulant was water. After 10 minutes of the first stage's length, the spheroidal fly ash 
pellets were obtained. A further 10 minutes of agglomeration time is required for 
appropriate stiffness and compressed fresh pellets. After the pelletization process is 
complete, the fresh pellets must be saved in sealed plastic bags for a 28-day self-curing 
period in the curing room to harden at a temperature and relative humidity of 22°C and 
70%, respectively. Ultimately, the solidified LWAs were sieved as lightweight coarse 
aggregate (4-16 mm) to replace the coarse natural utilized to create HPLCs. According to 
ASTM C 127[27], specific gravity and 24-hour water absorption for LWAs were 
approximately 1.64g/cm3 and 21.12%, respectively. The fine and coarse materials used 



Abbas and Abbas / Research on Engineering Structures & Materials 9(2) (2023) 475-491 

 

479 

were sand and gravel, which naturally have specific gravities of 2.7 and 2.67, respectively. 
Table 2 displays the sieve analysis grade for natural and LWA. 

 
Fig. 1 Pelletizer machine 

Table 2. Physical characteristics and sieve analysis of aggregates 

Sieve size 

(mm) 

Natural Aggregate 

(%) 

Lightweight Aggregate (%) 

4-16 mm 

 

Sand 

 

Gravel 

 16 100 100 100 

8 100 31 81 

4 95 0.3 0 

2 59 0 0 

1 37.8 0 0 

0.5 24 0 0 

0.25 6 0 0 

Fineness modulus (%) 2.79 5.68 5.15 

 Specific gravity  2.70 2.67 1.64 

2.3. Mixes Proportion Details 

The second part of the investigation program, which involved the creation of ten HPLC 
mixes total and showed how LWAs can partially replace natural coarse aggregate at 
different volume fractions ranging from 0% to 40% in increments of 10%, revealed the 
durability and shrinkage properties of concrete mixes. The next step was to plan two 
series: the first involved replacing synthetic coarse lightweight aggregate with coarse 
natural aggregate free of nanoparticles, and the second involved replacing LWAs with 
natural coarse aggregate that had nanoparticles. To provide the necessary workability, 
various concentrations of HRWRA were utilized. To create HPLC mixtures, a 30 L capacity 
power-driven rotating pan apparatus was employed. The control mix contained only 
natural aggregate. The goal of all the mixes was to get a 150 𝑚𝑚 ± 20 𝑚𝑚 slump. To 
achieve consistent workability, different concentrations of HRWRA (SP) have been utilized 
in each mixture. 
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Table 3. Mix proportions details for HPLCs 

Mix 
series 

Mix 
designation 

w/b binder 
 

PC 
 

FA nS water SP sand Gravel LWA 

Series Ⅰ
 

nS0%, 
LWA0% 

0.35 420 336.0 84 0.0 147.0 6.3 942.5 932.0 0.0 

nS0%, 
LWA10% 

0.35 420 336.0 84 0.0 147.0 6.3 942.5 838.8 57.2 

nS0%, 
LWA20% 

0.35 420 336.0 84 0.0 147.0 6.3 942.5 745.6 114.5 

nS0%, 
LWA30% 

0.35 420 336.0 84 0.0 147.0 6.3 942.5 652.4 171.7 

nS0%, 
LWA40% 

0.35 420 336.0 84 0.0 147.0 6.3 942.5 559.2 229.0 

Series Ⅱ
 

nS3%, 
LWA0% 

0.35 420 323.4 84 12.6 147.0 9.2 936.4 926.0 0.0 

nS3%, 
LWA10% 

0.35 420 323.4 84 12.6 147.0 9.2 936.4 833.4 56.9 

nS3%, 
LWA20% 

0.35 420 323.4 84 12.6 147.0 9.2 936.4 740.8 113.8 

nS3%, 
LWA30% 

0.35 420 323.4 84 12.6 147.0 9.2 936.4 648.2 170.6 

nS3%, 
LWA40% 

0.35 420 323.4 84 12.6 147.0 9.2 936.4 555.6 227.5 

* All weights are in kg/m3 units. 

2.4. Test Methods 

Regarding BS EN (12390-8)[28], the water penetration depth of HPC containing LWA for 
28 and 90 days was adapted. For this, 150 mm cube specimens were pressurized with 
water at a pressure of  500 ∓  50 𝑘𝑃𝑎 for 72 hours. The middle section of the specimens 
was divided, and the greatest pressurized water penetration was gauged in millimeters. 
The average outcomes of three samples of the mix were considered for each testing 
interval. If the water penetration does not rise by 30 mm after concrete comes into contact 
with aggressive media, chemical attacks might be regarded to be resistant. ASTM 
C1202[29] was used to analyze the rapid chloride permeability test (RCPT) for HPLC. As 
stated in[29], the middle portion of each cylinder specimen measuring approximately 
100 × 200 𝑚𝑚 was cut into three-disc samples measuring 50 mm in height and 100 mm 
in diameter. At 28 and 90 days, the test was conducted. The disk samples were then placed 
on a test cell with one side of the specimens in contact with 0.3M sodium hydroxide and 
the other in contact with a 3% solution of sodium chloride. A direct voltage of 60 ∓ 01𝑉 
was applied between the faces. Every 30 minutes, data on the concrete's resistance to 
chloride ion permeability were archived in order to track the charge that moved through 
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the samples over the course of six hours. The total charge in 𝐴. 𝑠 (𝑎𝑚𝑝𝑒𝑟𝑒𝑠 ×  𝑠𝑒𝑐𝑜𝑛𝑑𝑠 =
𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑠) that passed through the specimens was determined using Simpson's 
integration and present and time historical knowledge[28]. The drying shrinkage of HPLCs 
was calculated through three 70 × 70 × 280 𝑚𝑚 prisms due to ASTM C157[30]. The gage 
length was settled on the top surface of each specimen by the mean of the glued pin as soon 
as demolding the prisms. An electronic dial gauge extensometer was used to measure the 
change length over 200 mm, accurate to 0.002 strains. For the first 21 days, measurements 
were taken every day; thereafter, they were taken three times per week. Investigations 
into weight loss were conducted using the same prism. Weight loss and strain variations 
due to drying shrinkage were recorded over a 61-day period at a drying temperature of 
23.2 °C and a relative humidity of 50.5%. 

3. Results and Discussions 

3.1. Water Permeability 

The test uses a range of pressures to calculate the depth of water penetration into the 
concrete. (Fig. 2) displays the variation in the water penetration depth of HPLCs at 28 and 
90 days. As anticipated, the HPC incorporating LWA had water penetration rates at 90 days 
that are less than 28 days. Additionally, adding LWA to HPC resulted in the construction of 
more water-absorbent concretes, and the effect grew stronger when LWA content was 
increased. It is obvious from (Fig. 2) that the water penetration depth goes an upward 
trend with partial replacement of natural aggregate by LWA. When adding 3% nS with the 
same replacement amount of LWA, there is a tendency for decline. The lowest value of 
water penetration depth was measured for nS3%, LWA 0% as 11.5 and 7.5mm, in contrast 
to the largest penetration depth, which was recorded for nS0 %, LWA40% as 27mm and 
21mm at 28 and 90 days, respectively. The porous nature of LWAs accounts for the high 
penetration depth. Under pressure, water can easily pass-through aggregates, resulting in 
deeper water penetration in the HPC than that of the mix nS0%, LWA0%, which contains 
LWAs.  

 

Fig. 2 The 28- and 90-days water penetration values of HPLCs. 
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This reply supports the findings of some researchers who claimed that numerous 
synthesized LWAs in concrete increased water penetration [31]. However, when 3%nS 
particles are added with the same level of LWA substitution, there is a noticeable drop of 
roughly 14.5-23.3 %. Since the pore structure of HPC substantially affects its endurance, it 
can be said that adding nS as a mineral admixture has a good impact on the mechanism. 
However, by filling the voids during the development of the cement paste using aggregate, 
the ITZ might be impacted [32]. HPLC notices a systematic reduction in water permeability 
after the addition of concrete with 3%nS particles. The water permeability reached 37.5% 
when 3%nS was added. The findings of several investigations [33-34] are supported by 
these findings. In general, high depth water permeability is a sign of low concrete material 
durability [35]. It is clear that using nS particles as cementitious material significantly 
lowers the water permeability of HPLC while maintaining the same level of LWA 
replacement. 

3.2. Rapid Chloride Penetration 

The infiltration of water containing chloride and other hostile ions into the concrete is the 
main factor influencing the physical and chemical deterioration process. This procedure, 
which primarily regulates the microstructure of concrete is connected to water infiltration 
and ion transport [36]. The total charged A.s (coulombs) passed through concrete disc 
specimens during 6 hours as a function of electro-migration, which was determined by 
ASTM C 1202[29] which confirmed concrete's resistance to chloride ion penetration.  

(Fig. 3) displays graphically the total charge that was passed through HPLCs throughout 

the course of 28 and 90 days. 

 

Fig. 3 The 28 and 90-day RCPT values of HPLCs 

 

As the LWAs were replaced with natural aggregate, the results demonstrate a steady rise 
in chloride-ion permeability. With an increase in the replacement amount, this effect 
becomes much more noticeable. High chloride permeability refers to the maximum charge 
that has been observed passing through HPCs, including LWAs, at a coarse aggregate 
replacement of 40% of 4089 A.s (coulombs) at 28 days without nS. According to ASTM 
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C1202[29], the total charge transmitted through HPLCs in contrast to LWAs without nS 
particles in the range between 2000-4000A.s resulted in a moderate categorization of 
chloride penetration. The pozzolanic reaction and effects of the filler nS particles, which 
make the ion pathway more difficult or partially blocked are evident from (Fig. 3) that the 
HPLCs showed a notable diminish to the second series after the addition of 3% nS particles, 
with the same replacement of LWAs[37]. For 28 days, the 2nd series charges passed were 
measured as 1690.6A.s, 1847.3A.s, 2067.8 A.s, 2429.1A.s, and 2740A.s for replacements 0-
40% of LWAs with nS particles, and the decrease percentages were 19.52%, 31.32%, 
33.30%, 34.34%, and 32.99% respectively. Moreover, zero and ten replacement 
percentages were classified as low chloride permeability, while 20%, 30%, and 40% were 
classified as moderate chloride permeability concerning ASTM C 1202[29]. These classes 
were shown to have low chloride permeability with 30 and 40% at 90 days, despite having 
been seen as very low in terms of 0%, 10%, and 20% coarse aggregate replacement with 
nS particles. The chloride permeability values are also significantly impacted by the 
extended testing period of 28 to 90 days. 

3.3. Drying Shrinkage and Weight Loss 

Long-term drying shrinkage depends on curing temperature, degree of hydration, w/c, 
relative humidity, aggregate type and characteristics, drying period, admixtures, and 
cement composition. (Fig. 4) and (Fig. 5) show the changes in total shrinkage for HPC with 
LWA at a 61-day drying time. 

Overall, it is evident that as drying progresses for all mixes gradually reduces the total 
shrinkage rate of HPC including LWA. On the other hand, (Fig. 4) demonstrates how the 
drying shrinkage rate rose as LWA largely replaced the natural aggregate. The majority of 
the entire shrinkage's growth nearly occurred in the first three weeks. The lowest 
shrinkage strain of 448 𝜇𝜀 for series I in (Fig. 4) was recorded at 61 days for nS% and 
LWA0%, while HPC contained 40% LWA was recorded the largest shrinkage value 597𝜇𝜀. 
The total shrinkage strain of HPCs was reduced by 6.47, 16.07, 24.77, and 33.26 %, 
respectively, for mixtures of nS0% and LWA10%, nS0% and LWA20%, nS0% and 
LWA30%, nS0% and LWA40%, when compared to the control mix of nS0% and LWA0%. 
The usage of LWA in the mixtures may be referred to as the cause of the increase in the 
overall shrinkage strain of HPCs in this study. Additionally, the high porosity of LWA and 
its reduced stiffness as a result of its rapid absorption rate contribute to concrete's 
increased drying shrinkage. These results were reported by other previous researchers 
[21, 38-39]. 

From (Fig. 5) for series Ⅱ, its evident the influence of replacing cement with nS was to fade 
the strain development of the drying shrinkage. The addition of 3%nS to the HPLC mixes 
resulted in a notable improvement in the drying shrinkage by 9.37%, 9.01%, 11.73%, 
10.37%, and 9.88% after 61 days, respectively. This improvement was seen in comparison 
to the two series, as shown in (Fig. 5) the results were confirmed the findings in the study 
conducted by [40-41]. An extreme fall development at an early age test in the values of 
drying shrinkage of HPLCs according to (Fig. 5) although the strain development of HPLCs 
was affected by nS incorporation, LWA coarse aggregate replacement and aggregate type 
have the main role especially at the initial reading. Moreover, nS efficiency displayed a 
positive effect and seemed to be more pronounced on the higher coarse aggregate 
replacement of LWA than at the lowest replacement in strain development. For instance, 
the drying shrinkage for series Ⅰ, 448, 477, 520, 559, 𝑎𝑛𝑑 597𝜇𝜀. In comparison, it is 

found for series Ⅱ, 406, 434, 459, 502, 𝑎𝑛𝑑 538 𝜇𝜀. (Figs. 6 & 7) depicts series I and II, 
respectively, the changes in weight loss over time as a result of the drying period. Similar 
tendencies to the drying shrinkage were revealed by HPC combined with LWA. However, 
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adding LWA to HPC showed a greater weight reduction, although 3% nS containing 
HPLWCs showed a smaller weight loss than the series I. 

 

Fig. 4 Drying shrinkage for HPLCs without nS 

 

Fig. 5. Drying shrinkage for HPLCs with nS. 
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Fig. 6 Weight loss for HPLCs without nS. 

After a week of drying, the difference in weight loss between the HPLC series I and II was 
easier to identify. It was subsequently discovered that the disparities tend to get bigger as 
the drying time gets longer. The percentage of weight loss increased when NWAs were 
switched out for LWAs, but this rise in percentage was more obvious as the coarse 
aggregate replacement rose. 

 

Fig. 7 Weight loss for HPLCs with nS. 
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For instance, the maximum weight loss for nS0% and LWA 0% in series I was 69.22 gr as 
opposed to 81.60, 91.57, 111.02, and 132.18 gr for nS0% and LWA 10%, nS0%, and LWA 
20%, nS0%, and LWA 30%, and nS0% and LWA 40%, respectively. The incorporation of 
nS into HPLC combination inhibits weight loss. For instance, a maximum weight loss of 
series II of nS3% and LWA0%, nS3% and LWA10%, nS3% and LWA20%, nS3% and 
LWA30%, nS3% and LWA40% was 58.24, 67.31, 78.99, 95.18 and 105.12 gr, respectively, 
compared with series I with the same coarse aggregate replacement without nS. The 
results of weight loss measurements using HPLCs suggested that there is no direct 
correlation between weight loss and drying shrinkage readings. The single weight loss 
parameter cannot adequately explain the variations in the drying shrinkage of concrete 
since the shrinkage of concrete is coupled to other parameters and weight loss [42-43]. 

4. Statistical Analysis 

The results of the analysis of variance (ANOVA) are shown in Table 4 to show whether the 
status of an independent variable has any impact on the dependent variables or not. The 
statistical evaluation of GLM-ANOVA method was performed with Minitab 17 software and 
a multiple linear regression method was performed with SPSS 26 software. Durability 
characteristics, such as water permeability and chloride penetration, were assigned as 
dependent variables and studied. Calculation of the experimental parameter validation 
was done using the general linear model analysis of variance (GLM-ANOVA), as indicated 
in the equations below; Eq(1) for water permeability and Eq(2) for chloride penetration. 
Figs. 8 & 9 show the normal P-P plot standardized residual for water permeability and 
rapid chloride penetration models, respectively. The independent criteria, however, were  

coarse aggregate replacement, Ns(%), and testing age on the 28 and 90 days.  

When used in a statistical study with a 0.05 significant level, the parameter is acceptable 
as a significant factor smaller than that. Additionally, the percent contribution was 
determined to provide a general understanding of the strength of each independent 
parameter's influence on the dependent component. By dividing the sequential sum of 
squares value of an independent factor by the sum of squares of each dependent factor, the 
percent contributions shown in the eighth column were determined. The effectiveness of 
the independent component is shown by a larger percent contribution value. All 
independent variables have a statistically significant impact on the water permeability and 
chloride penetration; it may be inferred from the statistical analysis in Table 4. However, 
for the chloride penetration of concrete mixtures, the coarse aggregate replacement is not 
a statically important quantity. The most efficient independent component for the water 
permeability is the coarse aggregate replacement, which has a contribution value of 
58.89%. The nS parameter, with values of 12.65 and 11.10%, respectively, has the least 
impact on the water permeability and chloride penetration. According to a statistical 
analysis of the RCPT results, the most important variable affecting the combinations is 
testing age, which has a contribution value of 66.04%. The coarse aggregate replacement 
has also had an impact on the RCPT model, though not to the same extent as water 
permeability.  

𝑊. 𝑃. = 18.283 − 1.133 × 𝑁𝑠 + 0259 × C. A. R. −0.081 × 𝑇. 𝐴.                             (1) 

𝑅. 𝐶. 𝑃. = 3151.975 − 212.607 × 𝑁𝑠 + 25.753 × C. A. R. −25.095 × 𝑇. 𝐴.         (2) 

Where, W.P.: Water Permeability (mm.), Ns: Nano silica (%), C.A.R.: Coarse Aggregate 
Replacement (%), T.A.: Testing Age (days), R.C.P.: Rapid Chloride Penetration [A.s 
(coulombs)]. 

 



Abbas and Abbas / Research on Engineering Structures & Materials 9(2) (2023) 475-491 

 

487 

 

Table 4. A statistical analysis of concrete's durability characteristics. 
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Error 5.075 - - - 1.11 
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2659772 5.66 

90.1 

0.000 Yes 14.50 

nS (%) 2034072 17.31 0.000 Yes 11.10 
Testing age (days) 12104124 102.98 0.000 Yes 66.04 

Error 1527957 - - - 8.33 
Total 18325925 58.341 0.000 - - 

 

5. Conclusions 

The following conclusions can be reached in light of the research's findings and the 
materials used: 

  

Fig. 8 Normal P-P plot standardized 
residual for water permeability model 

Fig. 9 Normal P-P plot standardized 
residual for rapid chloride penetration 

model 
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• Each HPLC combination was made to produce a slump of 150±20 mm. Because nS 
have a tiny particle size and large surface area, the amount of HRWRA was 
increased from 6.3 - 9.2 % with the introduction of 3% nS to keep within the range 
of the required slump. 

• When compared to the reference mix, a systematic rise in chloride penetration 
was seen as the LWAs increased due to the porous structure and high level of 
permeability. The pozzolanic reaction and filler effect of the nS particles, which 
make the ion pathway more difficult or partially blocked, caused the HPLCs with 
nS particles to exhibit a striking decrease in chloride permeability with the same 
coarse aggregate replacement of LWAs. 

• As was predicted, the coarse aggregate replacement of LWAs in the mixtures led 
to an increase in the water penetration rates. It has been shown that the 
permeability decreases by up to 23.34% when nS particles are used. 

• Regardless of the LWA coarse aggregate replacement, it was found that the total 
shrinkage strains at 61 days were higher for lightweight concrete than for normal 
weight concrete. This was attributed to LWA's reduced stiffness from high 
absorption and high porosity, which also contributed to an increase in concrete's 
drying shrinkage. 

• The presence of 3% nS in HPLC specimens reduces drying shrinkage of 61 days 
by 9.37%, 9.01%, 11.73%, 10.37%, and 9.88%, respectively, while maintaining 
the same coarse aggregate replacement of LWA. Additionally, nS efficiency 
demonstrated a favorable impact on LWA coarse aggregate replacement at higher 
levels than at the lowest levels during strain development. Summarizing the 
findings, it can be said that nS can be added to LWAs to counteract their negative 
effects. 

• The addition of nS reduced the rate of weight loss due to the drying of the 
concrete. Especially for mixtures having a higher rate of coarse aggregate 
replacement of LWA. The research showed that nS incorporation, LWA coarse 
aggregate replacement, aggregate type and porosity have the main role in 
affecting the weight loss of concrete especially at the initial readings. 

• The statistical analysis of the experimental test results indicated that the most 
important factor influencing chloride penetration was testing age, whereas it was 
a coarse aggregate replacement for water permeability. Moreover, the statistical 
evaluation exhibited that coarse aggregate replacement had no effect on chloride 
penetration. But it could be realized from the statistical evaluation that the least 

influential parameter on water permeability and RCPT was nS particles . 
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