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Abstract
The impact of nano-limestone (NL) on the properties of pervious concrete (PC) is the focus of this study. The work explores 
workability, paste drain down, porosity via CT scanning, hardened density, mechanical strength, infiltration, and micro-
structural properties of PC. Field emission scanning electron microscopy, X-ray diffraction, and Fourier transform infrared 
spectroscopy facilitated the microstructural analysis. The findings verified that NL served as an inert substance that enhanced 
the density of the microstructure in PC. Moreover, it expedites cement hydration process by promoting the generation of 
nuclei at the boundaries. Different replacement rates of NL (1%, 2%, 3%, and 4%) were examined concerning cement. At a 2% 
NL replacement, the measured compressive strength of PC was 12.12 MPa and 24.29 MPa after 3 and 28 days, respectively. 
Splitting tensile strength recorded values of 1.62 MPa and 3.12 MPa, while shear strength measured 1.92 MPa and 3.75 MPa 
for the same periods. Significant enhancements were observed with compressive strength increasing notably by 48.2% after 
3 days and 19.2% after 28 days. Similarly, the splitting tensile and shear strengths displayed remarkable increments of 48.6% 
and 16.4% after 3 days and 58.6% and 26.4% after 28 days, respectively. However, an increased NL percentage resulted in 
reduced permeability, rendering PC nearly impermeable at 4% replacement. The optimal NL percentage to maintain PC 
permeability was ≤ 2%, preserving an infiltration rate of 2.43 mm s−1.
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Introduction

Cement production is likely to increase in future, releasing 
CO2 into the atmosphere. Hence, a proper and sustainable 
practice is necessary to control the excess production of 
cement and its impact on the environment [1, 2]. The use 
of nano-materials in normal and pervious concrete as the 
replacement of basic ingredients like cement or as a blend 
has shown potential for improvement in both mechanical and 
durability properties of concrete, thereby helping to decrease 
cement usage that can indirectly lead to a reduction in 
cement production [2]. The same is credited to the very high 

surface area of nano-materials than the macro materials. 
The nano-materials are reported as highly reactive and thus 
quickly enhance the mechanical properties of the blends. 
The basic mechanism for improving properties is based 
on the nucleation sites for forming nano-calcium silicate 
hydrate (CSH) gel. CSH gel acts as a nano-material in the 
concrete by filling nano-pores, thereby acting as nano-rein-
forcement, enhancing the hydration process and durability 
[3]. Nanotechnology thus provides wide scope for improve-
ment in the properties of traditional and specially designed 
porous concrete. Porous concrete, commonly known as per-
vious concrete, contains cement, coarse aggregates, water, 
and very little or no fine aggregates. However, unlike normal 
concrete, it is a composite with a void ratio of 15–25% [4, 
5]. The primary goal of pervious concrete (PC) is to create a 
system of continuous interconnected pore structure, typically 
accomplished by reducing or fully eliminating the amount 
of fine aggregates and only cement, coarse aggregates, and 
water are used. To achieve bonding between adjacent parti-
cles, the coarse aggregates must be coated with an optimal 
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amount of cement paste [6–9]. Some advantages of pervious 
concrete include the reduction of stormwater runoff through 
infiltration recharging of the groundwater, reducing the need 
for uneven drainage system, helping in water filtration and 
reducing water pollution caused by runoff [10]. Pervious 
concrete (PC) has been regarded as one of the best manage-
ment practices (BMPs) to take hold of stormwater runoff due 
to its high permeability, which aids in reducing stormwater 
runoff and helps recharge groundwater [11–13]. Although 
pervious concrete (PC) is an alternative to overcome the 
above-listed problems, the lesser compressive strength along 
with the clogging of the pervious concrete (PC) is the chal-
lenging factor which needs to be addressed [14]. As per ACI 
Chapter-1, the compressive strength of pervious concrete 
lies between 2.8 and 28 MPa, which is very less when com-
pared to normal concrete, 17 to 40 MPa [15]. Improvement 
of mechanical and permeable properties using fibre with 
different compaction techniques and short-duration vibra-
tion techniques have shown improved mechanical properties 
because of the formation of viscous layers between cement 
matrix and aggregate grains [16]. Similarly, to improve the 
performance of pervious concrete (PC), several materi-
als like blast furnace slag (BFS), flue gas desulfurisation 
gypsum (FGDG), and fly ash (FA) have been studied by 
researchers as binders in pervious concrete (PC) and the 
various properties, which include microstructure, mechani-
cal, and durability properties have been investigated using 
X-ray diffractometer (XRD), scanning electron microscope 
(SEM), and other standard methods [17].

The addition of nano-materials like nano TiO2 in con-
crete has revealed the self-cleaning property of the pervious 
concrete (PC), thus lowering the clogging of the pervious 
concrete (PC) to some extent [18]. Using nano-silica has 
shown good performance, enhancing porous concrete pave-
ment’s strength, clogging, and durability through pore-filling 
and pozzolanic properties [19, 20]. Using carbon nanotubes 
(CNTs) in porous concrete pavements has enhanced per-
vious concrete (PC) thermal conductivity and mechani-
cal properties [18]. Nanotubes, carbon nano-fibers, nano 
ZrO2, nano TiO2, nano SiO2, and nano Al2O3 are a few key 
nano-materials, more precisely reported as replacements of 
cement in aggregates [21]. The utilisation of nano-materials 
in normal and pervious concrete has garnered significant 
attention due to their potential for enhancing the proper-
ties of this essential construction material. However, one of 
the main challenges hindering their widespread adoption is 
the high cost associated with certain nano-materials used in 
concrete [22]. Materials such as carbon nano-tubes (CNTs), 
graphene, and nano-silica are considered at the forefront of 
innovation in this field but are also known for their high pro-
duction costs. For instance, synthesising CNTs and graphene 
requires specialised techniques and equipment, increasing 
manufacturing expenses. Similarly, nano-silica production 

involves sophisticated processes, contributing to its elevated 
cost. These high costs associated with nano-materials pose 
a significant barrier to their practical implementation in the 
construction industry, limiting their availability and imped-
ing their potential impact on improving pervious concrete 
properties [23]. Previous research primarily focused on 
utilising micro calcite, the purest and most stable calcium 
carbonate (CaCO3) state. This compound has been recog-
nised for its chemical reactivity, accelerating the hydration 
process and enhancing traditional cement-based substance’s 
fresh/early-age strength [24]. In ultrahigh performance con-
crete (UHPC), nano-silica (NS) and nano-limestone (NL) 
as cement substitutes displayed distinct roles. Nano-silica 
(NS) acted as a potent filler, reducing porosity and accelerat-
ing cement hydration, while nano-limestone (NL) enhanced 
microstructure density. Optimal nano-silica (NS) and nano-
limestone (NL) contents around 1.0% and 3.0%, respectively, 
yielded maximum UHPC mechanical strengths, emphasising 
their critical influence on UHPC matrix performance [25]. 
Similarly, it has also been studied that nano-limestone (NL) 
substantially speeds up early cement hydration, with a direct 
correlation between the quantity of nano-limestone (NL) and 
the extent of acceleration [26]. It has been proposed that 
limestone, which consists predominantly of CaCO3, could 
be used as a partial replacement for cement without sig-
nificantly impacting the hydration process (which involves 
the chemical reaction between cement and water). However, 
it helps it to speed up at an early stage and compressive 
strength. In European cement production, limestone is com-
monly used due to its availability and beneficial properties. 
However, in North America, its use is restricted by cement 
standards, such as those set by ASTM [27]. The Canadian 
Standards Association has been discussing protocols for 
incorporating limestone additives in cement-based mate-
rials, including permissible limits for various applications 
and environments [28]. Conversely, ever since the advent 
of various nano-materials, the concrete sector has invested 
significantly in exploring the effects and potential applica-
tions of nano-materials in concrete [18]. One advantage of 
nano-calcium carbonate over other nano-materials is its 
comparatively reasonable cost [22]. However, limited studies 
have investigated the impact, benefits, and potential applica-
tions of incorporating nano-calcium carbonate in pervious 
concrete.

Research significance

A brief examination of the literature, as offered in the pre-
ceding section, reveals that many studies have already been 
carried out to augment the mechanical properties of pervious 
concrete (PC) made with various nano-materials. However, 
the limited availability of literature on usage of nano-limestone 
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(NL) as a filler and cement replacer in pervious concrete (PC), 
exclusively on its mechanical, infiltration, and microstructural 
properties, has been a motivating factor of the present study. 
The study will also be helpful to overcome the limitations 
associated with other nano-materials, their high cost, and less 
availability. Hence, the present study’s main objectives were to 
pulverise the locally available limestone rock into nano lime-
stone powder using a specially designed ball mill and develop 
a pervious concrete mix with optimum mechanical, infiltra-
tion, and microstructural properties. The mechanical strength 
evaluations, including tests for compressive, tensile, and shear 
strength, were carried out on both pervious concrete (PC) and 
modified pervious concrete (PC) mixes at different time inter-
vals during the curing process: 3, 7, 14, and 28 days. However, 
tests for infiltration rate, hardened density, and porosity were 
conducted specifically after 28 days of curing. The microstruc-
ture analysis was performed using a field emission scanning 
electron microscope (FE-SEM), X-ray diffraction (XRD), and 
Fourier transform infrared spectroscopy (FT-IR) on 28 days 
cured samples. Moreover, a novel technology using CT scan-
ning of the hardened pervious concrete (PC) was carried out to 
check its porosity. The immediate testing after mixing involved 
evaluating fresh properties such as workability and paste drain 
down test. The economic feasibility of the designed mixes was 
also checked through cost analysis by finding the economic 
index (EI). The findings suggest that the nano-limestone (NL) 
modified pervious concrete developed in this study could pro-
vide remuneration to various stakeholders in the construction 
industry.

Materials and test methods

Materials

This study used the basic components of the concrete, like 
OPC grade 53, coarse and fine aggregate, water and the 
replacement material as nano-limestone. The nano-limestone 
was used as a substitute for cement partially. The nano-lime-
stone (NL) was prepared through pulverisation and then char-
acterised; the material’s description is below.

A well-ground OPC of 53 grade was chosen for its better 
strength, conforming to IS 12269-(1987) [29]. The 53 grade 
OPC also possessed lower %age of sulphates and chlorides; for 
obtaining the chemical composition of OPC grade 53, X-ray 
fluorescence spectrometer was used. The results are summed 
in Table 1, and the physical properties are presented in Table 2. 
The role of fine aggregates is as a workability agent while 
filling the voids of coarse aggregates. The fine aggregate used 

in the present study was river sand, falling in the range of 
90 micron-2.36 mm, 90-micron retaining and 2.36 passing 
with a fineness modulus of 2.38 conforming to zone II. The 
coarse aggregates used were in size range of 4.75–15 mm, 
free from dust and other undesired materials, conforming to 
IS 383-(2016) [30]. The physical properties of aggregates are 
summed in Table 3, and the gradation curve of coarse aggre-
gates is presented in Fig. 1. The portable water confirming the 
IS: 456-2000 [31] was utilised in the experiments. The tools 
do on the samples ensured that the water was free from oils, 
acids, salts and alkalis, which may affect the pervious concrete 
(PC) properties.

Preparation of nano‑limestone (NL)

Limestone (LS) is a naturally occurring calcium sedimentary 
stone with a higher percentage of minerals such as calcite 
and aragonite. The percentage of calcite is between 80 and 
90% for most limestone rocks. The state of J&K India has 
many unexplored limestone reservoirs. The locally available 
LS from one of the reservoirs south to the city of Srinagar, 
Lower Munda Qazigund, was collected and prepared to be 
used as a partial replacement of cement in pervious concrete 
(PC).

The limestone was initially cleaned using acetone and 
distilled water and then oven dried for 3 h at 60 °C to remove 
the surface moisture from the limestone, then the adequate 
amount (17.063 g) of limestone sample was taken for pul-
verisation using a specially designed ball mill (Planetary 
5, FRITSCH) to obtain nano-sized limestone, two silicon 
nitride jars were used having a volume of 500 ml, each jar 
contains (8.533 g) of the sample with 44 number of balls. 
A total of eighty-eight silicon nitride balls were utilised for 
the effective crushing and grinding of limestone samples. 
Different-sized balls were used with an average weight of 
1.939 g. The ball and sample ratio were taken as 10:1, and 

Table 1   X-ray fluorescence 
analysis of OPC grade 53

Constituents CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O Na2O TiO2 Other oxides

Percentage 65.62 19.50 4.88 3.86 2.47 1.83 0.88 0.24 0.33 0.39

Table 2   Physical properties of OPC 53

Properties Cement Testing standards Code

Setting time
i. Initial (min) 49 IS: 12269-(1987) [29]
ii. Final (min) 284
Specific gravity 3.15 IS: 12269-(1987) –
Normal consistency (%) 27.7 IS: 12269-(1987) –
Soundness (mm) 2 IS: 12269-(1987) –
Specific surface area (cm2/g) 3371 IS: 12269-(1987) –
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the pulverisation was carried out for 4 h, at an rpm of 350, 
with a pause of 15 min after every hour of operation. Fig-
ure 2a represents the physical change in limestone. After 
desired pulverisation, the sample was stored in air-tight con-
tainers for further usage.

Nano-limestone (NL) was characterised using various 
techniques, including field emission scanning electron 
microscopy (FE-SEM), particle size analyser, X-ray diffrac-
tion (XRD), and Fourier transform infrared spectroscopy 
(FT-IR), and the results are presented in Fig. 2a–e.

SEM analysis revealed that the nano-limestone (NL) par-
ticles exhibited a uniform size distribution with an average 
diameter of approximately 60 nm, evident from particle size 
analysis. The SEM images also showcased a spherical mor-
phology with a smooth surface, indicating well-dispersed 
nano-particles. XRD analysis confirmed the presence of pure 
calcium carbonate in the nano form, as evidenced by the 
characteristic diffraction peaks at 2θ values of 29.4°, 36.3°, 
and 47.8°, corresponding to the crystallographic planes 
(103), (111), and (112) of calcite, respectively, indicated 

the successful preparation of nano-limestone (NL) with a 
highly crystalline structure. FT-IR spectra exhibited promi-
nent absorption bands at around 712 cm−1 and 875 cm−1, 
corresponding to the stretching vibrations of the carbonate 
(CO3

2−) groups, further confirming the presence of calcium 
carbonate. Additionally, the FT-IR analysis revealed addi-
tional peaks at 1400–1500 cm−1, indicating the presence of 
adsorbed water molecules on the surface of nano-limestone 
(NL). Overall, the combination of FE-SEM, particle size 
analyser XRD, and FT-IR characterisation techniques pro-
vided comprehensive information about the size, morphol-
ogy, crystallinity, and chemical composition of the nano-
limestone (NL), facilitating its precise evaluation.

Mix design

The design mix was prepared using the weight approach 
method. The locally available limestone ground to nano 
level was used as a replacement material for cement to 
certain proportions in the mix designs. Five mixes were 

Table 3   Physical properties of 
the aggregates

Properties Coarse 
aggregates

Fine aggregates Testing standards Standards

Soundness (%) 5.4 – BIS (2002) [32]
Crushing value (%) 16.6 – IS: 2386 (Part IV) (2016) [33]
Abrasion value (%) 15.0 – ASTM C131M-20 (2014) [34]
Impact value (%) 13.2 – IS: 2386 (Part IV) (2016) [33]
Water absorption (%) 1.5 2.5 ASTM C 128-01 (2001) [35]
Fineness modules 7.22 2.38 IS: 2386 (Part IV) (2016) [33]
Specific gravity (SG) 2.78 2.67 IS: 2386 (Part IV) (2016) [33]
Zone – II IS: 383 (2016) [30]
Colour Grey – IS: 2386 (Part IV) (2016) [33]

Fig. 1   Gradation curve of 
coarse aggregates
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used, including normal mix PC0NL (pervious concrete 
with 0% nano-limestone (NL)), followed by four other 
mixes PC1NL (pervious concrete with 1% nano-lime-
stone (NL)), PC2NL (pervious concrete with 2% nano-
limestone (NL)), PC3NL (pervious concrete with 3% 
nano-limestone (NL)), and PC4NL (pervious concrete 
with 4% nano-limestone (NL)) by weight of cement as 
per the specifications laid down in ACI 522R-10 [15]. 
The description of all the mixes is presented in Table 4. 

The minimum and maximum range of the aggregates was 
fixed between 4.75 to 15 mm, respectively, whereas the 
W/C ratio was fixed at 0.35.

Fig. 2   a Physical changes in LS, b FE-SEM micrograph of NL, c FT-IR spectrum of NL, d XRD pattern of NL, and e particle size analysis of 
NL
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Test methods

Paste drain down test

A sieve and pan setup shown in Fig. 3 was used to perform 
the paste drain down test on the pervious concrete (PC) fol-
lowing the British Standards Institution (2000) guidelines 
[36]. This test visually assesses the paste’s capacity to create 
a film around the aggregates. To conduct the test, 200 g of 
pervious concrete (PC) was extracted from the real mix and 
positioned in a 90-micron sieve. The sieve pan assembly 
was shaken for one minute using a sieve vibrator/shaker. If 
a considerable amount of paste accumulates in the pan, it 
suggests that the mix cannot form a strong membrane, and 
therefore, adjustments should be made to the mix design.

Workability

Although pervious concrete (PC) is considered zero-slump 
concrete, to assess the effect of nano-limestone (NL) on the 
workability of the pervious concrete (PC) slump test was 
conducted as per the standard procedure of ASTM C143 
[37].The mould is to be filled in four layers, with each layer 
being compacted by applying twenty-five blows using a 

smooth-edged tamping rod. After filling, the mould should 
be removed slowly and cautiously in a vertical motion. Per-
vious concrete might settle, and the extent of this settling, 
known as slump, should be promptly gauged by measuring 
the variation between the initial height of the mould and the 
settled sample height.

Hardened density

The approach described in C1754/C1754M (ASTM Interna-
tional, 2012) [38] was employed to ascertain the hardened 
density of all pervious concrete (PC) mixes (with and with-
out nano-limestone (NL). The procedure involved placing 
the sample in an oven at 105 °C for 24 h until a consist-
ent weight was reached. The weight of the dried specimen 
(Wdry) and its volume (V) were then recorded to calculate 
the density of the pervious concrete (PC) using Eq. (1). The 
ultimate hardened density of the pervious concrete (PC) was 
determined by averaging the results from three pervious con-
crete (PC) specimens. Equation (1) demonstrates that the 
hardened density (D) is obtained by dividing the ovendry 
mass of the specimen (Wdry) in kilograms by the specimen’s 
volume (V) in cubic meters.

Table 4   Mix design for kg/m3 
of PC and modified PC mixes

Mix description C/CA OPC (C) Coarse aggre-
gate (CA)

NL W/C ratio Water Fine aggre-
gates (FA)

PC0NL 1:4 404.6 1456.8 0.0 0.35 141.6 161.8
PC1NL 1:4 400.5 1456.8 4.04 0.35 141.6 161.8
PC2NL 1:4 396.5 1456.8 8.09 0.35 141.6 161.8
PC3NL 1:4 392.4 1456.8 12.13 0.35 141.6 161.8
PC4NL 1:4 388.42 1456.8 16.18 0.35 141.6 161.8

Fig. 3   Paste drain down test
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Porosity

The testing procedure laid out by ASTM International 
(2012) [38] is followed to determine the porosity of all 
pervious concrete (PC) mixes (with and without NL). The 
specific gravity bench determines cylindrical specimen’s 
underwater weight (W2). The sample is positioned in a wire 
bucket and weighed after 10 min of submergence in water. 
After measuring the underwater weight, the same specimen 
is dried in an oven at 105C° for 24 h, and the weight of the 
dried sample in the air is noted as W1. The porosity is calcu-
lated using Eq. (2), which considers the weight of the sample 
in dry and submerged conditions, the volume of the sample, 
and the apparent density of water. Three samples from each 
batch of pervious concrete (PC) are employed to calculate 
the porosity, and the average of these values is reported as 
the final porosity of the pervious concrete (PC).

Mechanical properties

The mechanical properties of the pervious concrete (PC), 
like compressive, splitting tensile, and shear strength, were 
estimated after 3, 7, 14, and 28 days of curing. The compres-
sive strength test was done on cube specimens of 150 mm 
in size on CTM (3000 KN) as per the specifications laid 

(1)D =
Wdry

V

(2)P =

[

1 −
(W1 −W2)

V�w

]

× 100

down in BIS 516 (1959) [39]. A consistent loading rate of 
5.2 KN/s was upheld throughout all the compression tests. 
The maximum load (P) causing the specimen’s failure was 
recorded, and the compressive strength (fc) was determined 
using Eq. (3). The ultimate compressive strength of the sam-
ple was reported as the average compressive strength from 
three specimens,

where P represents the maximum load, and A denotes the 
specimen’s cross-sectional area.

A splitting tensile strength test was performed on UTM 
(1000 KN) having two point loading system after 3, 7, 14, 
and 28 days of curing; for this purpose, cylindrical speci-
mens of size h = 300 mm and d = 150 mm were cast as per 
the guidelines of IS: 5816 [40]. Tensile strength was deter-
mined using Eq. (4):

Here, T represents the tensile strength measured in MPa, 
P denotes the maximum applied load in KN, and D and 
L stand for the diameter and length of the sample in m, 
respectively.

The investigation followed previous studies [41] and 
conducted shear strength tests on pervious concrete at 3, 7, 
14, and 28 days of curing. To achieve this, L-shaped speci-
mens were cast. Figure 4a–d illustrates all the conducted 
tests. The test involved inserting a 150 × 90 × 60  mm 
wooden block into a 150 mm cube specimen. Support was 
provided by 12 and 22 mm diameter mild steel rods and 

(3)fc =
P

A

(4)T =
2P

πDL

Fig. 4   a Compressive strength 
test, b split tensile strength 
test, c shear strength test, and d 
L-shaped specimens for shear 
strength testing
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two plates (150 × 110 × 10 mm and 150 × 85 × 10 mm). The 
arrangement created a shear plane beneath the 22-mm rod. 
To achieve accurate shear strength results, the loading rate 
was kept below 140 kg/cm2 per minute to ensure precise 
shear failure.

Infiltration properties

The infiltration rate of pervious concrete (PC) mixes, both 
with and without nano-limestone (NL), was determined 
following the guidelines provided by ASTM (C 1701/C 
1701 M-09) was adopted in our previous studies [42]. 
To conduct the tests, cylindrical moulds, as illustrated in 
Fig. 5, were utilised, featuring a diameter of 300 mm and a 
height of 450 mm. These moulds are designed to facilitate 
the casting and testing processes without needing external 
ring or support. The moulds were marked with three lines 
to establish reference points for the infiltration testing. The 
first line, positioned 300 mm from the bottom of the speci-
men, denotes the maximum level of pervious concrete. The 
second line is marked 10 mm above the first line, indicat-
ing the minimum water level during the test. The third 
line, situated 15 mm above the second line, represents the 
maximum water level. These reference lines were crucial 
for maintaining the proper water level throughout the infil-
tration test. The head, or water level, should be maintained 
during the test between the second and third marked lines. 
To calculate the infiltration rate of water through the pervi-
ous concrete, Eq. (5) was employed:

In the equation:
I denotes the infiltration rate in millimetres per second 

(mm s−1), M represents the mass of water in kilograms (kg). 
D represents the diameter of the cylindrical mould in mil-
limetres (mm). K is the permeability rate constant, and t 
indicates the time in seconds (s). This equation provides a 
quantifiable measure of the rate at which water infiltrates the 
pervious concrete sample.

Microstructural analysis

Mineralogical analysis of all designed mixes was performed 
on a very advanced X-ray diffractometer (XRD) Rigaku 
SmartLab. For morphological analysis, Zeiss Gemini-500 
FE-SEM with very less system vacuum of 4.6e−0.5 was used. 
To enhance the conduciveness, samples were initially gold 
coated on quorum Q150R S plus and then analysed. To 
analyse the modifications caused by the functionalities of 
pervious concrete (PC) with incorporation nano-limestone 
(NL), the composition and development of hydration phases 
within the pervious concrete (PC) incorporated with nano-
limestone (NL) was investigated through Fourier transform 
infrared spectroscopy (FT-IR) using Shimadzu QATR-S 28 
after 28 days of curing. This analytical technique allowed for 
the examination of the specific chemical bonds and struc-
tures formed during the hydration process in the concrete, 
providing insights into the interaction of nano-limestone 
(NL) during hydration.

(5)I =
(K ×M)

(D2 × t)

Fig. 5   Cylindrical mould for 
casting and testing
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Results and discussion

This section will provide an overview of the findings and 
analyses of pervious concrete (PC) strength, infiltration, 
and microstructural characteristics with and without nano-
limestone (NL). The fresh properties of pervious concrete 
(PC), which include workability and paste drain down 
assessments, were performed right after creating the pervi-
ous concrete (PC) mixes, while the other evaluations were 
carried out at distinct curing periods, as previously stated. In 
other words, the tests were conducted at different times after 
the pervious concrete (PC) mixes were prepared to observe 
the evolution of the pervious concrete (PC) properties over 
time. This approach was taken to understand how pervious 
concrete (PC) and modified pervious concrete (PC) behave 
and how their properties change over time.

Paste drain down test

The paste drain test, a visual examination performed in the 
study, was utilised to evaluate the bleeding of cement paste 
in pervious concrete. All pervious concrete mixes were sub-
jected to this test, as depicted in Fig. 6. Previous research 
has indicated that the capacity of cement paste to form a 
membrane or flow smoothly can significantly impact the per-
formance of pervious concrete. The ability of cement paste 
to form a membrane and its rheology can also affect the 
distribution of cement paste and pore structure in pervious 

concrete [43]. The test findings indicated that adding nano-
limestone (NL) can help control paste bleeding to an accept-
able level. In mix PC0NL, adding fine aggregates improved 
the workability of pervious concrete but weakened the bond 
at the interfacial zone due to a decrease in paste thickness. 
However, using nano-limestone (NL) in the other four per-
vious concrete (PC) mixes helped to control paste bleeding 
with a small reduction in workability. Incorporating 1% and 
2% of nano-limestone (NL) in the mix provided acceptable 
results of paste bleeding, but the mix with 3% and 4% of 
nano-limestone (NL) incorporation experienced minimal 
drainage due to an increased proportion of nano-limestone 
(NL). The specific surface area of the admixture affects the 
paste thickness, and nano-limestone (NL) has a high specific 
surface area that helps form a smooth and uniform mem-
brane around the aggregates and enhances paste thickness. 
However, an augmentation in the thickness of the cement 
paste can lead to an increase in compressive and splitting 
tensile strength. But If the thickness of the cementitious 
paste exceeds a certain limit, and it can lead to the forma-
tion of concrete without any voids. This, in turn, renders 
pervious concrete ineffective as it contradicts its intended 
purpose, and the same is reported for PC3NL and PC4NL 
during infiltration and porosity tests.

Workability

The slump value of pervious concrete (PC) is typically low, 
but adding a small amount of fine aggregates significantly 

Fig. 6   Paste drains down test of all PC mixes. a PC0NL, b PC1NL, c PC2NL, d PC3NL, and e PC4NL
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improved it. The inclusion of FA densifies mix matrix offers 
more lubricative surface area and improves workability. 
Figure 7 shows the slump values of all pervious concrete 
mixes tested. In the first phase, the control mix PC0NL 
with 0% nano-limestone (NL) content had a slump value of 
40 mm. In the second phase, 34 mm, 29 mm, 24 mm, and 
20 mm slump values were observed in PC1NL, PC2NL, 
PC3NL, and PC4GO, respectively. It is clear from Fig. 7 
that the slump values of pervious concrete (PC) decrease as 
the percentage of cement replaced by nano-limestone (NL) 
increases. The maximum 50% reduction in slump value was 
observed in mix PC4NL with 4% nano-limestone (NL) con-
tent compared to the normal mix. The decrease in workabil-
ity in pervious concrete (PC) mixes can be credited to nano-
limestone (NL) high surface area-to-volume ratio [22]. As 
the percentage of nano-limestone increases, the surface area 
available for water–cement interaction also increases. This 
leads to higher water demand for hydration, reducing the 
water-to-cement ratio. Reduced water content has a direct 
impact on the fluidity of pervious concrete, diminishing its 
workability. It means that when there is less water in the 
mixture, the concrete becomes less workable. This effect has 
been observed consistently in prior research studies [44, 45], 
which also reported comparable findings.

Hardened density

The findings of this investigation, illustrated in Fig. 8, dem-
onstrate that the pervious concrete mixes have an absolute 
hardened density ranging from 2025 to 2165 kg/m3, which 
is lower than the standard density of traditional concrete at 
2400 kg/m3. The disparity in density can be attributed to the 

higher porosity level observed in pervious concrete. Moreo-
ver, the figure accompanying the findings reveals that the 
density of hardened pervious concrete exhibits an upward 
trend as the proportion of nano-limestone (NL) in the mix 
increases. The pervious concrete with 0% nano-limestone 
(NL) (PC0NL) has the least absolute density. Furthermore, 
incorporating nano-limestone (NL) results in a significant 
increment in the absolute density of pervious concrete rela-
tive to the control mix (PC0NL), which comprises 100% 
OPC. For example, mix PC1NL with 1% nano-limestone 
(NL) exhibits a 3.8% increase in density compared to the 
control mix (PC0NL).

Similarly, mix PC2NL with 2% nano-limestone (NL) 
shows a 7.2% increase in absolute hardened density. The 
mixes PC3NL and PC4NL, which contain 3%, and 4%, 
nano-limestone (NL), respectively, also exhibit an increase 
in absolute hardened density of 5.7% and 4.7%, but less 
compared to mix with 2% of nano-limestone (NL). Adding 
nano-limestone (NL) modifies the particle packing in per-
vious concrete, resulting in a denser matrix packing and a 
consequent increase in hardened density. Furthermore, using 
nano-limestone (NL) enhances the hardened density by fill-
ing both micro and nano-pores, leading to the densification 
of the pervious concrete. The increase in hardened density 
up to a certain percentage of nano-limestone (NL) replace-
ment (2%) suggests the positive impact of nano-limestone 
on the packing and interlocking of cementitious particles, 
leading to improved compaction. However, beyond this 
optimum replacement level, the hardened density slightly 
decreased. This could be attributed to an excessive addition 

Fig. 7   Slump values of all mixes

Fig. 8   Density of all mixes
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of nano-limestone (NL), resulting in overcrowding of parti-
cles and reduced interparticle interactions. Factors such as 
agglomeration of NL particles or insufficient mixing may 
also contribute to the observed variation in hardened density.

Porosity

Porosity using conventional methodology

The results of porosity for the six mixes examined in this 
study are presented in Fig.  9. The measured values of 
porosity ranged from 11.2% to 17.9%, which is within the 
acceptable range except for the mix PC3NL and PC4NL 
according to the guidelines provided by ACI. Therefore, 
based on the recommended porosity range of 15%-35% in 
ACI 522R-10, 2010 [15], all the designed mixes investi-
gated in this study were categorised as pervious concrete 
except mix PC3NL and PC4NL as they possess porosity 
of less than 15%. Hence, these two mixes can be catego-
rised as low-permeable concrete. The highest porosity value 
was observed in mix PC0NL, while the lowest was in mix 
PC4NL. Porosity is influenced by various factors, such as 
the size of the aggregate, the proportion of fine aggregates, 
and the amount of binder content, which is a volumetric 
characteristic. A higher cement by aggregate (C/A) ratio 
in pervious concrete (PC) led to decreased porosity, which 
can be attributed to increased cement content. The increase 
in the cement content increased the packing density of the 
matrix, which resulted in a decrease in porosity. In the same 
manner, an increase in the amount of fine content led to a 
decrease in porosity due to an increase in packing density. 

However, in all the mixes of pervious concrete (PC), the 
C/A ratio, amount of fine aggregates, and aggregate grada-
tion were the same. Therefore, the porosity of the pervious 
concrete (PC) mixes was determined solely by the percent-
age of nano-limestone (NL) incorporation. The mix with 
0% nano-limestone (NL) content, PC0NL, had the highest 
porosity value of 17.9%, while the mix with 4% nano-lime-
stone (NL) content, PC4NL, had the lowest porosity value 
of 11.2%. This is because nano-limestone (NL) acts as nano-
reinforcement, which densifies the pervious concrete (PC) 
at the nano level, reducing porosity.

Porosity through CT scanning technique

The CT scan conducted on optimal pervious concrete mix 
PC2NL revealed a total porosity of 15.7% and a connected 
porosity of 14.9%. This indicated that the pervious con-
crete sample possesses a significant volume of void spaces, 
enabling the easy passage of water. The CT scan images 
in Fig. 10 illustrate a well-interconnected network of voids 
throughout the pervious concrete (PC) matrix, highlighting 
its high permeability and drainage capabilities. The total 
porosity of 15.7% demonstrated the substantial void volume 
present within the sample, while the connected porosity of 
14.9% indicated the proportion of voids that are effectively 
interconnected, allowing for efficient water to infiltrate. The 
CT scan and porosity tests provide different insights into the 
material’s porosity. While the CT scan test offers detailed 
imaging of internal structures, the porosity test quantifies 
the porosity percentage. In this case, there is a difference 
of 3.3% in porosity between the results obtained from these 
two tests, findings from the CT scan closely aligned with the 
results obtained from the porosity test.

Description of compressive strength and splitting 
tensile strength

The compressive strength of all the mixes was evaluated 
after 3, 7, 14, and 28 days, respectively. The cured moulds 
were directly placed under CTM till the cubes failed. Con-
crete strength is directly related to how dense the structure 
has become after proper curing, which depends upon the for-
mation of hydration products like C-S, C-S-H gel, and pore 
refinement [46]. The pervious concrete (PC) has shown a 
desirable effect on compressive strength while replacing the 
cement with a proper replacement amount of nano-limestone 
(NL).

The study shows that at 1% and 2% replacement of 
cement by nano-limestone (NL), there is a rapid increase 
in early 3-day strength of pervious concrete (PC) up to 
40.11% and 48.20%, respectively, similarly for other cur-
ing days 7, 14, and 28 days the improvement in strength 
was recorded as 26.7%, 19%, 14.2%, and 33.2%, 25.2%, Fig. 9   Slump values of all mixes
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19.2%, respectively, than normal pervious concrete PC0NL 
(0% nano-limestone (NL)). Similarly, for other replacement 
rates of 3% and 4%, very less improvement was recorded as 
19%, 18.8%, 10.6%, 12.6%, and 14.4%, 13.7%, 9.5%, 5.9% 
at 3, 7, 14, and 28 days of curing period. A more pronounced 
nucleation effect of nano-limestone (NL) at early ages may 
account for the substantial variation in strength increase of 
pervious concrete (PC) with and without nano-limestone 
(NL) between early and later ages, notably for PC1NL and 
PC2NL. The study also reveals that 2% of nano-limestone 
(NL) is the optimum replacement for cement in pervious 
concrete. At 3% and 4% replacement, the strength shows 
a declining trend in the compressive strength of the pervi-
ous concrete (PC). Although adding more nano-limestone 
(NL) than 2% led to a decrease in strength is unidentified; it 
could be because of the increased filler and dilution effect. 
Figure 11 shows the compressive strength of different mixes 
for 3, 7, 14 and 28-days cured specimens, respectively, the 
findings drawn align entirely with prior research conducted 
in the field, particularly in studies referenced as [47–49]. 
These earlier studies have also highlighted and supported 
the significance of proper nano-limestone replacement and 
dispersion for enhancing concrete properties. The current 
findings substantiate and reinforce the consensus established 
by these previous studies, emphasising the critical role of 
effective dispersion techniques, such as those mentioned, 
in optimising concrete performance through nano-material 
incorporation.

Figure 12 illustrates that the split tensile strength results 
exhibit a consistent pattern that aligns with the trend 
observed in the compressive strength results concerning 

the control pervious concrete (PC) mix; the two types 
of strength testing yield similar findings regarding their 
relationship with the control pervious concrete (PC) mix. 
Likewise, in compressive strength, the inclusion of nano-
limestone (NL) in pervious concrete (PC) has significantly 
enhanced its splitting tensile strength. This improvement 
was observed during all standard curing periods (3, 7, 14, 
and 28 days) compared to pervious concrete (PC) without 
nano-limestone (NL) under the normal curing condition at 
0.35 water/cement ratio. It can be observed from Fig. 12 at 
2.0% nano-limestone (NL) replacement; the pervious con-
crete (PC) exhibited a remarkable increase in split tensile 
strength by approximately48.6%, 23.8%, 18.8%, and 16.4% 
at 3, 7, 14, and 28 days compared to the control pervious 
concrete (PC) mix. Similarly, at 1% of nano-limestone 
(NL) replacement, the splitting tensile strength improved 
by around 38.5%, 15.1%, 14.2%, and 12.3% at 3, 7, 14, and 
28 days compared to the control pervious concrete (PC) mix. 
However, as the nano-limestone (NL) content reached 3% 
and 4.0%, the degree of enhancement gradually decreased 
compared to the mix with 1% and 2% of nano-limestone 
(NL). The minimal increase in strength of mix with 3% 
nano-limestone (NL) was recorded as 17.4%, 8.7%, 7.5%, 
and 9.3%, respectively, at 3, 7, 14, and 28 days, similarly 
for mix with 4% nano-limestone (NL) the minimal increase 
in strength was observed as 5.5%, 1.7%, 1.2%, and 2.6% at 
3, 7, 14, and 28 days, respectively. Thus, there is an opti-
mal amount of nano-limestone (NL) nano-limestone (NL), 
around 2%, which significantly enhances the pervious 
concrete (PC) compressive and split tensile strengths. The 
enhancement of strengths by incorporating nano-limestone 

Fig. 10   a PC sample before CT scan, b PC sample after CT scan
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(NL) can be credited to the nucleation effect induced by the 
nano-limestone (NL) particles.

Furthermore, nano-limestone acts as an inert filler, creat-
ing a dense microstructure in pervious concrete (PC) through 
improved packing and aiding in early cement hydration, and 
there is a threshold (2%) beyond which the strength may be 
negatively affected. This threshold can be understood as a 
result of two compensating effects triggered by the nano-
limestone (NL) particles: Acceleration and dilution, and the 
lack of uniform dispersion of nano-limestone (NL) particles, 
leading to the entrapment or reduction in workability during 
slump tests. This observation also suggests that the inclusion 
of nano-limestone (NL) aids in the compounds like calcium 
carbo-aluminates and calcium carbo-silicates, which con-
tribute to the enhanced strength properties of the pervious 
concrete (PC). The findings were evident from the visual 
evidence provided by the FE-SEM micrographs in Fig. 18 
and the hydration products formed during the hydration pro-
cess analysed through XRD and FT-IR analysis in Fig. 19.

Figure 13 compares compressive and splitting tensile 
strengths for different pervious concrete mixes, both with 
and without nano-limestone (NL). Based on the coeffi-
cient of determination (R2) value of 0.97, it is evident that 
there exists a strong linear relationship between these two 
variables. The test results for splitting tensile strength and 

compressive strength of various pervious concrete speci-
mens, with and without nano-limestone (NL), follow the 
same trend. The correlation between compressive and 
splitting tensile strength has also been supported by ear-
lier research [44]. It is also possible to predict the splitting 
tensile strength in future based on our developed prediction 
model.

Relation between compressive strength 
and infiltration with NL percentage

The ideal relationship between nano-limestone (NL) % 
with compressive strength and infiltration rate is shown in 
Fig. 14. The pervious concrete (PC) without nano-limestone 
(NL) and with varied nano-limestone (NL) % is represented 
by the PC mix in the abscissa. Compressive strength and 
nano-limestone (NL) percentage have a strong quadratic 
relationship with an R2 value of 0.95, but the infiltration 
rate has a negative linear relationship (R2 = 0.99).

Shear strength

The results in Fig. 15 illustrate the average shear strength 
values of different mixes of pervious concrete, produced 
with or without nano-limestone (NL), at various curing 

Fig. 11   Compressive strength 
test results for all mixes
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ages (3, 7, 14, and 28 days), using L-shaped specimens. 
The primary aim of this investigation was to determine 
the ductility and brittleness of the material. The results 
indicated a significant increase in the shear strength of all 
pervious concrete mixes with an increase in the concen-
tration of nano-limestone (NL) compared to the control 
mix, which is composed entirely of OPC. For example, the 
mix PC1NL, which contains 1% of nano-limestone (NL), 
showed a substantial increase in shear strength of 46.2%, 

17.6%, 9%, and 17.6% at 3, 7, 14, and 28 days of the cur-
ing period, respectively, when compared to the control 
mix. As the percentage of nano-limestone (NL) increased, 
the shear strength of the pervious concrete mix exhibited a 
continuous rise. The mixture PC2NL, containing 2% nano-
limestone (NL) demonstrated a notable increase in shear 
strength of 58.6%, 28.8%, 14.6%, and 26.4%at 3, 7, 14, and 
28 days of the curing period, respectively, in comparison 
to the control mix. The results indicated that the increase 
in shear strength can be attributed to the higher degree 
of packing density resulting from the presence of nano-
limestone (NL) in the mix. This improved the bridging 
contact between the paste and aggregates and aided in the 
fast hydration of cement particles, as evidenced by the 
FE-SEM micrographs in Fig. 18. Additionally, mixes with 
higher percentages of nano-limestone (NL) (PC3NL and 
PC4NL) showed a minimal percentage increase in shear 
strength of 20.6%, 13.9%, 4%, 8.4%, and 3.3%, 4.1%, 1.7%, 
2%, at 3, 7, 14, and 28 days of curing, respectively. After 
3 days of curing, a significant increase in shear strength 
was observed compared to the control mix; the same was 
observed during compressive and split tensile strength 
testing. The mix containing 2% of nano-limestone (NL) 
exhibited the highest peak level of shear strength among 
all the pervious concrete mixes tested.

Fig. 12   Splitting tensile strength 
results for all mixes
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Description of infiltration

All the mixes infiltration properties were checked per the 
procedure following ASTM (C 1701/C 1701 M-09) [42] 

after 28 days using laboratory apparatus. For this purpose, 
cylinders with the Mix design presented in Table 3 were 
casted, and curing of the composite was done for 28 days. 
The casted moulds were directly placed below the outlet 

Fig. 14   Correlation of compres-
sive strength and infiltration rate 
with NL percentage
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gate of the device, and a fixed (40 lb) of water was allowed 
to pass through the concrete matrix; simultaneously, the 
time was recorded for the complete infiltration of 40 lbs 
of water. The infiltration rate for every mix was observed 
and recorded; the results are presented in Fig. 16. It was 
observed as the amount of nano CaCO3 increased, the per-
vious concrete (PC) became less permeable for PC0NLin-
filtration rate was 3.71 mm s−1 and for PC4NL, it was only 
1.30 mm s−1. A prominent decrement of 65% infiltration 
rate (IR) was recorded for mix PC4NL (4% nano-limestone 
(NL)).

Similarly, for mix PC1NL (1% NL), PC2NL (2% NL), 
and PC3NL (3% NL), the percentage reduction in infiltra-
tion was observed as 17.5%, 34.5%, and 49.3% compared to 
control mix PC0NL (0% nano-limestone (NL)), respectively. 
Though at 1% and 2% replacement, the infiltration rate of the 
composite decreased, it was within the standard permeable 
range than PC3NL and PC4NL as per (ACI 522R-10, 2010) 
[15]. The reduction in infiltration rate can be explained 
by the decrease in porosity resulting from an increase in 
the proportion of nano-limestone (NL), as demonstrated 
by the porosity test and by CT scan presented in Figs. 9 
and 10. Additionally, nano-limestone (NL) functions as a 
potent catalyst that hastens the hydration process and alters 
the nano-level pore structure. Moreover, in this study, the 
experimental observation of a uniform membrane created 
by nano-limestone (NL) surrounding the aggregates with 
better rheological properties during the paste drain down test 
presented in Fig. 6 suggests that this mechanism could con-
tribute to densifying the pore structure at the nano-level by 
enhancing bonding. A correlation was established between 

the infiltration rate (IR) and porosity of all the pervious con-
crete (PC) mixes, indicating that the initial infiltration rate 
of pervious concrete (PC) can be estimated based on the 
measured porosity, as depicted in Fig. 17, with an R2 value 
of 0.97.

Microstructural analysis

To analyse the modifications in the microstructure of PC 
(with and without nano-limestone (NL)) responsible for 
improving the properties of pervious concrete by observ-
ing the interaction interface, generally called interfacial 
transition zone (ITZ), after 28 days of curing, which can 
be understood from the physicochemical characterisation 
of nano limestone interaction with the matrix of the per-
vious concrete using FE-SEM, FT-IR, and XRD analysis. 
The study revealed that when cement is replaced with an 
adequate percentage of nano CaCO3 the physicochemical 
properties are improved. Since the findings of the compres-
sive, shear, and splitting tensile strength and infiltration test-
ing strongly suggested that a replacement rate of 2% was 
ideal, the other replacement rates (1%, 3% and 4%) of nano 
CaCO3 were excluded from this analysis, several other stud-
ies [50, 51] supported this decision.

FE‑SEM analysis

It can be observed from Fig. 18a the specimen (PC0NL) 
without nano-limestone (NL) exhibits a significant presence 

Fig. 16   Infiltration rate for all mixes

Fig. 17   Correlation between IR and porosity
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of well-built porous areas along with calcium hydroxide 
plates. However, the inclusion of nano-limestone (NL) acts 
as a filler and effectively occupies the pores, resulting in a 
denser microstructure in the pervious concrete (PC) matrix, 
as depicted in Fig. 18b mix PC2NL (2% nano-limestone 
(NL)). This denser microstructure is attributed to the particle 
packing effect of nano-limestone (NL). The replacement of 
cement by nano-limestone (NL) has a boundary nucleation 
growth effect, which accelerates the hydration reaction by 
offering more surfaces for nucleation and growth of hydra-
tion products C-S–H (grey impression), enhances cement 
hydration which directly accounts for the improved strength 
of nano CaCO3 pervious concrete (PC) (PC2NL). Figure 18b 
indicates that nano-limestone (NL) appears to expedite the 
cement hydration and diminish ettringite formation within 
the pervious concrete (PC) matrix. This suggests that nano-
limestone (NL) enhances the chemical reactions in cement 
curing, leading to a more efficient and controlled hydration 
process. Additionally, reducing ettringite formation is ben-
eficial, as excessive ettringite can cause potential durability 
issues in concrete.

Figure 18 highlights that the ettringite crystals for pervi-
ous concrete with nano-limestone (PC2NL) are reduced but 
are much larger compared with PC0NL pervious concrete 
without nano-limestone (NL), which supports the increase 
in the early hydration process. Their presence leads to an 
increase in the early compressive strength of the pervious 
concrete (PC). Nano-limestone (NL) provides nucleation 
sites for CSH precipitation, facilitates cement hydration, 
and improves packing by filling nano-pores, which accounts 
for the improved strength of nano-limestone (NL) pervious 
concrete (PC2NL), the findings are in line with [49, 52]. 
Hence, the decrease in permeability for the pervious con-
crete (PC2NL) compared to (PC0NL) might be due to the 

dense structure revealed in PC2NL compared to PC0NL dur-
ing the analysis.

XRD analysis

To study the hydration products formed during the hydration 
process, the X-ray diffraction (XRD) analysis was carried out 
on PC-powered specimens with and without nano-limestone 
(NL) after 28 days of curing age, as shown in Fig. 19a the 
presence of calcium silicates (CS1), calcium alumino-sili-
cates hydrates (CA1), ettringite (E), and portlandite (P) were 
observed in the main phases. As nano-limestone (NL) could 
not generate other crystals, no major change for normal and 
modified mixes was observed in phase composition. This 
suggests that the nano-limestone particles did not undergo 
substantial chemical reactions or generate new compounds 
during hydration. Nevertheless, the observed improve-
ments in the mechanical properties and microstructure can 
be attributed to the physical effects of nano-limestone, such 
as enhanced packing and improved interparticle bonding. 
In addition, the diffraction peaks of quartz (Q) were also 
observed as relics of fine and coarse aggregates. The disclo-
sures are in line with the previous reported results [47, 53]. 
The conversion of calcium hydroxide into secondary CSH 
gel in modified mix PC2NL can be observed from a decrease 
in intensity count, resulting in increased strength of modified 
pervious concrete (PC). Peaks of portlandite were found at 
18.122, 35.310, 47.011, and 50.920, and that for ettringite 
were found at 15.655 and 34.211as presented in Fig. 19a.

FT‑IR analysis

FT-IR was used to analyse the infrared absorption spectrum 
for pervious concrete (PC) with and without nano-limestone 

Fig. 18   FE-SEM micrographs of a PC0NL, b PC2NL at 28-days curing
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(NL). The results are presented for PC0NL and PC2NL 
after 28-day curing. The test was conducted with sixteen 
scans with a resolution of 1 cm−1 and the range of optical 
frequency ranged (400–4000 cm−1). Figure 19b shows the 
spectrum of 28-day hardened pervious concrete (PC) with 
no and 2% (w/w) nano limestone. The FT-IR spectrum can 
be categorised into two main zones (for both PC0NL and 
PC2NL), symmetric stretching vibrations between 4000 
and 1600  cm−1 and asymmetric bending and stretching 
vibrations between 1600 and 400 cm−1. The peaks around 
3640  cm−1 are attributed to the presence of the −OH 
(hydroxyl) functional group of portlandite. The wide bands 
observed between 3450 and 1635 cm−1, and 1667 cm−1 are 
due to hydrated silicates. The asymmetric bedding in PC0NL 
near 970 cm−1 due to Si–O is credited to the developing of 
CSH crystals. The absorbance bands show increased peaks 
for PC2NL compared to the normal pervious concrete 
(PC) samples, particularly around 978 and 1500 cm−1. The 
absorbance bands observed in PC2NL around 950 cm−1 are 
attributed to the asymmetric stretching of Si–O bonds by the 
new material added. However, the bending and stretching of 
the band around 1500 cm−1 are attributed to the vibrations of 

atomic water present in the concrete. However, a compara-
tive analysis of the FT-IR spectra did not indicate any signif-
icant changes or additional peaks associated with chemical 
interactions between the nano-limestone and the cementi-
tious matrix of pervious concrete (PC). This suggests that 
the modifications observed in pervious concrete’s mechani-
cal, infiltration properties, and microstructure are primarily 
attributed to physical effects rather than chemical reactions. 
The absence of major chemical interactions between nano-
limestone (NL) and the cementitious matrix of pervious 
concrete (PC) is not surprising, considering the inert nature 
of nano-limestone (NL) and the relatively short duration of 
the hydration process. Nevertheless, the physical effects of 
nano-limestone, such as improved packing, enhanced inter-
particle bonding, and densification, contribute to the overall 
enhancement of pervious concrete performance. The FT-IR 
results, in agreement with recent studies on nano-materials 
[54, 55], support the observation of minimal chemical inter-
actions between nano-limestone (NL) and the cementitious 
matrix of pervious concrete (PC). It aligns with the inert 
nature of nano-limestone and the relatively short hydration 
duration, indicating that nano-limestone generally does not 

Fig. 19   The spectrum of 
PC0NL and PC2NL through a 
XRD, b FT-IR at 28-days
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induce significant chemical changes within the cementitious 
matrix.

Cost analysis

The compressive strength to total cost ratio, also known as 
the economic index (EI), is a crucial measure in the con-
struction industry that evaluates the efficiency of a building 
material. This index is determined by dividing the material’s 
compressive strength by the total cost. The higher the com-
pressive strength to total cost ratio, the more economically 
efficient the material is. Therefore, the economic index is an 
essential metric for ensuring the long-term sustainability of 
building projects while keeping costs under control. In this 
study, the raw materials were purchased from the market, 
and nano-limestone (NL) was obtained from locally avail-
able limestone via pulverisation using a specially designed 
ball mill in the laboratory. This study found that a mix with 
2% of nano-limestone (PC2NL) has a higher EI value, fol-
lowed by a 1% nano-limestone (PC1NL) mix. However, the 
mixes with 3% and 4% nano-limestone (NL) have better EI 
values than those with 0% nano-limestone (NL). The mini-
mum EI value of 0.00363 was observed in Mix PC0NL, 
similarly The EI values of 0.00417, 0.00438, 0.00417, and 
0.00394 was observed in Mix PC1NL, PC2NL, PC3NL, and 
PC4NL. Mix PC2NL has a maximum of 0.00438 EI value, 
as presented in Table 5. Hence, According to the cost analy-
sis, a mix with 2% nano-limestone (NL) was the optimum 
choice.

Conclusions

The study comprehensively explores properties of pervi-
ous concrete (PC) with the replacement of cement by nano-
limestone (NL) to the extent of 4% by weight. The major 
conclusions drawn from the study are summarised as:

1.	 Replacement ≤ 2% cement with nano-limestone (NL) 
improved strength in pervious concrete (PC) without 
impacting its permeability. Notably, at a 2% replacement 
level of nano-limestone (NL):

•	 Maximum compressive strength of 12.12 MPa after 
3 days and 24.29 MPa after 28 days was seen for mix 
PC2NL.

•	 Maximum splitting tensile strength of 1.62 MPa 
and 3.12 MPa after 3 and 28 days was seen for mix 
PC2NL.

•	 Maximum shear strength of 1.92 MPa and 3.75 MPa 
after 3 and 28  days was seen for the same mix, 
respectively,

	   The percentage increase in compressive strength was 
observed as 48.20% at 3 days and 19.23% at 28 days. 
Similarly, splitting tensile and shear strength rose by 
48.6%, 16.4%, and 58.6%, 26.4% at 3 and 28 days, 
in PC2NL, respectively, compared to the control mix 
PC0NL.

2.	 Beyond 2% replacement, increased nano-limestone (NL) 
content led to an increase in viscosity, hence infiltra-
tion rate decreased by 64.73% from mix PC0NL to mix 
PC4NL.

3.	 Comprehensive characterisation through FE-SEM, 
XRD, and FT-IR analyses revels denser micrographs, 
increased growth of hydration products and reduction of 
portlandite in modified mix PC2NL, affirming the nano-
limestone (NL) role in enhancing pervious concrete's 
strength properties.

4.	 A direct positive correlation was established between 
infiltration and porosity, emphasising the importance 
of considering these factors in pervious concrete mix 
design. The highest values were achieved in PC0NL 
(3.71 mms−1, 17.9%), while the lowest values were 
recorded in PC4NL (1.30 mms−1 and 11.2%), respec-
tively.

5.	 Mix PC2NL demonstrated higher Economic index val-
ues, indicating its economic feasibility and potential 
practical applicability.

In summary, integrating nano-limestone (NL) into pervi-
ous concrete (PC) applications shows significant promise in 
advancing mechanical properties while considering infiltra-
tion rates and economic viability. These findings hold sub-
stantial implications for the practical utilisation of pervious 
concrete in diverse construction projects.

Table 5   Cost analysis for kg/m3 of all mixes in Indian rupees

Mix. No OPC (INR) CA (INR) FA (INR) NL (INR) Water (INR) Total cost (INR) CS (MPa) EI (CS/cost)

PC0NL 3884.88 1457 259 0 7 5607.88 20.37 0.00363
PC1NL 3846.03 1457 259 3 7 5572.03 23.27 0.00417
PC2NL 3807.18 1457 259 6 7 5536.18 24.29 0.00438
PC3NL 3768.33 1457 259 9 7 5500.33 22.95 0.00417
PC4NL 3729.48 1457 259 12 7 5464.48 21.58 0.00394
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