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Abstract
In the present study, the mechanical characteristics and environmental aspects of lignite pervious concrete (LPC) in reducing 
stormwater pollution were investigated. Therefore, fine-grained lignite (0.6–1.2 mm) in various portions (up to 15% w/w 
of coarse aggregate) was added to the PC mixture. The workability, strength, cementitious paste thickness, and physical 
properties of LPC were examined for further application in urban areas with a focus on stormwater treatment. The statistical 
analysis of the results of ANOVA and visualization of the microstructure of LPC by means of scanning electron micros-
copy and energy-dispersive X-ray spectroscopy were also presented. The results showed that LPC is a sticky paste with no 
slump (0). Adding lignite also slightly reduced the compressive strength of LPC up to 23% lower than the control sample 
(13.8 MPa). In addition, the presence of lignite led to a considerable reduction in permeability (40%) and porosity (51%) 
compared to the control sample. It was also found that the increase in cementitious paste thickness resulted in an increase 
of the compressive strength, which was mainly concentrated between 0.3 and 1.8 mm. However, the performance of LPC in 
reducing stormwater contamination was promising. Sample L15, with the highest removal efficiency, reduced the chemical 
oxygen demand, total suspended solids, and turbidity up to 42.14%, 63.38%, and 67.24%, respectively, while no significant 
changes were observed in pH, total dissolved solids, and nitrate  (NO3). In short, although adding lignite to PC caused a 
reduction in the strength and physical properties of LPC, its efficiency in reducing stormwater pollution is quite promising, 
and it is recommended for use in green spaces of urban areas.
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1 Introduction

Stormwater and urban runoff carry a huge amount of 
freshwater and can be considered new water resources for 
agricultural and industrial purposes. Stormwater comes 
with environmental, social, and economic impacts, which 
can be predicted and controlled through proper and accu-
rate planning and management. Accordingly, damage is 
reduced, and stormwater can be used for further purposes. 
Nowadays, urbanization is responsible for transforming 
the natural environment and open spaces through human 
actions that cause flooding and rapid runoff, and reduce 
the ground infiltration rate of the (Moretti et al. 2019; 
Wanielista et al. 2007). In addition, impervious surfaces 
are increasingly found in urban areas due to anthropiza-
tion, contributing to lack of infiltration in more than half 
of urban areas. These areas reduce rainwater infiltration 
through the soil. As a rule, natural soil has more than 70% 
infiltration capacity, and only 10% should flow as runoff 
(Moretti and Loprencipe 2018). The natural water cycle is 
significantly affected by the absence of natural permeable 
surfaces, and cities are facing the challenge of manag-
ing increased runoff volumes, flooding, and degradation 
of water quality (Alimohammadi et al. 2021). Moreover, 
runoff on urban streets, roads, and parking lots causes 
organic and inorganic substances such as oils, salts, dirt, 
and chemicals to be washed away, which can be consid-
ered a runoff pollution problem (Bannerman et al. 1993). 
Therefore, a simple and cost-effective method is needed so 
that the stormwater quality can be enhanced after storage.

The use of permeable pavement such as pervious con-
crete (PC) in parts of a city such as parking lots, pedestrian 
walkways, and low-traffic areas can play a significant role 
in reducing the consequences of impermeability, flood-
ing, urban runoff volume, and underground water level. 
Moreover, PC acts like a filter and traps some pollution 
in its pores and widespread cavities. Further examples of 
urban runoff pollution, which threaten both aquatic and 
terrestrial environments, are chemical oxygen demand 
(COD), total suspended solids (TSS), total dissolved sol-
ids (TDS), nitrate, total phosphorus, bacteria, and heavy 
metals (Alimohammadi et al. 2017; Alimohammadi and 
Sedighi 2018; Tan et al. 2020).

Compared to conventional concrete, pervious/porous/
permeable concrete (PC) has lower compressive strength, 
between 2.8 and 28 MPa, due to its open structure. This 
type of concrete has no or little fine-grained materials, 
causing interconnected pores in its structure for water and 
air passage (Elizondo-Martinez et al. 2020; James and 
Langsdorff 2003; Teymouri et al. 2020a). Pervious con-
crete pavement is considered an environmentally friendly 
system and one of the best practices (BMP) for stormwater 

management, with significant advantages including man-
aging and controlling stormwater and preventing flooding, 
recharging groundwater, reducing stormwater contamina-
tion, alleviating sound pollution, enhancing safety condi-
tions, and decreasing the thermal gradient of surround-
ing areas (Karami et al. 2018; Noviandini et al. 2020; 
Sandoval et al. 2020; Teymouri et al. 2020b; Zhang et al. 
2020). Alternatively, the main drawbacks of PC are lower 
strength, abrasion resistance, clogging, and low efficiency 
in removing contamination.

On the other hand, although PC can reduce some con-
taminants of stormwater, its removal efficiency can be 
enhanced by adding and replacing appropriate materi-
als, such as mineral or industry waste adsorbents. These 
adsorbents, such as zeolite, perlite, red mud, metakao-
lin, and others of that nature, can improve the ability of 
PC to reduce stormwater contamination, mostly by their 
microscopic surface voids (Cai et al. 2014). Pollutants are 
trapped in the pores of the adsorbents, and as a result, 
through a physical process, the quality of stormwater is 
enhanced (Azad et al. 2021). Nevertheless, adding such 
adsorbent materials to the PC mixture affects its strength 
and physical properties either positively or negatively; 
therefore, the engineering properties of PC should be 
evaluated. In past studies, mineral adsorbents such as ver-
miculite, perlite, zeolite, pumice, LECA, fly ash, and iron 
slag have been utilized to improve the quality of water, 
wastewater, stormwater, and aqueous solutions (Al-Anber 
2010; Aghakhani et al. 2011; Bildari and Moraci 2015; 
Körlü et al. 2015; Malamis and Katsou 2013; Malekian 
et al. 2011; Tasi et al. 2004; Verbinnen et al. 2016). Some 
studies have investigated the utilization of different min-
eral adsorbents in PC for different approaches ranging 
from mechanical characteristics to stormwater and waste-
water treatment processes (Faisal et al. 2020; Huang et al. 
2018; Javaheri-Tehrani et al. 2020; Mousavi et al. 2018; 
Sandoval et al. 2020; Teymouri et al. 2020a; Wang and 
Peng 2010).

Many studies have evaluated the engineering properties 
of PC under various conditions. AlShareedah and Nasiri 
(2021), Faisal et al. (2020), and Ibrahim et al. (2014) inves-
tigated the effects of different water-to-cement ratios, and 
water and cement content on the strength and physical 
properties of PC. The angularity, type, and size of differ-
ent aggregates were studied by Ćosić et al. (2015), Faisal 
et al. (2020), Jaeel and Faisal (2018), and Sevgili et al. 
(2021). Also, replacing PC materials such as cement and 
coarse aggregate with waste materials such as red mud, steel 
slag, silica fume, metakaolin, and nanoparticles  (TiO2 and 
 Fe2O3) was surveyed by Agar-Ozbek et al. (2013), Chen 
et al. (2019), Elizondo-Martinez et al. (2020), Ibrahim et al. 
(2016), Lang et al. (2019), Liang et al. (2019), Ortega-Villar 
et al. (2019), Tho-In et al. (2012), and Wang et al. (2020). 
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Nevertheless, further studies are needed to investigate the 
engineering properties of PC along with its environmental 
aspects.

Lignite, often referred to as brown coal and considered 
the lowest rank of coal because of its fairly low heat con-
tent, is one of the main subcategories of coal that is very 
cost-effective and can improve the performance of PC in 
reducing stormwater due to its microscopic surface voids, 
although it has not been used in PC mixtures before. Lig-
nite has a carbon content of around 60–70% on a dry ash-
free basis, a high inherent moisture content, and ash content 
ranging from 6 to 19%. The energy content of lignite ranges 
from 10 to 20 MJ/kg (9–17 million BTU per short ton) on a 
moist, mineral-matter-free basis (Di Gianfrancesco 2017). 
Lignite is mostly used to generate electricity; conversely, 
small amounts are used in agriculture and industry. The 
environmentally beneficial use of lignite is in agriculture. 
Lignite may have value as an environmentally benign soil 
amendment, improving cation exchange and phosphorus 
availability in soil while reducing the availability of heavy 
metals (Li et al. 2021; Lyons and Genc 2016). Lignite fly ash 
produced by the combustion of lignite in power plants may 
also be valuable as a soil amendment and fertilizer (Ram 
et al. 2007).

Keeping all advantages of PC and lignite in mind, add-
ing lignite to the PC mixture could positively influence the 
mechanical characteristics of PC and improve its removal 
efficiency of polluted stormwater. Consequently, the objec-
tive of this study is to investigate the effects of adding fine-
grained lignite (0.6–1.2 mm) in different proportions of 0%, 
5%, 10%, and 15% of the weight of coarse aggregate on the 

slump, fresh density, compressive strength, splitting tensile 
strength, flexural strength, porosity, and permeability of PC. 
In addition, the performance of LPC in reducing stormwater 
contamination, such as COD, pH, TSS, nitrate  (NO3), tur-
bidity, and TDS, is studied. Statistical analysis of variance 
(ANOVA) and visualization of the microstructure of LPC 
using scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) are also presented. 
Finally, the most appropriate mixture design for PC appli-
cations in urban areas is determined.

2  Material and Methods

2.1  Materials

Type II Portland cement, in accordance with the require-
ments of ASTM C150 (2012a, b, c), was used in the mix-
tures, and its chemical properties are presented in Table 1. 
Crushed aggregates with sizes ranging from 4.75 to 9.5 mm 
were used in the PC mixtures according to ASTM C33 
(2003). This range of aggregate is the most common aggre-
gate size that is used by previous studies (Azad et al. 2021; 
Elizondo-Martinez et al. 2020; Faisal et al. 2020). The grad-
ing of coarse aggregates, which is close to the lower limit 
of ASTM C33 (2003), is illustrated in Fig. 1. Tap water was 
used to make the pastes and curing process for all samples. 

Table 1  Chemical analysis of type II Portland cement

Component Specification Standard 
specifica-
tion

Uncertainty Standard 
method 
(ISIRI)

SiO2 21.0 ± 0.5 > 20 0.14 1692
Al2O3 4.6 ± 0.15 < 6 0.02
Fe2O3 3.9 ± 0.15 < 6 0.02
CaO 62.5 ± 0.5 – 0.01
MgO 2.9 ± 0.2 < 5 0.02
SO3 2.0 ± 0.2 < 3 0.02
Na2O 0.5 ± 0.05 – – 1695
K2O 0.45 ± 0.05 – –
IOI 1.4 ± 0.3 < 3 0.03 1692
IR 0.3 ± 0.1 < 0.75 0.02
Cl – – –
C3S 54 ± 4 – – 1692
C2S 23 ± 4 – –
C3A 5.6 ± 0.5 < 8 –
C4AF 12 ± 1 – –
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Fig. 1  Particle size distribution of coarse aggregate

Table 2  Specific gravity of coarse aggregate

Properties Value

Bulk specific gravity (Gsb) 1559 kg/m3

Bulk SSD specific gravity (Gsb SSD) 1574 kg/m3

Apparent specific gravity (Gsa) 1582 kg/m3

Absorption (% Abs.) 0.947%
Bulk density 1559 kg/m3
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The specific gravity of coarse aggregate is listed in Table 2, 
followed by the requirement of AASHTO T85 (2004).

2.2  Lignite (L)

Coal encompasses a variety of solid carbon and minerals, 
characterized by density, carbon content, moisture, calo-
rific value, and specific gravity. Anthracite, bituminous 
coal, and lignite are the three main categories. Lignite, gen-
erally known as brown coal, is a soft brown inflammable 

sedimentary rock formed from naturally compressed peat. 
This material has a high moisture content (water absorption 
of about 56%) and is assumed to be the lowest coal rank 
because of its low heat content. In the present study, fine-
grained lignite (0.6–1.2 mm) was used in the PC mixture. 
Evaluating the effects of lignite with a high specific surface 
to adsorb stormwater pollution is one reasons for utilizing 
this material in the PC. Apart from that, the effects of lig-
nite on the strength and physical properties of PC should be 
investigated to evaluate its performance for further utiliza-
tion in urban areas. The proportions of 0%, 5%, 10%, and 
15% by weight of coarse aggregate were chosen for lignite 
content. Figure 2 shows the used lignite in this research. 
Figure 3 illustrates the SEM and EDS results of lignite and 
its observed element, which contains a high proportion of 
carbon (62.75%) and oxygen (30.64%). The surface of lig-
nite seems very rough and rugged, along with high water 
absorption that contributes to trapping stormwater pollution.

2.3  Mixture Design of LPC

Table 3 shows the proportions of different LPC mixtures 
following ACI 211 3/R (2006). The water-to-cement ratio 

Fig. 2  Lignite used in this study

Fig. 3  SEM image and EDS 
results of the lignite surface and 
its observed elements propor-
tions

Table 3  Mixture design proportions

The weight of coarse aggregate is 1600 kg/m3 for all treatments

Mix 
nomina-
tions

Lignite 
proportion 
(%)

w/c ratio Cement 
content 
(kg/m3)

Water 
content 
(kg/m3)

Lignite 
content 
(kg/m3)

C 0 0.37 330.0 122.1 0.00
L5 5 0.37 330.0 122.1 80.0
L10 10 0.37 330.0 122.1 160.0
L15 15 0.37 330.0 122.1 240.0
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and cement content selected are constant for all mixtures 
(0.37 and 330 kg/m3, respectively). To prevent water loss of 
the paste due to adsorption by lignite, adsorbents were sub-
merged for 24 h before mixing and were kept at room tem-
perature for 1 h before mixing to remove their excess water.

2.4  Experimental Program

The dry forms of coarse aggregate, cement, and lignite were 
mixed in a Hobart mixer for 1.5 min after weighing them on 
a digital scale. Then, water was added to the mix and the wet 
mixing process continued for another 2 min. When the paste 
was sufficiently mixed, the fresh LPC was tested for slump 
(ASTM C143 2012a, b, c) and fresh density (ASTM C1688 
2008) followed by casting in molds. The de-molding process 
was performed after 24 h, and all specimens were placed in 
a water tank for 28 days to cure. The compressive strength 
was tested on cube specimens of 150 mm in length with a 
constant rate of loading based on BS 1881 standard (1983). 
The flexural strength tests were performed according to EN 
12390-5:2002 (2009) on LPC specimens of 100 × 100 × 400 
 mm3 by a constant loading rate of 0.05 MPa/s. The splitting 

tensile strength tests were conducted in 150Ø × 300 mm cyl-
inders based on EN 12390-6:2009 (2009). In addition, to 
provide a better understanding of the behavior of the com-
pressive strength of LPCs, the cementitious paste thickness 
(CPT) test was carried out. CPT is the average thickness of 
the cement paste that surrounds each aggregate in PC (Tor-
res et al. 2015; Yu et al. 2019). Although it was done with 
manual hand measurement by Torres et al. (2015), a semi-
manual procedure used by Yu et al. (2019) was applied in 
this research. Firstly, the LPCs were cut in cross sections 
and smoothed to clear the residual stone debris. A photo of 
the sample was transferred to AutoCAD. It is better to wet 
the surface before taking an image to simplify distinguish-
ing the materials. The length from the edge of an individ-
ual aggregate and lignite to the outermost edge of another 
aggregate or lignite which surround them is the CPT. The 
“l” and “di” commands in AutoCAD were used to calculate 
the exact length of each line segment. After drawing lines, 
the image was deleted to facilitate the procedure of measur-
ing and extracting the CPT. The difference between the real 
length in the sample and the one in the image was imposed 
by a coefficient for each image. The measurement method 

Fig. 4  Method of measuring 
CPT

Step 1: Taking image from the cross-section of LPC

Step 2: Draw line segment between aggregates and 

lignite and determining the position of lignite by 

drawing circle around them

Step 3: Count the length of all line segments
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is shown in Fig. 4. Also, the lignite distribution and position 
in the pervious concrete are determined by drawing a circle 
around them.

The permeability of LPC specimens was tested using a 
falling-head device made of plexiglass with dimensions of 
101 × 101 × 800 mm, where PC samples could fit in follow-
ing the ACI 522 (2006). The samples were put on a layer 
of coarse aggregate, to simulate the real conditions in side-
walks, and their edges were sealed tightly so that water could 
just pass vertically through the samples. The infiltration rate 
of LPCs was determined using Eq. 1. In addition, the poros-
ity of LPC samples was determined through the following 
process of ASTM C1754 (2012a, b, c) based on Archimedes' 
principle of buoyancy. The 100-mm LPC cube samples were 
dried at a temperature of 105 °C for 24 h. After weighing the 
dry LPC samples, their immersed weights were measured, 
and their porosity was calculated using Eq. 2. To conduct the 
urban runoff qualitative tests, the same device for permeabil-
ity tests were used. The bottom of the device was filled with 
a gravel filter with a height of 200 mm. Then, two PC cubes 
with dimensions of 100 × 100 × 100 mm were placed on top 
of each other and sealed with foam on the four sides so that 
the runoff could pass through vertically. LPCs were placed 
on the gravel layer and sealed on the edges. A sampling 
of urban runoff was done at 20:45 on 1 February 2022 in 
the ninth region of Mashhad while it was raining, as shown 
in Fig. 5. The quality parameters of urban runoff that was 
accumulated from the surface of the street are represented 
in Table 4. The quality tests were performed on 2 February 
2022. After preparing the specimens in the device, about 
6 L of polluted runoff was used for each test. The contact 
time between runoff and LPC samples was about 30 min, 
and then a sampling of runoff that passed through LPCs was 

performed. The qualitative experiment process is shown in 
Fig. 6. Each data point is based on the average value of three 
specimens to reduce the possibility of measurement errors, 
and all tests were carried out according to valid standards.

where K is the coefficient of permeability (mm/s), a is the 
area of the cross section of device  (mm2), L is the length 
of PC sample, A is the cross section of the concrete sample 
 (mm2), h1 and h2 are initial and final height of water column 
(mm), and t is time (s) required for water to reach from h1 
to h2.

where At is porosity (%), V is volume  (cm3), ρw is water 
density (g/cm3), and W1 and W2 are the specimen’s weight 
in water and dry weight (g).

3  Results and Discussion

3.1  Workability and Fresh Density

Figure 7 illustrates the effect of different proportions of 
lignite on the slump of LPC samples. As shown in Fig. 7, 
the increase in the proportion of lignite decreases the 
slump substantially. Compared to the control sample, add-
ing lignite at only 5% w/w of coarse aggregate to the PC 
mixture reduced the workability and slump considerably, 
up to 94%, and no slump was observed in samples of L10 
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Fig. 5  Urban runoff sampling 
from the street surface 

Table 4  Qualitative parameters 
of urban runoff

Qualitative parameter COD (mg/l) TDS (ppm) pH NO3 (ppm) TSS (ppm) Turbidity (NTU)

Quantity 980 637 6.46 23 478 290
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and L15. This finding indicated that due to the high inher-
ent moisture content of lignite, which ranges from 24 to 
66% (Di Gianfrancesco 2017; Grammeils et al. 2016), it 
absorbs water to make a sticky paste that holds the ingredi-
ents together with no slip, as shown in Fig. 8. Although the 
lignite was pre-soaked for 24 h before mixing, it signifi-
cantly affected the slump of the LPC. Hot summer weather 
and spreading the lignite at room temperature for 1 h 
after pre-soaking resulted in the evaporation of the water 
absorbed by lignite in the pre-soaking stage. It should be 
mentioned that spreading the lignite at room temperature 
was done so that the lignite surface was dried even though 
it was wet inside, to avoid increasing the water content in 
the paste. Previous studies had pointed out that the high 

Fig. 6  Qualitative test process
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Fig. 7  Effects of lignite proportions on the slump of LPC samples

Fig. 8  a Slump of LPC samples, 
and b Slump of control sample
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moisture content of lignite indicated that it adsorbed a 
considerable amount of water (Jellali et al. 2021). Water 
molecules tend to aggregate around functional groups, and 
hydrogen bonds play a significant role in the interactions. 
Therefore, it is highly recommended to pre-soak lignite 
before utilizing it in the concrete mixture to avoid losing 
the workability of the paste, as pointed out by Karami 
et al. (2018). Based on the findings of the present study, 
it is recommended not only to pre-soak the adsorbents 
with a high level of water adsorption before mixing but 
also to consider the weather and room temperature, and 
to observe the surface of the adsorbents while spreading 
them to achieve a dry surface before mixing.

Figure 9 indicates the effect of lignite proportion on the 
fresh density of LPC samples. No considerable changes were 
found in the fresh density of samples with different percent-
ages of lignite due to its low specific gravity (1.29 g/cm3). 
Among all the different coal categories, lignite has the low-
est specific gravity. In their study, Teymouri et al. (2020b) 
used perlite, a mineral adsorbent with low specific grav-
ity (0.29 g/cm3) and high-water adsorption (around 56%) 
in porous concrete, and perlite reduced the workability and 
strength markedly. Nonetheless, increasing the proportion 
of lignite would not markedly increase the fresh density of 
LPC mainly because of the low specific gravity of lignite. 
However, higher proportions of lignite would cause a mini-
mal increase in the LPC’s fresh density. LPC containing 
15% lignite had a slightly higher fresh density (1980.0 kg/
m3) compared to the control sample due to its high lignite 
content. Also, sample L10 experienced a slight reduction in 
the fresh density compared to L5, while it contained a higher 
proportion of adsorbents. The mixing step, scaling materi-
als, and laboratory conditions might be the reasons for the 
lower fresh density of L10 as it was expected to be slightly 
higher than L5. In short, using lignite in LPC reduces its 
workability considerably and shows some increases in the 
fresh density.

3.2  Mechanical Strength

Figures 10, 11, 12 depict the compressive strength, flexural 
strength, and splitting tensile strength of LPC specimens, 
respectively. As shown in Fig. 10, L5, L10, and L15 had an 
average compressive strength of 11.4, 10.6, and 12.2 MPa, 
respectively, which were all lower (between 11 and 23%) 
than the control sample. The lower compressive strength of 
L10 compared to L5, despite its higher proportion of lignite, 
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could be explained by its fresh density. In general, a denser 
concrete with higher fresh density contributes to a higher 
compressive strength (Othman et al. 2021). Othman et al. 
(2021) reported that the compressive strength of foamed 
concrete directly depends on its fresh density. Also, Tijani 
et al. (2019) reported that different types of coarse aggregate 
with different specific gravity affect the compressive strength 
of PC markedly due to increasing the fresh and hardened 
density of the PC. Therefore, LPCs with a higher fresh den-
sity tend to have a higher compressive strength as it was 
observed in this study.

Moreover, based on Figs. 11 and 12, the flexural and split-
ting tensile strength values of LPC samples were also lower 
than the control sample. Samples L5 and L15 had maximum 
and minimum flexural strength of 2.0 MPa and 1.1 MPa and 
splitting tensile strength of 1.5 MPa and 1.0 MPa. Increasing 
the proportion of lignite in LPC mixture reduced the flexural 
and splitting tensile strength up to 50%, and 41%, respec-
tively. Unlike the compressive strength, the flexural and 
splitting tensile strength values of L5 were higher than L15. 
Thus, increasing lignite proportions degraded the flexural 
and splitting tensile strength as more lignite particles were 
positioned between aggregates and weaken cement bond.

Findings of mechanical strength of LPC indicated a 
small reduction in the compressive strength, and major 
reductions in f lexural and splitting tensile strength 
occurred in all samples containing lignite compared to 
the control sample. This is mainly because of the low spe-
cific gravity of lignite, which could not play the role of 
fine-grained material in the LPC structure. Another rea-
son for the strength reduction in LPC is the high level 
of water absorption of lignite that prohibits the complete 
interaction between water, lignite, and cement paste. 
Previous studies by Abedi-Koupai et al. (2016), Sonebi 
and Bassuoni (2013), and Yap et al. (2018) highlighted 
that the increased water-to-cement ratio between 0.30 
and 0.45 increases the strength of PC markedly. Conse-
quently, while lignite adsorbs the paste’s water, it reduces 

the strength of the LPC. Increasing the lignite propor-
tion from 5 to 10% decreased the compressive strength at 
first; however, a slight increase in compressive strength 
was observed in L15. As a result, 15% lignite could play 
the filling role of fine-grained materials but not have 
the impact of sand in the pervious concrete. Past stud-
ies reported that fine-grained materials could increase the 
strength of PC as long as their specific gravity is very high 
(Azad et al. 2021; Bildari et al. 2015; Karami et al. 2018). 
In other words, lignite can fill the pores of PC and increase 
its compressive strength marginally when its proportion is 
more than 10%, while it would substantially decrease the 
workability, porosity and permeability of LPC. Further-
more, the ANOVA results of the compressive, flexural, and 
splitting tensile strength represented that the models were 
significant, the lack of fit was nonsignificant, and R2 val-
ues were 0.87, 0.79, and 0.89, respectively. The ANOVA 
results confirmed that the presence of lignite affects the 
strength of PC considerably due to high F-value and the 
model’s significance. The suggested quadratic models for 
all strength characteristics are as follows:

Figure 13 shows the SEM image of LPC samples. It 
can be seen that there are some cracks inside lignite and 
lignite itself has a low resistance to compression and can 
be crushed between the fingers. Also, the bonds between 
cement paste and lignite are quite weak. Thus, rather than 
low specific gravity and high water adsorption of lignite, 
its low resistance to compression and weak bond with 
cement paste are other reasons for the lower compressive 
strength of LPC samples.

Compressive Strength of LPC = 10.75−0.84 × L(%) + 2.27 × L(%)2

Flexural Strength of LPC = 1.51−0.35 × L(%) + 0.40 × L(%)2

Tensile Strength of LPC = 1.23−0.32 × L(%) + 0.17 × L(%)2

Fig. 13  a Presence of cracks 
inside lignite and b cracks 
between lignite and cement 
paste
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3.2.1  Effects of Cementitious Paste Thickness 
on the Compressive Strength

The results of CPT are represented in Fig. 14 and Table 5. 
As displayed in Fig. 14, the CPT distribution is mostly 
between 0.3 and 1.8 mm. Nonetheless, the distribution 
in L10 is quite different, and the range of cementitious 
paste thickness lies between 0.00 and 3.0 mm. Rather than 
laboratory conditions, the complicated CPT of L10 might 
be one of the reasons for its lower compressive strength 
compared to L5 and L15. With the increase of lignite 

proportion, the peak value of frequency gradually moves 
to the left, even though L10 did not follow this trend. Fur-
ther, the variance of CPT decreases with the increase of 
the lignite proportion, but this trend was not observed in 
L10. The relationship between the compressive strength 
and average CPT is illustrated in Fig. 15. As can be seen in 
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Table 5  Results of CPT

Mixture CPT (mm) Variance Total number 
of line seg-
mentsMinimum Maximum Average

C 0.168 4.512 1.113 0.4706 261
L5 0.1215 4.266 0.912 0.3702 437
L10 0.159 4.584 1.293 0.6550 400
L15 0.092 4.813 0.959 0.4335 624
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Fig. 15  Effect of CPT on the compressive strength
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Fig. 15, in general, the increase in the average CPT results 
in an increase in the compressive strength.

Nevertheless, L10, with the highest average of CPT and 
variance, did not experience an increase in the compres-
sive strength. Overall, the lower compressive strength of 
LPCs as compared to the control sample was due to the low 

specific gravity, high water adsorption of lignite, and the 
position of lignite particles in the cement paste between 
aggregates. The lower compressive strength of L10 com-
pared to L5 and L15, which was anticipated to be higher 
than L5 and lower than L15, was also justifiable based on 
the CPT results.

3.3  Permeability and Porosity

It is understood that water plays a crucial role in the degrada-
tion of the mechanism of PC; thus, it is necessary to identify 
the permeability and porosity of LPC samples.

Figures 16 and 17 show the permeability and porosity of 
LPC samples, respectively. As represented in Fig. 16, the 
control sample and L15 has the highest and lowest perme-
ability of 1.4 mm/s and 1.0 mm/s, respectively. Similarly, 
Fig. 17 displays that the porosity of the control sample 
(20.4%) is 33% higher than L15. These findings indicate that 
increasing the content of lignite led to a significant reduction 
of permeability and porosity, mainly due to the filling effect 
of fine-grained lignite in LPC. Figure 18 depicts the distri-
bution of different proportions of lignite in LPC samples. 
The distribution of lignite increases in LPC, and, obviously, 
permeability and porosity are significantly reduced. The cir-
cles shown in Fig. 18 indicate that lignite covers the space 
between aggregates and minimizes the pore size. Compared 
to L5, where the distribution of lignite is not significant, in 
L15 almost all aggregates are surrounded by lignite particles. 
On the other hand, the high water absorption of lignite could 
affect the porosity and permeability of PC markedly, and 
it should not be forgotten to consider in the mixing design 
because water content can affect permeability and porosity. 
Tables 6 and 7 present the results of ANOVA for permeabil-
ity and porosity, respectively. The proportion of added lig-
nite to PC resulted in F(1,1) = 17.01, P = 0.0146, R2 = 0.762, 
for permeability, and F(1,1) = 226.09, P = 0.0001, R2 = 0.978 
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for porosity. Obviously, the effect of lignite on the reduction 
of porosity is far significant than permeability. Linear mod-
els, which are significant, are suggested for permeability and 
porosity with the nonsignificant lack of fit.

Porosity and permeability follow the same trend (Tey-
mouri et al. 2020a; Yap et al. 2018), increasing or decreas-
ing based on the mixture design, although their variations 
might not be the same. Figure 19 demonstrates the position 
of pores in the control sample. The positions of pores are 
important in the permeability of LPC, and some might be 
ineffective in passing water and become dead-ends, while all 
pores have a direct impact on porosity.

3.4  Relationship between Mechanical Performance 
and Porosity

Compressive strength and porosity are important factors in 
the PC mixture design and mostly depend on the interac-
tion between the mixture design and the materials. Based 
on previous studies (Chang et al. 2019; Tennis et al. 2004; 
Thisani et al. 2021; Uma Maguesvari and Sundararajan 

Permeability = 1.22−0.15 × L(%)

Porosity of LPC = 17.17−3.51 × L(%)

2017), PC strength increases as the porosity decreases 
mainly because of the reduction in the number and size of 
pores and thus greater integration of the mixture. However, 
in the present study, it was found that the LPC did not fol-
low the same trend because of lignite's low specific grav-
ity, high water absorption, and complicated behavior in the 
LPC mixture. Although the control sample had higher void 
content, its compressive strength was surprisingly higher 
than that of LPC. Adding 15% lignite to the PC mixture 
led to a minimal increase in the compressive strength of 
L15 compared to L5 and L10, which was mainly because 
of the filling role of fine-grained lignite that appeared 
when higher proportions of lignite were added to LPC. 
The same trend of compressive strength was found for 
flexural and splitting tensile strength. Adding lignite to 
PC caused a reduction in the strength, workability, and 
physical properties of LPC. Although higher proportions 
of lignite may improve LPC strength, losing the consider-
able range of permeability and porosity properties might 
be one of the main consequences. Apart from this, the 
effect of lignite on the porosity was much more significant 
than other parameters, where by adding 15% lignite, the 
compressive strength increased by 11.6%, while the loss 
of porosity was greater than 50%. Consequently, although 
a large proportion of fine-grained lignite could improve 
the compressive strength of LPC, it strongly reduced 
the porosity and permeability of LPC. The high degree 
of porosity reduction, which stemed from the decreased 

Table 6  ANOVA for 
permeability of LPC

*Significant, **not significant, SD = 0.075, CV% = 6.14, R2 = 0.809, Adj R2 = 0.762
***Cor total: corrected total sum of squares

Source Sum of squares DF Mean square F value Prob > F

Model 0.095 1 0.095 17.01 0.0146*
Lignite proportion (L) 0.095 1 0.095 17.01 0.0146
Residual 0.022 4 5.583E−003
Lack of fit 0.013 2 6.667E−003 1.48 0.4030**
Pure error 9.000E−003 2 4.500E−003
Cor total*** 0.12 5

Table 7  ANOVA for porosity 
of LPC

*Significant, **not significant, SD = 0.48, CV% = 6.09, R2 = 0.98, Adj R2 = 0.978
***Cor total: corrected total sum of squares

Source Sum of squares DF Mean square F value Prob > F

Model 51.88 1 51.88 226.09 0.0001*
Lignite proportion 51.88 1 51.88 226.09 0.0001
Residual 0.92 4 0.23
Lack of fit 0.80 2 0.40 6.50 0.1334**
Pure error 0.57 2 0.29
Cor total*** 52.80 5
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number and size of the pores, led to a reduction in the 
lifetime of the LPC system when it encountered clogging.

3.5  Effects of LPC Samples on Reducing Stormwater 
Pollution

Table 8 presents the concentration of qualitative parame-
ters in the urban runoff after passing through LPC samples. 
Polluted urban runoff had an initial COD concentration of 
980 mg/l, followed by a reduction of 23%, and reached 
752 mg/l after passing through the control sample. Faisal 
et al. (2020) reported a COD reduction through pervious 
concrete pavement. The main aspect of COD removal is 
physical adsorption, as PC acts like a filter and adsorbs 
solids in stormwater (Rodriguez-Rajas et al. 2018; Torres 
et al. 2015). LPC samples, however, improved the COD 
removal of urban runoff by up to 42%, in which L5, L10, 
and L15 decreased the COD concentration of urban runoff 
by 36.4%, 39.6%, and 42%, respectively. An increase in the 
lignite proportion in the LPC mixture causes an increase in 
COD removal due to the adsorption of dissolved organics, 

which are responsible for high COD rates in urban runoff 
(Abedi Koupai et al. 2016; Liu et al. 2004), on the lig-
nite surface. In addition, decreasing the pore size of LPC 
in the presence of fine-grained lignite is another reason 
for decreasing COD concentration (Tennis et al. 2004). 
These results are supported by the findings of past studies, 
which indicated that adding fine-grained adsorbents, such 
as zeolite, perlite, quartz, vermiculite, and pumice, to the 
PC mixture improves its ability to reduce stormwater and 
wastewater pollution (Paliulis 2016; Rastegar et al. 2016; 
Rostami et al. 2015; Subrahmanyam et al. 2008).

Moreover, the LPC samples had a slight impact on 
reducing TDS, and the proportions of lignite had no sig-
nificant impact on TDS removal. The control and LPC 
samples decreased TDS by less than 10%. Abedi Koupai 
et al. (2016), Sonebi and Bassuoni (2013), and Teymouri 
et  al. (2020b) reported that PC containing adsorbents 
could not greatly contribute to reducing electric conduc-
tivity (EC) and TDS, and a slight increase in EC and TDS 
was also observed due to the contact of cement and urban 
runoff. In addition, polluted runoff had a pH of 6.46, which 

Fig. 19  SEM image of the posi-
tion of pores in control sample

Table 8  Concentrations of 
qualitative parameters before 
and after passing through 
different PC samples

Mixture COD (mg/l) TDS (ppm) pH NO3 (ppm) TSS (ppm) Turbidity (NTU)

Urban runoff 980.0 637.0 6.46 23.0 478.0 290.0
C 752.0 602.0 6.69 17.0 372.0 183.0
L5 623.0 583.0 6.69 18.0 205.0 110.0
L10 592.0 588.0 6.69 18.0 215.0 130.0
L15 567.0 586.0 6.70 19.0 175.0 95.0
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experienced an increase up to 6.69 after passing through 
LPC samples, and LPC did not result in a considerable 
change in pH. Generally, polluted urban runoff has a pH 
close to a neutral zone of 8, and the interaction of runoff 
and cement is the cause of a small increase in pH after 
passing through LPCs (Abedi Koupai et al. 2016; Huang 
et al. 2016).

Furthermore, the effect of LPCs on  NO3 removal is simi-
lar to the pH changes. The initial concentration of  NO3 is 
23.0 ppm, which is reduced to 17.0 ppm (26% reduction) 
after passing through the control sample. As the proportion 
of lignite in the LPC mixture increases, the concentration 
of  NO3 in runoff increases slightly. L15, for example, has 
a  NO3 concentration of 19.0 ppm, which is 2.0 ppm higher 
than the control sample. The 30-min contact time of runoff 
and LPCs could explain this increase in the concentration 
of  NO3. Anaerobic conditions are created during the con-
tact time, which leads to increasing  NO3 in the urban runoff 
phase. Other studies have reported similar findings. Collins 
et al. (2010) reported a higher concentration of  NO2,3-N in a 
permeable pavement. Brown et al. (2012) mentioned that the 
concentration of  NO2,3-N is higher than runoff after passing 
through permeable pavement due to denitrifying conditions. 
Huang et al. (2016) reported a 3–10% reduction of total 
nitrate (TN) in stormwater pollution by permeable pavement. 
It can be concluded that due to the considerable decrease of 
the porosity of L15 as compared to L5, the anaerobic condi-
tions have strong effects on increasing  NO3.

Additionally, the TSS concentration of the polluted 
runoff was 478.0 ppm and reduced by 22.2% after passing 
through the control sample. Nevertheless, the addition of 
lignite improved the removal efficiency of LPC substantially. 
Samples L5 and L15 removed TSS up to 57% and 63.4%, 
respectively. Increasing the lignite portion leads to reduc-
ing the porosity of the LPC and increasing the surface of 
lignite, which contributes to trapping small suspended solids 
in runoff (Hatt et al. 2006; Mehrabi et al. 2021; Teymouri 
et al. 2016). Eventually, a promising reduction in turbidity 
was observed after polluted runoff passed through LPCs. A 
similar trend as TSS reduction occurred in turbidity. The 
control samples removed turbidity by up to 36.8%, and LPCs 
improved the removal efficiency of turbidity by up to 67.2% 
(L15).

Overall, comparing different samples of LPC, adding 
5% lignite to the PC mixture has a relatively similar per-
formance to L15, while L5 has a permeability and porosity 
considerably higher than L15. Therefore, considering the 
mechanical strength, porosity, permeability, and removal 
efficiency of LPCs, L5 was the best mixture design.

3.6  Results of Scanning Electron Microscopy (SEM) 
and Energy‑Dispersive X‑ray Spectroscopy (EDS) 
on Contamination Removal

Figure 20a, b shows the SEM–EDS results and pore struc-
ture in the control sample, respectively. It can be seen in 
Fig. 20a that the surface texture of the aggregate is relatively 
smooth with a minimal number of micropores. Also, the 
pore structure of the control sample represents that solid 
contamination of relatively large size could be trapped in 
these pores. For this reason, the capacity of control sam-
ples in reducing urban runoff contamination is lower than 
for LPC. Also, the observed elements in the control sam-
ple are  CaCo3 (46.48%),  SiO2 (49.66%), Al (2.79%), and 
Mg (0.99%). On the other hand, Fig. 21a, b illustrates the 
SEM–EDS results of L15, and surface of lignite. Based on 
Fig. 21a, b, the lignite has a relatively rougher surface tex-
ture than aggregate and control samples and contains more 
micropores on its surface. Hence, the lignite surface could be 
a suitable bed for settling runoff pollutants, especially solids, 
and increases the capacity of LPC in stormwater treatment.

Figure 22 demonstrates how cement surrounds lignite in 
LPC paste, the distribution and proportion of lignite com-
pared to the cement paste is relatively suitable for capturing 
most of the contamination in urban runoff. Fig. 22 attempts 
to show the difference by lines drawn between cement paste 
and lignite based on their properties and EDS results.

4  Conclusion

The effects of adding fine-grained lignite as an adsorbent 
on the engineering properties and environmental aspects of 
LPC was investigated in this study, and the following con-
clusions are drawn:

• Adding lignite to the PC mixture decreased the slump 
substantially up to 100% and made a zero-slump LPC 
due to the high waste absorption of lignite. Hence, pre-
soaking is highly recommended.

• LPCs have lower compressive strength, flexural strength, 
and splitting tensile strength than the control samples 
due to high water absorption and low specific gravity of 
lignite.

• The increase of lignite portion in the LPC mixture gradu-
ally shifts the frequency peak value of the cementitious 
paste thickness to the left and increases the compressive 
strength minimally. Also, increasing the average thick-
ness of the cementitious paste increases the compressive 
strength.
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• Fine-grained lignite significantly reduces the permeabil-
ity and porosity of LPC samples. The control sample had 
the highest permeability and porosity of 1.4 mm/s and 
20.4%, and L15 had the lowest amounts of 1.0 mm/s and 
13.5%, respectively.

• Based on ANOVA, quadratic models were fitted to the 
mechanical strength and linear models were preferred for 
permeability and porosity.

• As the proportion of lignite is increased, the removal 
of urban runoff contamination increases, and the maxi-

mum removal is observed in L15 by 42%, 63.4%, and 
67.2% removal of COD, TSS, and turbidity, respectively. 
No significant reduction is observed with respect to pH, 
 NO3, and TDS.

• Ultimately, the use of LPC with 5% lignite is recom-
mended for use in green spaces and walkways to control 
stormwater, collect urban runoff, and improve the quality 
of urban runoff. In addition, using superplasticizers is 
highly recommended to improve the engineering proper-
ties of LPC.

Fig. 20  a SEM–EDS results of 
control sample and b pore struc-
ture of the control sample
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