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ABSTRACT 

DEVELOP A MULTI-FUNCTIONAL GREEN PERVIOUS CONCRETE (MGPC) 

PAVEMENT WITH POLYCYCLIC AROMATIC HYDROCARBONS (PAHS) 

REMOVAL FUNCTION 

 

Hong Shang 

 

April 16, 2020 

 

Stormwater runoff induced Polycyclic Aromatic Hydrocarbons (PAHs) contaminant 

increasingly imperils the groundwater quality and the sustainable development of human 

society due to the potential carcinogenic risks. Pavement can be considered as the first line 

of defense for contaminant removal of the stormwater runoff. New construction materials 

with stormwater runoff quantity and quality control are in urgent demand for updating the 

existing pavement system. An innovative material called Multi-functional Green Pervious 

Concrete (MGPC) was developed in the department of Civil and Environmental 

Engineering at University of Louisville. This material uses organoclay as the amendment 

to enhance the PAHs removal capacity of conventional pervious concrete. The objective 

of this study is to evaluate the potential implementation of MGPC as a pavement material 

with the groundwater contamination remediation functions.  
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The study was performed in five stages. First, The PAHs remediation function of MGPC 

was tested by introducing organoclay [bis (hydrogenated tallow alkyl) dimethyl 

ammonium modified montmorillonite] to the conventional pervious concrete. After test 

and verification, the mix proportion of MGPC was designed to meet the compressive 

strength and hydraulic conductivity requirements of pervious concrete. A small amount of 

organoclay addition was found not to adversely affect the compressive strength and 

hydraulic conductivity of MGPC. 

The preliminary study of the PAHs removal functions of MGPC was conducted in stage 

two. The isothermal batch sorption test was conducted to quantify the sorption capacity of 

the organoclay modified cement paste, and the column test was performed to investigate 

the transport mechanism and retardation behavior of PAHs in MGPC. It was found that the 

developed MGPC with a small addition of organoclay could substantially remove PAHs 

contaminants and it also has much stronger adsorption and retardation capacity than the 

conventional pervious concrete.    

In stage three, a series of comprehensive laboratory-scale tests were conducted to examine 

the effectiveness of stormwater induced PAHs removal by using the MGPC pavement. The 

results indicated that the initial concentrations of the PAHs and the flow rates would impact 

the removal efficiency of MGPC. The tests showed that the MGPC still maintained 

considerable sorption capacity after 50 PAHs sorption and desorption cycles. 

An ideal site under steady-state groundwater conditions was generated to simulate the long-

term performance of MGPC on PAHs removal by using the finite element method in stage 

four. The laboratory experiments were used to determine the physicochemical parameters 

of MGPC, and three sorption isothermal models (linear, Freundlich and Langmuir) were 
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fitted to the sorption test data. The computer simulation revealed that the MGPC had 

significant remediation efficiency on the PAHs contaminant. Other than the material 

properties of MGPC, the efficiency of contaminant remediation of MGPC was also found 

to be influenced by the permeability of the subbase and the initial concentration of PAHs. 

It was also found that the linear isotherm model would overestimate the removal efficiency 

of PAHs with higher concentration sources. 

At last final fifth stage, a Pavement Environment and Performance Index (PEPI) was 

proposed to evaluate the environmental impacts of three different types of pavements 

(impervious concrete, conventional pervious concrete, and MGPC). The data from 

experiments and the Environmental Footprint Database was used to calculate the PEPI. 

Based on the Life Cycle Assessment (LCA) results, it was found that the MGPC pavement 

was much more environmentally friendly with relatively lower greenhouse gas emissions 

and energy consumption, and better environmental performance comparing with the other 

two types of pavements.
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CHAPTER 1 INTRODUCTION 

 

 Problem statement and research significance  

Groundwater quality is essential for drinking water supply, civil engineering practice, and 

sustainable development that influences our daily life. Due to metropolitan expansion and 

increases of impervious surfaces, the contaminants can be dissolved, carried and conveyed 

by the stormwater runoff and finally be discharged into the groundwater system (Göbel et 

al., 2007; Mikkelsen et al., 1997; Pitt et al., 1999; Pitt, 1996; Zobrist et al., 2000). Therefore, 

the stormwater runoff-induced contamination, primarily, from nonpoint source pollution, 

becomes one of the major contaminant sources to groundwater and increasingly imperils 

the quality and safety of groundwater supply (see Fig. 1.1).  

 

Fig. 1.1. Stormwater runoff induced nonpoint source contaminant (Palmetto Bay)
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It is also found that stormwater runoff is a leading source of pollutants entering our 

waterways (Mikkelsen et al., 1994). According to previous studies, about 90 percent of 

surface pollutants are carried by the first flush (half to one inch) of the stormwater runoff 

(Chang et al., 1990; Froehlich, 2009; Ringler, 2007; Schueler, 1994). Stormwater drains 

do not typically channel this polluted runoff to treatment facilities, but instead, convey it 

directly into local water bodies. This can increase algae content and harm aquatic life, 

requiring expensive treatments to purify the water and eventually form a long-term 

contaminant source to water circle, especially to the groundwater system.  

Among various stormwater induced runoff contaminants, Polycyclic Aromatic 

Hydrocarbons (PAHs) are ubiquitous and significantly cumulative cancerogenic 

components that threaten public health and the sustainability of ecosystem (see Fig. 1.2) 

(Benson et al., 2008; Chang et al., 2006; Gehle, 2009; Greish et al., 2018; Wilcke, 2007). 

Stormwater runoff induced PAHs are investigated mainly releasing from the vehicle 

emission, incomplete combustion of petroleum products, engine oil leakage, tire wear, 

asphalt deterioration, human sewage sludge, mining operation, industrial operation, landfill 

leachate, coal tar and roof tar erosion (Lowenthal et al., 1994; Marr et al., 1999; Miguel et 

al., 1998; Schuetzle, 1983; Wilcke, 2007; Zielinska et al., 2004). As non-polar substances 

with chemical stability, PAHs will eventually migrate into the groundwater system and 

degrade the water supply quality by a cumulative effect. It takes an extremely long time to 

finish the self-purification process only by the natural groundwater system itself due to 

cold environment, less bacterial breakdown, very slow water movement and precipitation 

of the rocks in the aquifer (Rothermich et al., 2002; Saba et al., 2012). PAHs could be 

cancerogenic after reaching certain concentrations. EPA has listed 16 PAHs as priority 
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pollutants due to their toxicity and potential for human exposure (Bojes and Pope, 2007; 

Chang et al., 2006; Yan et al., 2004). Therefore, mitigation PAHs contamination from 

stormwater runoff adjacent to transportation corridors needs significant attention.  

 

 

Fig. 1.2. Stormwater runoff induced PAHs contaminant (City of Lubbock) 

 

The boundary between the natural environment and existing infrastructures need 

improvements on pollutions reduction without increasing infrastructure footprint. 

Additionally, the impervious pavement occupies a majority part of the ground surface in 

U.S. urban areas, such as the road systems, the parking lots, and the community ground 

surfaces. These pavement systems are aging, and the innovative construction materials are 

eagerly in demand to replace the deteriorated asphalt or concrete. The current pavement 

material needs to be redesigned to incorporate stormwater runoff quantity and quality 

control functions as it can play an important role in our efforts on stormwater management 

to integrate environmental protection and sustainability. To enhance the concrete 

performance by introducing additives through hydration process, such as clayey materials, 

nanocellulose plant fibers, and carbon nanotubes, has become a current hot topic (Guo et 
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al., 2019a; Guo et al., 2020a; Guo et al., 2020b; Guo et al., 2019b, 2020c; Ramezani et al., 

2019). This research focuses on an innovative multi-functional green pervious concrete 

that is developed as paving material to reduce the flooding and stormwater runoff-induced 

PAHs contamination, and to create a more sustainable, resilient, and eco-friendly living 

environment. 

 

 Pervious Concrete (PC) Pavement  

Urbanization not only promotes economic growth and well-being but also induces 

environmental issues. As discussed in the above section, the urbanization process can 

increasingly result in transferring natural soil and other initially permeable ground surfaces 

into impervious covers. It would bring high impacts on the urban watershed and lead to 

serious consequences such as rapid urban flood, increased runoff volume, soil erosion, 

nonpoint source pollutions, and higher local peak discharges (Damodaram et al., 2010; 

Dietz, 2007; Matos et al., 2019). If a Low Impact Development (LID) approach can be 

applied in the field design, by mimicking the natural flow regime associated with building 

centralized stormwater runoff management facilities, those issues could be avoided. Thus, 

a better-designed tactic of LID that can strategically and significantly reduce the 

environmental impacts is in urgent demand. 

There are various reasons can result in urban watershed change and the impervious 

pavement can be considered as one of the main reasons (Arnold Jr and Gibbons, 1996). 

Although only about 1.3% of total US territory is paved, it still has a significant 

environmental impact in the urban area. Urban Heat Island (UHI) effect is one attribute to 

the impervious pavement application that impacts local climate, urban ecosystem, energy 
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consumption, and human health (Bornstein, 1968; Imhoff et al., 2010).  In the US 94% of 

the impervious pavements are paved by asphalt and most of them are facing the 

deterioration issue. A good strategy of LID application can also solve the non-point source 

pollution issue and the UHI effect onsite. 

The impervious surface basically consists of roads, parking lots and building roofs. And 

the non-point source pollution is mainly due to the increasingly severe traffic loads. The 

roads and parking lots play a vital role in protecting the water quality and the surrounding 

ecosystem and should be designed and maintained in such way to avoid and control the 

negative environmental impacts. The Best Management Practices (BMPs) have been in 

place for several decades which are the principles and engineering practices that protect 

the water quality in the field while maintaining the functions of the roads and parking lots 

(Damodaram et al., 2010; Field and Tafuri, 2006; Keller and Sherar, 2003; Kwiatkowski 

et al., 2007). If applied properly, BMPs can provide a practical, cost-effective, and 

environmentally friendly ground surface design. And it will also avoid the conflicts of land 

use that is especially important for some urban areas with limited land supply.  

Permeable pavements could be a good solution that avoids changing the watersheds and 

functions of the roads. As one special solution of BMPs, permeable pavements can 

additionally save the land use with building the in-situ sewer and stormwater control and 

management infrastructures such as detention or retention ponds. There are different types 

of permeable pavements including gravel, tarmac (or pervious asphalt), rainwater 

harvesting, pervious concrete (or porous concrete), pervious blocks, wheel tracks, open 

concrete blocks or plastic blocks, etc. Among them, the pervious concrete attracts the 

public interests because it can be used as an alternative construction material for pavement 
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design (Chandrappa and Biligiri, 2016b; Debnath and Sarkar, 2018; Tennis et al., 2004; 

Zhong et al., 2018). Comparing with other permeable pavement materials, pervious 

concrete has more broad potential applications. It can supply adequately enough strength 

for most of the low volume pavements; it does not dramatically change the mix, installation 

and maintenance processes; and it still keeps considerable permeability for stormwater 

quantity control (ACI 522R-10, 2010; Obla, 2010). Pervious concrete is a unique type of 

concrete using a carefully controlled amount of cement paste to coat and bind the uniformly 

sized coarse aggregates and containing little or no fine aggregates to form a system of 

interconnected voids and high porosity that can drain water quickly (see Fig. 1.3) (ACI 

522R-10, 2010; Ćosić et al., 2015; Obla, 2010; Tennis et al., 2004; Torres et al., 2015). 

When pervious concrete is used as a pavement material, the typical configuration is shown 

in Fig. 1.4. Due to the relatively lower compressive strength, pervious concrete is often 

used as a paving material for low traffic volume surfaces such as sidewalk, highway 

shoulders, parking lots, and residential roads (see Fig. 1.5).  

 

 

Fig. 1.3. Conventional pervious concrete (Ready Mixed Concrete Association) 
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Fig. 1.4. Configuration of pervious concrete pavement (Adapted from Tennis et al. 

(2004)) 

            

                              (a)                                                                    (b) 

Fig. 1.5. Pervious concrete pavement used for (a) parking lot and (b) residential roads 

(Ready Mixed Concrete Association)                                 

 Modified Pervious Concrete Pavement 

1.3.1    Short Review of the Studies for Modified Pervious Concrete 

Pervious concrete pavement is basically a bi-functional strategy for using as both a low 

volume road and in-situ stormwater management. A pervious concrete pavement should 

be designed to provide sufficient compressive strength for the traffic loads as well as 

enough permeability for managing the stormwater runoff infiltration. As a plain 
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cementitious material, the conventional pervious concrete lacks the capability of adsorbing 

contaminants or purifying the stormwater onsite (Brattebo and Booth, 2003; Kasaraneni et 

al., 2014; Shang and Sun, 2019). The key idea of pervious concrete for water protection is 

to immobilize the stormwater in the very beginning as much as possible to avoid the runoff 

induced contaminants.  

The watersheds are hardly predictable and are unable to totally control especially for the 

intensive rainfall events. Some relevant research has been done in order to enhance the 

pervious concrete pavement from a bi-functional structure to a multi-functional structure 

with self-purification functions. For example, Titanium Dioxide has been coated on 

pervious concrete pavement to reduce the nitrogen oxides and volatile organic compounds 

level by the photocatalytic reactions (Shen et al., 2012). Porous media such as natural 

zeolite, calcite, sand, iron, organo-bentonite, organo-zeolite or organo-kaolinite are found 

to improve the heavy metals or PAHs adsorption capacity from the liquid phase and can be 

used as the subbase or subgrade additives (Kasaraneni et al., 2014; Lee and Tiwari, 2012; 

Reddy et al., 2013, 2014b; Shang, 2015; Shang et al., 2017; Shu et al., 2010; Simpson and 

Bowman, 2009).  Other filter materials like biochar have also been used as a filter media 

to remove selected contaminants including the PAHs (Reddy et al., 2014a; Xie et al., 

2015a; Xie et al., 2015b). 

 

1.3.2    Multi-functional Green Pervious Concrete (MGPC) 

During the intensive rainfall events, the pervious concrete pavement will firstly capture 

and store the stormwater runoff into the interconnected voids of pervious concrete and 

subbase and then gradually finish the inflation back to groundwater through the subgrade. 
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If the pervious concrete itself has the water purification function, it would be highly 

efficient in stormwater quantity and quality control. Fig. 1.6 presents a conceptual idea that 

introduces the organoclay particles into the conventional pervious concrete. Organoclay 

has been proved to be a reliable filter material for contaminants removal especially the 

organic contaminants like PAHs. This dissertation focuses on developing an organoclay 

amended pervious concrete that has a water purifying function. The developed Multi-

functional Green Pervious Concrete (MGPC) is expected to adsorb the PAHs from the 

stormwater onsite in a short time window (see Fig. 1.7). The purified stormwater can be 

discharged back to the underlying groundwater as a safe recharge.  

 

 

Fig. 1.6. Conceptual model of MGPC 
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Fig. 1.7. Deliverables of MGPC Pavement System 

 

 Research Objectives 

This dissertation aims to develop a multi-functional green pervious concrete (MGPC) as 

an alternative pavement material with the stormwater runoff-induced PAHs removal 

functions. Organo-bentonite is chosen as the absorbent in this study.  To guarantee the 

water purifying function as well as the long-term serviceability of the proposed concrete, 

the research goal can be divided into several folds.  

First, an appropriate filter material that can be used as the adsorbent in pervious concrete 

needs to be identified. Second, it is necessary to assure that the filter material additive 

would not lower or harm the inherent mechanical and hydraulic properties of the pervious 

concrete. Third, the effectiveness of PAH removal after incorporating this type of filter 

material in the developed MGPC needs to be evaluated. While functioning as a PAHs 

adsorbent, and the added organoclay must not interfere with cement hydration so that the 

strength development of the MGPC can be guaranteed. Fourth, key parameters related to 

field applications of the developed MGPC should be comprehensively tested. Finally, the 
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long-term performance of the MGPC pavement on purifying PAHs needs to be studied 

since the pavement is typically designed for several decades.  

 

 Structures of this Dissertation 

The dissertation consists of three parts. Part one is a general introduction to the motivation 

and objectives of this research project (Chapter 1). A state-of-the-art literature review 

regarding the pervious concrete pavement research is also presented in Chapter 1. Chapter 

2 introduces the raw materials for making the MGPC and the fundamental testing methods 

for investigating the compatibility between organoclay and cement paste after hydration. 

The experimental framework for developing a practicable MGPC is also discussed.   

The second part mainly tests the short-term and long-term water purifying capacity of the 

developed MGPC, in which lab experiments have been systematically conducted and 

several empirical scenarios are simulated in order to verify that the innovative MGPC is 

appropriate construction material for field applications. The adsorption capacity, transport 

mechanism and retardation behavior of PAHs onto the MGPC are evaluated in Chapter 3. 

Additionally, the hydration age effect on the adsorption and retardation performance of 

MGPC are examined in this chapter. Chapter 4 elaborates on the extensive study of PAHs 

removal by the MGPC. Different laboratory experimental scenarios are carried out to 

mimic the real onsite conditions which would affect the MGPC performance. And the 

reusability and long-term performance of the MGPC is also investigated after being 

polluted by PAHs with multiple cycles. Following the lab experiments, the evaluation of 

the long-term performance of in-situ MGPC pavement under different pavement and field 

conditions is discussed in Chapter 5. A numerical model software, GeoStudio, is introduced 
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and used to simulate the transport mechanism and removal of PAHs by the MGPC 

pavement for 50 years. Critical analysis of MGPC using as a pavement material for in-situ 

stormwater runoff-induced PAHs purification is given.  

The third part of this dissertation focuses on the Life Cycle Assessment (LCA) of the 

MGPC pavement. In Chapter 6, the LCA result of the MGPC pavement is compared with 

impervious concrete pavement and conventional pervious concrete pavement. The standard 

framework of LCA combined with PAHs purification function and permeability are 

applied to the LCA. Five phases of the whole life cycle of pavement including materials, 

construction, use, maintenance, and end-of-life are considered as the main factors in the 

LCA process. The primary data of the Life Cycle Inventory (LCI) analysis is obtained from 

lab experiments, and the secondary data is collected from OpenLCA software associated 

with the Environmental Footprint Database. A Pavement Environment and Performance 

Index (PEPI) using the normalization method is proposed to comprehensively give the 

assessment of the pavement environmental impacts. 
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2 CHAPTER 2 DEVELOPING A MULTI-FUNCTIONAL GREEN PERVIOUS 

CONCRETE (MGPC)  

 

 Introduction 

The desired properties of pervious concrete such as hydraulic conductivity and strength are 

usually related to its porosity (Ibrahim et al., 2014). And an optimal porosity of MGPC 

could be obtained by controlling the level of aggregates to cement ratio, water to cement 

ratio, and initial compaction effort. The porosity which can affect the compressive strength 

is the overall porosity. In contrast, only the connected voids that is frequently called the 

effective porosity would determine the hydraulic performance of the pervious concrete 

(Montes et al., 2005). 

Numerous studies have been reported in the literature about the mechanical and hydraulic 

behaviors of pervious concrete. In general, due to the open void structure, pervious 

concrete has relatively lower compressive strength from 3.5 MPa to 28 MPa compared to 

the conventional concrete (Deo and Neithalath, 2010; Obla, 2010; Tennis et al., 2004).  The 

permeability (or hydraulic conductivity) of the pervious concrete is in the range from 0.076 

cm/s to 3.5cm/s that highly depends on the effective porosity (Chandrappa and Biligiri, 

2016a; Ibrahim et al., 2014; Li et al., 2013; López-Carrasquillo and Hwang, 2017; 

Neithalath et al., 2010). The water to cement ratio (targeted range is 0.27 to 0.36) should 

be controlled carefully to form an appropriate cement paste thickness just enough coating 
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on the aggregates because the excessive cement paste would significantly decrease the 

porosity and lower the permeability of the pervious concrete (Joshaghani et al., 2015; 

Nguyen et al., 2014; Torres et al., 2015). 

Current research on pervious concrete mainly focuses on improving its compressive 

strength to extend its future applications such as highway or interstate highway pavements. 

High-performance pervious concrete (HPPC) with fibers, polymers, pozzolans (fly ash or 

silica fume), water reducer or superplasticizer amendment was found to have the 

compressive strength within the range from 10 MPa to 65.8 MPa without sacrificing the 

permeability performance (Aoki et al., 2012; Bhutta et al., 2012; Chindaprasirt et al., 2008; 

Huang et al., 2010; López-Carrasquillo and Hwang, 2017; Yang and Jiang, 2003; Zhong 

and Wille, 2015). Other studies tried to achieve a better understanding of the permeability 

characteristics of pervious concrete under turbulent flow when Darcy’s law is invalid. 

Huang et al. (1999) developed a permeability testing apparatus to determine the hydraulic 

conductivity of the samples with large air voids under non-laminar flow. Chandrappa and 

Biligiri (2016a); Owabor et al. (2012) Chandrappa and Biligiri (2016a); Owabor et al. 

(2012) A nonlinear asymptotic relationship between the permeability and water head was 

observed and built up from the permeability test of pervious concrete. (Chandrappa and 

Biligiri, 2016a). 

To achieve the goal of this research, organoclay is added to pervious concrete to achieve 

the water purifying function. This chapter evaluates the impacts of organoclay addition on 

the cement hydration, MGPC mechanical properties, and hydraulic performances of the 

MGPC. The hydration ages (1d, 7d, and 28d) and additive dosages of organoclay would be 

considered as the variables. The one-dimensional compressive test was used to investigate 



15 

 

the compressive strength of the MGPC. And a modified method with the self-built 

apparatus has been conducted to evaluate the hydraulic conductivity of the MGPC based 

on Darcy’s law (Ibrahim et al., 2014; Li et al., 2013; Shang and Sun, 2019). 

 

 Materials and Methods 

2.2.1  Cement 

Type I/II LA Portland cement, sponsored by Cemex Kosmos Cement Plant, was used for 

this study (see Fig. 2.1). Different from the conventional concrete, cement mainly supplies 

the connection functions to the aggregates of the pervious concrete instead of strength 

contribution. The chemical oxide compositions and the mineral clinker compounds are 

shown in Table 2.1 and Table 2.2, respectively. The chemical oxide compositions were 

obtained from the manufacturer’s daily production sample analysis data, and the mineral 

clinker compounds of this cement were identified based on the Bogue’s equations (Bogue, 

1955): 

𝐶3 = 4.07(𝐶𝑎𝑂) − 7.60(𝑆𝑖𝑂2) − 6.72(𝐴𝑙2𝑂3) − 1.43(𝐹𝑒2𝑂3) − 2.85(𝑆𝑂3)        (2 − 1) 

𝐶2𝑆 = 2.87(𝑆𝑖𝑂2) − 0.75(𝐶3𝑆)                                         (2 − 2) 

𝐶3𝐴 = 2.65(𝐴𝑙2𝑂3) − 1.69(𝐹𝑒2𝑂3)                                     (2 − 3) 

𝐶4𝐴𝐹 = 3.04(𝐹𝑒2𝑂3)                                                (2 − 4) 

The Blaine surface area of this cement was 382.2 m2/kg (ASTM C204-16), and the specific 

gravity was 3.15 (ASTM C188-16). 97.5% of the cement powder pass through the sieve 
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NO. 325 (45 μm) (ASTM C430-08(2015)). The initial setting time is 112 min and the final 

setting time is  240 min (ASTM C191-13).   

Table 2.1 Chemical compositions of Type I/II LA Portland cement by the manufacturer’s 

daily production sample analysis 

Clinker Phases Weight (%) 

CaO 63.30 

SiO2 19.70 

Al2O3 5.00 

Fe2O3 3.47 

MgO 3.59 

SO3 2.50 

Na2O 1.55 

K2O 0.45 

Loss on Ignition 0.54 

 

Table 2.2 The major compounds of Type I/II LA Portland cement by Bogue’s equations

Compound Chemical formula Abbreviated 

Formula* 

Weight (%) 

Tricalcium Silicate 3 CaO·SiO2 C3S 60.37 

Dicalcium Silicate 2 CaO·SiO2 C2S 15.12 

Tricalcium Aluminate 3 CaO·Al2O3 C3A 4.53 

Tetracalcium Aluminoferrite 4 CaO·Al2O3·Fe2O3 C4AF 12.40 

*C = Calcium Oxide, S = Silicon Dioxide, A = Aluminum Oxide, and F = Iron Oxide. 
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Fig. 2.1. Type I/II LA Portland Cement 

2.2.2  Aggregates 

Gravels used for this study were sieved between 1/2 and 3/8 inch to maintain the size 

uniformity (see Fig 2.2) (ASTM C136/C136M-14). The uniform sizes of aggregates are 

important to maintain connected voids and large hydraulic conductivity for the pervious 

concrete (Ćosić et al., 2015; Schaefer et al., 2006; Tennis et al., 2004). The specific gravity 

of the aggregates is 2.74 (ASTM C128-15). The sieved aggregates were then oven-dried 

for 24h before casting pervious concrete samples. 

 

Fig. 2.2. 0.9525 ~ 1.27 cm (3⁄8 ~ 1⁄2 in.) rounded aggregates 

 

2.2.3  Modified Organoclay 

For the filter material that can be used in concrete, clay is a good candidate. It is because 

clay is widely available on the market, and it is a common additive in the concrete mix. 

Among various types of clays (see Fig. 2.3), the sodium bentonite modified by an organic 
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surfactant has demonstrated to have one of the most efficient sorption capacities for the 

dissolved organic contaminants. It has been used as the pervious concrete amendment 

additive (Knox et al., 2007; Reible et al., 2008). To synthesize this organoclay, particle 

sodium bentonite needs to be treated by an organic surfactant amine, named bis 

(hydrogenated tallow alkyl) dimethyl ammonium chloride, based on the interlayer cation 

exchange modification (see Fig. 2.4). For this study, particle PM-199 (between mesh 14-

40), a commercial organoclay (CETCO Co.) was chosen for conducting the experiments 

(see Fig. 2.5). The specific gravity of the particle PM-199 is 1.75 (ASTM D854-14) and 

the specific surface is 60.7 m2/g determined by methylene blue (Fisher Scientific Co.) spot 

test (ASTM C837-14; Santamarina et al., 2002; Sivapullaiah et al., 2008): 

𝑆𝑆 =
1

𝑀𝑊

1

𝑉
(0.5𝑁)𝐴𝑣𝐴𝑀𝐵

1

𝑀𝑆
                                       (2 − 5) 

where SS (m
2/g) is the specific area of the tested organoclay, MW (g/mol) is the molecular 

weight of the used methylene blue, V (mL) is the volume of deionized water used as a 

solvent for methylene blue, N is the number of methylene blue increments, Av (6.02 × 1023 

mol-1) is the Avogadro number, AMB (1.3 nm2) is the area occupied by one methylene blue 

molecular, and MS (g) is the total mass of soil in the soil solution. 
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(a)                                     (b)                                                 (c) 

Fig. 2.3. Common clay minerals used for concrete mixing (a) Kaolinite (b) 

Montmorillonite (c) Zeolite 

 

Fig. 2.4. The facile synthesis procedure of cationic surfactant modification (primary 

sorption) for organo-bentonite (PM-199) 

 

 

Fig. 2.5. Organo-modified bentonite (mesh 40-14) 

2.2.4  Naphthalene 

Crystal naphthalene was used as the representative of PAHs contaminant in this study. It 

has organophilic property and also has a simple structure without any polar functional 

groups (shown in Fig. 2.6). Due to its low solubility in water (31.6 mg/L at 25 °C), the 
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naphthalene was dissolved in 30% methanol and 70% distilled water to formulate the 

designed concentrations of the organic contaminant solution for the tests. 

 

                      

(a) (b) 

Fig. 2.6. Naphthalene as a representative to make the PAHs solution (a) molecular 

structure (b) commercial product 

 

2.2.5  Experimental Framework 

The experimental framework for developing MGPC is shown in Fig. 2.7. The primary 

purpose here is to investigate the feasibility of using MGPC on liquid-phase organic 

contaminant remediation and to optimize an appropriate PM-199 replacement proportion 

of cement for the MGPC. The mix proportion of the MGPC should be adjusted to meet the 

strength and hydraulic conductivity requirements of pervious concrete. SEM was 

conducted to assure that the added PM-199 would not interfere with the hydration progress 

of cement in the long run. Finally, both the sorption and column tests were conducted to 

study the contaminant remediation function of the designed MGPC.   
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Fig. 2.7. The experimental framework for developing Multi-functional Green Pervious 

Concrete (MGPC) 

 

2.2.6  X-ray Diffraction (XRD) for Organoclay 

The x-ray diffraction (XRD) patterns of the unmodified bentonite and PM-199 were 

obtained in the range of 2° to 20° (2θ) by Bruker-AXS D8 DISCOVER Diffractometer 
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using Ni filtered Cu K radiation (with a wavelength λ= 1.5406 Å) at a scanning speed of 2° 

per min. The basal spacing was calculated by Bragg’s law based on the tested 2θ: 

2𝑑 sin(𝜃) = 𝑛𝜆                                                   (2 − 6) 

where d (Å) is the distance between atomic layers in a crystal which is the basal spacing of 

the organic surfactant modified bentonite in this study, θ (°) is the diffraction angle, n (a 

positive integer) is the "order" of reflection, and λ (1.5406 Å) is the wavelength of the 

incident X-ray beam. 

 

2.2.7  Total Organic Content for Organoclay 

In order to study the efficiency of organic modification of bentonite thermogravimetric 

analysis (SDT Q600 by TA Instruments) was conducted on the PM-199 samples. About 

10 mg PM-199 clay sample was measured and the temperature was increased from 25 ℃ 

to 1000 ℃ with a rate of 10 ℃/min. The weight loss was consistently measured and 

recorded during the test. Since the ignition points of organic surfactant and base clay are 

different the amount of the organic surfactant can be calculated by the final weight loss. 

 

2.2.8  Optical Observation 

To investigate the influence of the blending mechanical energy on the integrity of PM-199 

particles, the surface of the PM-199 and cement paste after 28 d hydration was observed 

by using Olympus MX51 Optical Microscope (OM) (see Fig. 2.8 (a) and (b)). Optical 

microscopy is a common method to analyze the surface microstructures of the sample. 

1000× magnification was used in the tests.   
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                          (a)                                                                     (b) 

Fig. 2.8. (a) Olympus MX51 Optical Microscope (OM); (b) the cement paste sample with 

PM-199 additives 

 

2.2.9  Scanning Electron Microscope (SEM)  

This study chooses a commercially available organo-bentonite named PM-199 as a cement 

paste replacement of dry cement powder for the cement paste. The compatibility between 

PM-199 and cement paste was evaluated by the Scanning Electron Microscope (SEM) 

photos after 28 d hydration. The Scanning Electron Microscope (SEM) uses the electrons 

to form an image of the microstructural features of the paste sample. With a large depth of 

field and high resolution, the SEM inspection can present the degree of hydration of cement, 

formation, and distribution of hydration products, homogeneity of cement paste, and 

binding efficiency between PM-199 and cement paste. The total morphology of PM-199 

particles embedded in the cement paste was observed by the VEGA3 TESCAN (Fig. 2.9 

(a)) with a working distance of 13.01mm. The boundary between 28d cement paste with 

PM-199 additives was observed by the FEI Nova NanoSEM 600 (Fig. 2.9 (b)) with a 

working distance of 7.1 mm.  
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(a)                                                         (b) 

Fig. 2.9. (a) VEGA3 TESCAN and (b) FEI Nova NanoSEM 600 

 

For the SEM tests, the paste sample was crushed and cut into small pieces, polished with 

2000 grit silicon carbide sandpaper, and washed by using an ultrasonic bath. Due to 

relatively lower conductivity, the sample was coated by gold and attached with the sample 

holder by copper tape to enhance the conductivity before observation (see Fig. 2.10). 

 

 

Fig. 2.10. Sample preparation of PM-199 and cement paste after 28 d hydration for SEM 

observation  
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2.2.10   Binder Drainage Test  

With all the raw materials, a mix proportion for the pervious concrete to be tested is needed. 

The binder drainage test was conducted to develop an appropriate mix design. An 

appropriate amount of paste is expected to coat on the surface of the aggregates without 

dripping. The cylinders were drilled with bottom holes (see Fig. 2.11 (a)), and different 

water to cement ratios (see Fig. 2.11 (b) and (c)) have been tried to make the concrete to 

see whether there is cement paste drainage out of the bottom.  

 

         

                    (a)                                          (b)                                           (c) 

Fig. 2.11. Determining the mix proportion (a) making the testing mold (b) critical water 

to cement ratio (c) wet mix proportion 

 

2.2.11   Compressive Strength Test 

Compressive strength of cement pastes with particle organoclay replacements were tested 

using 5.08 cm × 5.08 cm × 5.08 cm cubes (ASTM C109 / C109M-16a, 2016) and the 

strength of concrete samples were tested on 1 day, 7 days, and 28 days by using 77.62 cm 

× 15.24 cm cylinders (ASTM C39 / C39M-17b, 2017).  Three replicas were used for all 
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the tests (see Fig. 2.12). During the test, the loading rate of the universal machine was 

controlled so that the specimens were broken in between 1 to 2min (see Fig. 2.13). 

 

 

Fig. 2.12.  Sample preparations of pervious concrete with different sizes 

 

Fig. 2.13. Universal compression testing machine with the load range to 400 kips 
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2.2.12   Hydraulic Conductivity Test 

In order to make sure the developed concrete meet the specification of pervious concrete 

hydraulic conductivity test was also conducted. In this test, the hydraulic conductivity (k) 

can be measured using the constant head permeameter (see Fig. 2.14) and calculated by 

the following equation: 

𝑘 =
𝑉𝐿

𝐴𝑡ℎ
                                                                   (2 − 7) 

where k (cm/s) is the hydraulic conductivity of the tested concrete; V (mL) is the quantity 

of flow; L (cm) is the length of the concrete specimen along the path of flow; A (cm2) is 

the cross-sectional area of the specimen; t (s) is the interval of time for collecting a certain 

amount of permeated flow, and h (cm) is the difference in hydraulic head across the 

specimen. 

 

Fig. 2.14. Experimental procedures of the hydraulic conductivity test 
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 Results and Discussions 

2.3.1  Evaluate the Organoclay after Surfactant Modification 

Total Organic Content (TOC) of the Organoclay can be determined by the thermo-

gravimetric weight loss. Fig. 2.15 shows that the weight losses from 0 ℃ to 200 ℃ is about 

2% (moisture content) and from 200 ℃ to 1000 ℃ is about 35% (organic surfactant) which 

indicates the surfactant modification is effective by using the following equation to 

calculate: 

𝑓 =
𝑀𝑐𝑎𝑡𝑖𝑜𝑛

𝐶𝐸𝐶 ∙ 𝑀𝑐𝑙𝑎𝑦 ∙ 𝐺𝑀𝑊𝑐𝑎𝑡𝑖𝑜𝑛 ∙ 𝑋
                                   （2 − 8） 

where f (%) is the desired percentage of CEC that will be satisfied by organic cation, Mcation 

(g) is the mass of the organic cation that is needed to achieve the designed CEC, CEC 

(meq/mol) is the cation exchange capacity of the base bentonite, Mclay (g) is the mass of 

the bentonite that will be used to modify, GMWcation (g/mol) is the molecular weight of the 

bis (hydrogenated tallow alkyl) dimethyl ammonium, and X is the number of charge moles 

per each equivalent. 
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Fig. 2.15. Thermogravimetric analysis of organic surfactant modified bentonite 

 

The XRD results of untreated bentonite and PM-199 is shown in Fig. 2.16. The basal 

spacing of untreated bentonite and PM-199 are 15.01 Å and 35.87 Å, respectively. The 

significant increase of the basal spacing is caused by the intercalated cation surfactant 

(Knox et al., 2007; Lagaly, 1986; Lee and Tiwari, 2012; Vaia et al., 1994). This is also due 

to the dramatically increased the total organic carbon content of PM-199 by the double 

long hydrocarbon chains of the bis (hydrogenated tallow alkyl) dimethyl ammonium. 

Compared with untreated bentonite, the hydrophilicity of the PM-199 surfaces was 

changed to lipophilicity after the treatment. The paraffin bilayers conformation of PM-199 

provided more space for the PAHs molecular to pass by and be adsorbed by the surfactant. 

As the basal spacing is an important indication of the emplacement of the surfactant cation 

intercalation, this increase of basal spacing hints a much higher capacity of accommodating 

the organic surfactant and secondary sorption. 
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Fig. 2.16. X-ray diffraction patterns of untreated bentonite and PM-199 

 

2.3.2  Evaluate the Cement Paste with Organoclay Addition after Curing 

The optical micrograph of P035PM10 using Olympus MX51 OM is shown in Fig. 2.17. It 

can be seen that the PM-199 particles are bonded very well with the cement paste. The PM-

199 particles maintain the integrities and original distribution sizes (mesh 40-14) which are 

important for being embedded in/or being exposed from the cement paste. The blending 

energy of the cement paste would not break down the organoclay particles.  

2 11 20

In
te

n
si

ty
 (

a.
u
.)

2θ ( ° )

2θ = 2.48° (d = 35.87 Å)

2θ = 5.86° (d = 15.01 Å)

CETCO PM-199

Untreated bentonite



31 

 

 

Fig. 2.17. Optical micrograph of P035PM10 

 

The SEM images of 28 days hydrated P035PM10 are shown in Fig. 2.18 (a) and (b). Fig. 

2.18 (a) shows a PM-199 particle macroscopically embedded in the cement paste, and these 

two materials were well bonded. The boundary between the cement paste and PM-199 can 

be seen clearly in Fig. 2.18 (b) (dash line). The PM-199 is revealed as less foliated 

structures with some rough edges, and the cement paste visibly had some hexagonal or 

polygonal platy structures which are the typical hydration product of cement paste (Liu and 

Sun, 2016). No secondary product was identified in the presence of PM-199/cement paste 

mixture by observation, indicating no interference of the hydration process by PM-199 

addition. 
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(a)                                                              (b) 

Fig. 2.18. SEM images of P035PM10 at the age of 28days (a) Organoclay particle (PM-

199) in cement paste (b) Zoom in the boundary between the organoclay and cement paste 

 

2.3.3  Mix Design of MGPC 

Table 2.3 shows the threshold of water to cement ratio is 0.38 which indicates that there is 

no extra paste dripping down when the water to cement ratio smaller than this value. Based 

on the binder drainage test 0.35 is chosen as the water to cement ratio in the following 

research. This value is a typical water to cement ratio that is used on job sites for concrete 

construction. 
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Table 2.3 Quantities of raw material for the pervious concrete binder drainage test 

w/c Aggregates (g) Cement (g) Water (g) Porosity 
0.28 2500 500 140 0.26 
0.30 2500 500 150 0.26 
0.32 2500 500 160 0.25 
0.34 2500 500 170 0.25 
0.36 2500 500 180 0.24 
0.38 2500 500 190 0.23 
0.40 2500 500 200 0.23 

 

Comparing to the conventional concrete, the pervious concrete is relatively a new 

construction material used as the pavement building material. Although numerous studies 

and research have been done in this area, there is still no mix design standards or 

specifications pervious concrete that can be followed. It is because the characteristics of 

the pervious material compositions are quite different, and in general the results from 

different studies are hardly comparable. The aggregate-to-cement ratio (a/c) can 

significantly affect the mechanical and hydraulic behavior of pervious concrete (Nguyen 

et al., 2014; Sonebi and Bassuoni, 2013; Tennis et al., 2004; Yahia and Kabagire, 2014). 

For this study, a/c ratio of 5 was used based on the literature review. A w/c ration of 0.35 

was used for all the samples listed in Table 2.4. For the comparison purpose, 5% and 10% 

replacement of organoclay were used. For example, in P035PM10, 10% (by mass) of the 

cement powders were replaced by PM-199, while all other proportions were kept the same.  
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Table 2.4 Mixing proportions of paste and pervious concrete specimens 

Specimen name w/b 
 (or w/c) 

a/b  
(or a/c) 

Cement 

(g)  
PM-

199 (g) 
Water 

(g) 
Aggregates 

(g) 
Paste  
5.08 × 

5.08 cm 

cubic 

P035
* 0.35 5 195.2 0.0 68.3 0.0 

P035PM05
* 0.35 5 183.0 9.6 67.4 0.0 

P035PM10
* 0.35 5 171.0 19.0 66.5 0.0 

Concrete 

7.62 × 

15.24 cm 

cylinder 

C035
* 0.35 5 206.0 0.0 72.1 1030.0 

C035PM05
* 0.35 5 195.7 10.3 72.1 1030.0 

C035PM10
* 0.35 5 185.4 20.6 72.1 1030.0 

Concrete 

5.08 × 

10.16 cm 

cylinder 

C035
* 0.35 5 58.5 0.0 20.5 292.5 

C035PM05
* 0.35 5 55.575 2.925 20.5 292.5 

C035PM10
* 0.35 5 52.65 5.85 20.5 292.5 

P035: pure cement paste under w/c 0.35; 

P035PM05 (or P035PM10): cement paste with 5% (or 10%) PM-199 replacement of 

cement under w/c 0.35; 

C035: pure pervious concrete under w/c 0.35; 

C035PM05 (or C035PM10): MGPC with 5% (or 10%) PM-199 replacement of cement 

under w/c 0.35. 

 

 

2.3.4  Mechanical Properties of Cement Paste and MGPC Samples 

The measured compressive strength of the cement paste and concrete samples are 

summarized in Table 2.5. For the paste samples, the compressive strength decreases with 

an increased amount of PM-199 (see Fig. 2.19). It is because as an organic material, PM-

199 does not participate in the hydration process, and the clay particles act as some small 

fillers inside the cement paste which would reduce the ultimate compressive strength. For 

the pervious concrete samples, the difference in strength gains among the three mixes is 

very minimum (see Fig. 2.20). This is because the strength of pervious concrete is mainly 
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provided by the interlocking effects of the aggregates, therefore, the negative impact of 

PM-199 on concrete strength does not exist.  

 

Table 2.5 Compressive test and hydraulic conductivity test results of pervious concrete 

with different organoclay replacement dosages 

Specimen name Bulk 

density 

(g/cm
3
) 

1d [𝜎] 

(MPa) 

7d [𝜎] 

(MPa) 

28d [𝜎] 

 (MPa) 

Hydraulic 

conductivity 

(cm/s) 

Porosity 

(%) 

7.62 × 

15.24 cm 

cylinder 

sample 

C035 1.88 3.01 4.75 5.64 2.05 26.10 

C035PM05 1.88 4.36 5.21 5.45 1.72 25.72 

C035PM10 1.88 3.45 5.07 5.61 1.59 25.35 

 

 

 

Fig. 2.19. Compressive strength for cement paste with different organoclay replacement 

dosages and hydration ages 
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Fig. 2.20. Compressive strength for pervious concrete with different organoclay 

replacement dosages and hydration ages 

 

2.3.5  Hydraulic Properties of MGPC Sample 

The hydraulic conductivities of C035, C035PM05, and C035PM10 are also presented in 

Table 2.5. It can be seen that the porosity slightly decreases by PM-199 addition, and the 

hydraulic conductivity of pervious concrete decreases with the increased amount of PM-

199. This attributes to the fact that the PM-199 particles may occupy more interconnected 

void space. Huang at el. indicated that high porosity and the interconnected voids of the 

pervious concrete might lead the permeated flow to be the turbulent flow instead of laminar 

flow (Huang et al., 2010). And Darcy’s law for laminar flow might not be applicable. By 

checking the Reynold Number, the permeated flow through the pervious concrete samples 

of this study can still approximately be considered as the laminar flow. Since the main 
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purpose of this study is to evaluate the feasibility of the contaminant removal function of 

MGPC, and the initial hydraulic gradient effect on permeability could be neglected. 

 

 Summaries and Conclusions 

In this chapter, the influence of organoclay additive on the cement hydration was evaluated. 

The mechanical and hydraulic performances of MGPC were also investigated. Based on 

the experimental results, the following conclusions can be drawn: 

1. The organoclay is relatively isolated in the cement paste and would not affect the 

cement hydration. And the blending energy would not affect the integrity of the organoclay 

particle;

2. 5% and 10% organoclay replacement of cement had little impact on the mechanical 

and hydraulic properties of MGPC. Compared to the conventional pervious concrete, the 

compressive strength of MGPC slightly increased, and the hydraulic conductivity of 

MGPC moderately decreased. 
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3 CHAPTER 3 PRELIMINARY STUDY OF PAHS REMOVAL BY USING 

MGPC 

 

 Introduction  

This chapter focuses on testing the PAHs removal capacity of the MGPC by conducting 

the isotherm batch sorption test. To assure the PAHs removal capability of the developed 

MGPC, this part of the study has been divided into two steps. First, isotherm batch tests 

have been conducted on the paste samples to examine the influence of adding PM-199 on 

the adsorption capacity of the paste matrix. This preliminary step is critical because as the 

binder and coating of aggregates, paste layer in pervious concrete is the main contact with 

the contaminants, and good adsorption capacity of the paste is the initial step of good 

adsorption of contaminants of the concrete composite. As a further step, the transport 

mechanism and retardation behavior of PAHs in MGPC were investigated by using a 

breakthrough column test. The hydration age effect on the MGPC performance on PAHs 

removal was also evaluated.   
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 Material and Methods 

3.2.1  Sample Preparation for Batch Sorption and Column Test 

The aggregate-to-cement ratio (a/c) can significantly affect the mechanical and hydraulic 

behavior of pervious concrete (Nguyen et al., 2014; Sonebi and Bassuoni, 2013; Tennis et 

al., 2004; Yahia and Kabagire, 2014). For this study, a/c ratio of 5 was used based on the 

literature review. A w/c ration of 0.35 was used for all the samples listed in Table 2.4 in 

chapter 2. For the comparison purpose, 5% and 10% replacement of organoclay were used. 

For example, in P035PM10, 10% (by mass) of the cement powders were replaced by PM-

199, while all other proportions were kept the same.  

When mixing the paste, the cement powder and organoclay (for P035PM05 and P035PM10) 

were dry mixed for 1 minute at a low speed of 136 rpm and the mixing water was then 

slowly poured into the mixed powders then the paste was mixed for 2 additional minutes. 

After 2 minutes of rest, the paste was then mixed for 3 more minutes at a higher speed of 

195 rpm (ASTM C305 - 14, 2014). After mixing the paste was cast in the 5.08 × 5.08 cm 

cubic mold. 

When mixing the concrete, the cement and water were mixed following the same procedure 

of mixing the paste. And then the aggregates were added to the paste and mixed with the 

steel rod until the aggregate surface was uniformly coated by cement paste. The organoclay 

was added at last and was additionally mixed to embed onto the paste coating (see Fig. 

3.1). The concrete cylinders were prepared according to ASTM C31/C31M-18a (ASTM 

C31 / C31M - 18a, 2018). It should be pointed out that the concrete mix proportions were 

determined based on no excessive paste to clog the connected voids (see section 2.3.3) and 
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two replacement levels of organoclay are considered herein. All the paste and concrete 

specimens were cured under 25 °C with a sealed condition (see Fig. 3.2). 

 

 

Fig. 3.1. Process for making the MGPC with organoclay embedded in the cement paste 

coating 

 

                     

(a)                                                    (b) 

Fig. 3.2. MGPC sample preparation (5.08 cm × 10.16 cm or 2×4 in.) for column test 
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3.2.2  Calibration of the Gas Chromatography  

It is necessary to do calibration before analyzing the concentrations of PAHs samples for 

both the batch test and column test with Gas chromatography. For this study, the retention 

time of naphthalene was identified firstly. It is about 6.5 min. And a calibration curve was 

obtained to relate the areas of the peaks on chromatograms of naphthalene to the 

predesigned concentrations of the naphthalene solutions. The slope of the linear regression 

is the converting factor that can be used to test the unknown concentration of naphthalene 

solution. 

 

3.2.3  Kinetic Study  

In order to know how fast that the adsorption process can reach the equilibrium state, the 

kinetic study was conducted. For the kinetic study, the same sorbent and contaminant 

solution to do sorption under different durations. The data is the concentration of the 

solution versus the sorption time. 

 

3.2.4  Batch Sorption Tests 

Series of batch sorption tests were conducted to quantify the naphthalene sorption under 

equilibrium condition onto pure PM-199, P035PM10, P035PM05, and P035 (Fig. 3.3). The 

sorbents P035PM10, P035PM05, and P035 were cured for 28 days, crushed and sieved 

between sieve No. 20 to No. 30. Crystal naphthalene was dissolved into 30% methanol and 

70% distilled water solvent to make the representative organic contaminant solution with 

predesigned concentrations (1, 2, 3, 5, 10, 15, 20, 40 mg/L). 10 mL of naphthalene 
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contaminant solutions with different concertation were respectively placed in conical 

centrifuge tubes with PTFE cap before 0.2 g (± 0.001 g) of each sorbent was added. The 

sorption kinetic study revealed that the naphthalene sorption reached the equilibrium state 

between 24 hours to 48 hours. As a result, all the sample tubes were agitated for 48 hours 

and centrifuged for 1 hour. The supernatant was filtered by a 2μm syringe filter and 

extracted with hexane at a volume ratio of 10:1 (v/v) in the separatory funnel. A few drops 

of Methylene blue solution were added to the supernatant/hexane mixture to illustrate the 

lipid-liquid boundary. And another few drops of saturated NaCl solution were mixed to 

help the naphthalene solute separate out from the liquid phase solvent. The extracted 

naphthalene/hexane samples were analyzed by gas chromatography equipped with a flame 

ionization detector (GC-FID) (Clarus 480, PerkinElmer, Inc., Waltham, MA). The GC 

parameters for this study were set up according to the searchable Chromatogram Library’s 

database. The injecting and detecting temperatures were 280 °C. The initial oven 

temperature was 100 °C, and after holding 1min, the oven temperature increased as the rate 

of 20 °C/min till 240 °C. The concentration of absorbed naphthalene by solid can be defined 

as Equation: 

 

𝑆 =
𝑉𝑚(𝐶0 − 𝐶𝑒)

𝑀𝑠
                                                    (3 − 1) 

 

where S (mg/kg) is defined as the mass of the sorbate (naphthalene) sorbed by a unit mass 

of the sorbent, C0 (mg/L) and Ce (mg/L) are the initial and equilibrium aqueous-phase 

concentrations of naphthalene, respectively, Vm (mL) is the volume of the contaminant 
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solution added in the batch reactor, and Ms (g) is the mass of the sorbent added in the batch 

reactor. 

Fig. 3.3. The procedure of the batch sorption test 

 

 

Fig. 3.4. The linear sorption isotherm 
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For the most common cases, the linear sorption isotherm (see Fig. 3.4) model is used to 

describe the adsorption mechanism of the organic contaminant by organic surfactant 

modified soil at relatively low concentration (Shang et al., 2017; Shu et al., 2010). The 

linear isotherm is defined mathematically by Equation (3 − 3): 

𝑆 = 𝐾𝑑𝐶𝑒 (3 − 2)

where the sorption isotherm was obtained by plotting the sorbed concentration of 

naphthalene by sorbents S (mg/kg) versus the equilibrium concentration of naphthalene in 

aqueous solution Ce (mg/L), and the slope of isotherm is defined as partitioning coefficient 

Kd (L/kg). 

 

3.2.5  Column Tests 

The schematic of the experimental apparatus of pervious concrete column test is shown in 

Fig. 3.5. Laboratory column tests were conducted to determine the retardation factor (Rd) 

of naphthalene transport in concrete with a fast flow rate (0.5 mL/s) under non-equilibrium 

conditions (see Fig. 3.6). Naphthalene was dissolved in 30% methanol and 70% distilled 

water solvent to make a solution with the concentration of 100 mg/L. The column 

specimens were cast with C035, C035PM05, and C035PM10 for 28 days. The Teflon tape 

and PTFE paste were used to separate the pervious concrete sample from the column to 

avoid naphthalene adsorption by the inner wall. The columns have a height of 10.16 cm 

and an inner diameter of 5.08 cm. The column specimens were first flushed with 2 pore 

volumes (approximately 120 mL) of deionized water. The prepared naphthalene solution 

was then injected from a glass syringe pump. A pulse-type contaminant flow injection was 
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conducted for one pore volume (60 mL). After naphthalene injection, the columns were 

switched back again to the deionized water until the effluent concentration was below the 

detection limit. The breakthrough curve of naphthalene was obtained by measuring the 

effluent concentration, following the sample extraction and the analyzing method of batch 

sorption test.  

 

 

Fig. 3.5. Schematic of experimental apparatus of pervious concrete column test 
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Fig. 3.6. High flow rate breakthrough curve for different types of contaminant injection 

(Shackelford, 1994) 

 

 Results and Discussions 

3.3.1  Gas Chromatography Calibration for Analyzing the PAHs Concentration 

It is necessary to do calibration prior to analyzing the concentrations of PAHs samples for 

batch test and column test with Gas chromatography. For this study, the retention time of 

naphthalene was identified first. And a calibration curve was obtained to correlate the areas 

below the peaks on chromatograms of naphthalene to the known concentrations. 

For instance, a representative result of the gas chromatogram for the standard solution of 

naphthalene dissolved in the hexane solvent is presented in Fig. 3.7. A large peak appeared 

around 2min during the run indicating the lighter molecules of hexane came out from the 

GC column that reached the detector earlier. Later another clear peak was observed around 

6.5min and this peak represented the naphthalene molecule reaching the detector. All the 
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naphthalene extracts samples by hexane in this study had a similar peak occurrence time. 

The higher the naphthalene concentration, the larger the average area of the response peak 

(around 6.5min). Septum flow was used to prevent the naphthalene vapor residue attach to 

the upper septum of the injector. The septum flow rate should be strictly constant for all 

series of samples since the concentrations of the naphthalene extract samples in this study 

were relatively low, and the response peak shape was sensitive to the flow rate change. 

Fig. 3.7. Gas Chromatogram of naphthalene solute dissolved in hexane solvent with the 

concentration of 2000 mg/L 

 

There was a linear relationship between the naphthalene concentration of the extracts and 

the average area of the response peak (shown in Fig. 3.8). The linear regression line was 

forced to pass through the origin, and the slope was 2427.2 μv·s·L/mg which could be used 

as the conversion factor to determine the unknown concentration of naphthalene extracts 

in this study. 
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Fig. 3.8. Calibration curve for naphthalene standard solution with different 

concentrations 

 

3.3.2  Sorption Kinetics Study of Organoclay in Paste  

The sorption kinetics of naphthalene on the 28 days P035PM10 is shown in Fig. 3.9. After 

12min the sorption kinetics tended to be slow and finally reached an equilibrium between 

24 hours to 48 hours, which was consistent with previous studies (Kasaraneni, 2015; Kaya 

et al., 2013; Reible et al., 2008). The data obtained from the kinetic sorption test was 

analyzed and fitted with a first-order one-site mass transfer model (OSMTM) to estimate 

the kinetic parameters (Nzengung et al., 1997): 

𝐶𝑡 = 𝐶𝑒 + [𝐶0 − 𝐶𝑒]𝑒𝑥𝑝 [− (
𝜀

𝜓
) 𝑡]                                     (3 − 3)                                                   
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where 𝐶𝑡  is the solution concentration at time t (min) (mg/L); 𝐶𝑒  is the solution 

concentration at equilibrium (mg/L); 𝐶0 is the solution initial concentration (mg/L); 𝜀 is 

the mass transfer coefficient (1/min) which is the only unknown parameter for OSMTM, 

and 𝜓 is the ratio of 𝐶𝑒 over 𝐶0.  

The mass transfer coefficient 𝜀 (1/min) was optimized as 0.25 ± 0.01 and the fitting curve 

of the OSMTM model matched the experimental data. It is also worthy to note that the 

sorption process of the naphthalene on P035PM10 did not happen as quickly as some 

previous study in the initial 12min (Javadi et al., 2017; Nzengung et al., 1997). It was 

believed that the particles allowed more time to let the naphthalene solute penetrate and 

saturate.  

 

 

Fig. 3.9.  Sorption kinetics of naphthalene on 28 days P035PM10 
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If 48 hours sorption is considered as the equilibrium state of the sorption, then the 

accomplishment rate to the certain time of the sorption process can be calculated and 

plotted in Fig. 3.10. It can be found that the sorption process built up rapidly in the initial 

12min and almost 92% of the equilibrium accomplished. The time window for the 

contaminant solution contacting with the sorbent is important for designing the discharging 

rate of the subbase or subgrade beneath the MGPC pavement. It is expected that the MGPC 

pavement system not only has enough discharging rate for reducing the stormwater runoff 

shortly but also has effective contact time with the contaminant solution. 

 

  

Fig. 3.10. The naphthalene sorption equilibrium accomplishment rate on 28 days 

P035PM10 
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3.3.3  Sorption Isotherms of Paste Samples with Different Organoclay Dosages  

A series of equilibrium batch isotherms for aqueous naphthalene passing through 

organoclay and cement paste with different dosages PM-199 replacement are presented in 

Fig. 3.11. All cement paste samples were crushed and sieved between sieve No.20 to No.30 

as discussed in section 3.2.1. Linear regressions passing the original point were fitted for 

all the sorbents under the range of naphthalene concentration (1 mg/L to 40 mg/L). The 

slope was determined as the partitioning coefficient, Kd, an important indication of 

adsorption capacity. The partitioning coefficient of PM-199, P035PM10, P035PM5 and 

P035 were 2370.54 L/kg, 161.47 L/kg, 70.18 L/kg, and 14.91 L/kg, respectively. As the 

organoclay replacement percentage increased the partitioning coefficient of the paste, this 

indicates the enhanced adsorption capacity of the paste matrix when PM-199 is added. 

Although the pure cement past also had a certain amount of sorption capacity of 

naphthalene, adding only 5% or 10% PM-199 can significantly improve the Kd value. This 

is because the intercalated organic cation surfactant sufficiently increased the lipophilicity 

of the clay and then enhanced the adsorption capacity of organic contaminants.  
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Fig. 3.11. The linear sorption isotherms for the sorption of naphthalene on paste samples 

of different organoclay replacement dosages 

 

3.3.4  Organoclay Dosage Effect on Naphthalene Transport and Retardation in MGPC 

The transport mechanisms of naphthalene through all the column samples under a high 

flow rate (0.5 mL/s) are governed by the one-dimensional advection-dispersion-retardation 

equation in the homogenous saturated porous media due to adsorption (Freeze and Cherry, 

1979) shown as follows (equation (4 − 3)): 

𝜕𝐶

𝜕𝑡
= 𝐷𝐿

𝜕2𝐶

𝜕𝑥2
− 𝑣𝑥

𝜕𝐶

𝜕𝑥
+

𝜌𝑏

𝑛

𝜕𝑆

𝜕𝑡
 (3 − 4) 

Where C (mg/L) is the concentration of PAHs, is  𝐷𝐿  (cm2/min) is the longitudinal 

coefficient of hydrodynamic dispersion,  𝑣𝑥  (cm/s) is the seepage velocity along the 

flowline, t (s) is the time, x (cm) is the distance along the direction of transport, 𝜌𝑏 (g/cm3) 

is the bulk density of the pervious concrete samples, n (%) is the porosity, and S (mg/kg) 

is the mass of PAHs adsorbed on a unit mass of the pervious concrete samples.  
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The retardation factor was defined as the ratio of the average flow velocity of the solvent 

to the average migration rate of the PAHs mass center (Shackelford, 1994). Therefore, the 

migration rate of naphthalene can be evaluated based on the flow rate and the retardation 

factor.  A pulse-type injection with one pore volume (30 mL) 100 ppm naphthalene solution 

applied to the samples and the deionized water was switched. After about 20 pore volumes 

being flushed with deionized water, the concentrations of the effluent solution were close 

or under the detecting limitation of GC. But part of the introduced naphthalene was still 

not flushed out from all the samples. Therefore, the concentration of effluent after 20 pore 

volumes was assumed to be the same value as that of the concentration of the 20th pore 

volume for all the samples until the area under the breakthrough curve equals the total mass 

of naphthalene initially introduced into the influent solution. The naphthalene 

breakthrough curves for 28 days C035, 28 days C035PM05, and 28 days C035PM10 are 

plotted in Fig. 3.12. The 28 days C035 sample has a little retarded effect on the permeated 

contaminant flow. The peaks of breakthrough curves tend to shift to the right-bottom side 

and the curves shape become flatter that indicates the column samples have stronger 

retardation capacity to the contaminant flow. The peak concentration of the 28 days 

C035PM05 and 28 days C035PM10 breakthrough curves are less than 0.5 of the initial 

concentration of the injecting naphthalene solution. The smaller peak values indicate that 

with the organoclay modification, it enhances the retardation capacity of PAHs. This is due 

to the high sorption capacity of organoclay which was demonstrated in the batch sorption 

test.  
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Fig. 3.12. The breakthrough curve of naphthalene solution in 28 days pervious concrete 

samples 

 

For reversible adsorption of naphthalene with linear isotherm under low concentration, the 

equation (3 − 2) can be substituted into equation (4 − 3) to get: 

𝜕𝐶

𝜕𝑡
= 𝐷𝐿

𝜕2𝐶

𝜕𝑥2
− 𝑣𝑥

𝜕𝐶

𝜕𝑥
−

𝜌𝑏

𝑛

𝜕(𝐾𝑑𝐶)

𝜕𝑡
(3 − 5) 

                                                            

(1 +
𝜌𝑏

𝑛
𝐾𝑑)

𝜕𝐶

𝜕𝑡
= 𝐷𝐿

𝜕2𝐶

𝜕𝑥2
− 𝑣𝑥

𝜕𝐶

𝜕𝑥
(3 − 6) 

                                                                

And the retardation factor 𝑅𝑑 can also be derived from the partitioning coefficient Kd as 

(Freeze and Cherry, 1979): 

𝑅𝑑 = 1 +
𝜌𝑏

𝑛
𝐾𝑑 (3 − 7) 
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As a pulse-type contaminant injection, the retardation factors of naphthalene in pervious 

concrete columns were determined by the first moment equation (Valocchi, 1985):                                                                                 

𝑅𝑑 =
∑(𝐶𝑒/𝐶0)𝑃𝑉∆𝑃𝑉

∑(𝐶𝑒/𝐶0)∆𝑃𝑉
− 0.5𝑃𝑉0 (3 − 8) 

where Rd (unitless) is the dimensionless retardation factor, C0 (mg/L) and Ce (mg/L) are 

the initial and equilibrium concentrations of PAHs in an aqueous phase, respectively, PV 

(mL) is the corresponding pore volume to each measured concentration, ∆PV (mL) is the 

differential pore volume between each sampling step, and PV0 (mL) is the initially injected 

pore volume of the solution to the pervious concrete column. 

And the retardation factor 𝑅𝑑 can also be derived from the partitioning coefficient Kd as 

(Freeze and Cherry, 1979): 

𝑅𝑑 = 1 +
𝜌𝑏

𝑛
𝐾𝑑                                                   （3 − 9）                                                                               

Take the 28 days C035PM10 sample as an example, the retardation factor 𝑅𝑑  can be 

calculated by equation (4 - 8): 

𝑅𝑑 = 1 +
𝜌𝑏

𝑛
𝐾𝑑 = 1 +

1.88

0.2535
× (

0.1

6.35
× 2370.54 +

0.9

6.35
× 14.91) = 293.53     （3 − 10）                         

Comparing to the retardation factor 𝑅𝑑 (summarized in Table 3.1) from the first-moment 

equation (3 − 8), the 𝑅𝑑 value calculated by equation (3 − 7) was relatively larger. The 

reason is that the partitioning coefficient 𝐾𝑑  in equation (3 − 7)was derived from the 

equilibrium sorption condition. However, the column test was conducted by a fast flow 

rate (0.5 mL/s) and the naphthalene solute took only about 2min to flush through the 

column sample. So, the sorption in the column test was in non-equilibrium (or kinetic) 

condition and the first-moment equation is more appropriate. Moreover, the particle 
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organoclay was embedded in the cement paste and partially exposed in the interconnected 

voids (white dots in Fig. 3.13). The exposed parts of the organoclay performed the 

contaminant remediation function, the embedded part of the organoclay hardly participated 

in partitioning mechanism under the fast flow.  

 

 

Fig. 3.13. MGPC sample with PM-199 replacement of cement 

 

Table 3.1 The retardation factors and naphthalene mass balance of pervious concrete 

column samples 

Sample 

name 

Age 

(d) 

Flow 

rate 

(mL/s) 

Dispersion 

(cm2/min) 

Retardation 

factor Rd  

The total 

mass of 

contaminant 

injection 

(mg) 

The total 

mass of 

contaminant 

ejection (mg) 

Sorbed rate 

after 20 pore 

volumes 

ejection 

C035 28 0.50 6.05 1.61 6.21 6.10 1.74% 

C035PM05 28 0.50 6.06 66.95 6.81 4.59 32.64% 

C035PM10 28 0.50 6.06 81.83 6.81 4.24 37.77% 

C035PM05 3 0.50 6.06 60.01 6.68 4.63 30.68% 

C035PM10 3 0.50 6.06 76.32 6.68 4.26 36.22% 
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3.3.5  Hydration age effect on Naphthalene Transport and Retardation in MGPC  

The column tests were conducted to concrete samples at the ages of 3 days and 28 days. 

The retardation factors were calculated by the first moment equation (3 − 8) and 

summarized in Table 3.1 too. By checking the mass balance, more than 30% of the 

naphthalene was still held by the small segment of organoclay in MGPC. The mass flux of 

naphthalene was substantially reduced by the MGPC and efficiency could be additionally 

improved by increasing the organoclay fraction or controlling the permeated contaminant 

flow rate. 

The effects of hydration age on the adsorption behavior of the developed pervious 

concretes are evaluated and illustrated in Fig. 3.14 and Fig. 3.15. It is shown that the 28 

days hydration samples have measurably larger retardation factors than the 3 days 

hydration samples. It is believed that the PH value evolution during the hydration 

influenced the retardation of naphthalene onto MGPC. Adams and Ideker (2015) indicated 

that the PH value of the concrete tended to change from neutral to 10.5 as the hydration 

developed. And Owabor et al. (2012) demonstrated that alkaline modification of the soil 

sorbents improved the adsorption capacity of naphthalene. Although only the natural clay 

was conducted by Owabor’s tests, the results suggested that the organoclay had a similar 

trend. Cement hydration product, calcium hydroxide (CH), induces alkalinity that can 

enhance the adsorption capacity and retardation behavior of the MGPC, which is beneficial 

for the long-term service. This hints a long-term effectiveness of the proposed MGPC on 

contaminant remediation. 
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Fig. 3.14. The breakthrough curve of naphthalene solution in 28 days C035PM05 and 3 

days C035PM05 

 

Fig. 3.15. The breakthrough curve of naphthalene solution in 28 days C035PM10 and 3 

days C035PM10 
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 Summaries and Conclusions 

In this chapter, the water purifying function of the developed MGPC was realized by 

partially replacing cement powder with organoclay. Tests on both micro and macro levels 

have been conducted. Based on the experimental results, the following conclusions can be 

drawn: 

1. The isothermal batch test revealed that with a small amount of organoclay amendment, 

the cement paste adsorption capacity of PAHs contaminants has been substantially 

improved; 

2. The column test indicated that under a fast flow rate, the retardation factors of the two 

MGPCs has been dramatically increased compared to that of the conventional pervious 

concrete; 

3. Cement hydration induced alkalinity can additionally improve the adsorption capacity 

and retardation behavior of the developed concrete, which indicate long-term stability of 

the material on contaminant remediation; 

4. The overall results suggested that the MGPC has the great potential to be implied as an 

innovative multi-functional construction material. 
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4 CHAPTER 4 APPLICABILITY AND REUSABILITY OF MGPC PAVEMENT 

ON PAHS REMOVAL BY MIMICKING THE REAL ONSITE CONDITIONS  

 

 Introduction 

The proposed MGPC has been proven to be a potential construction material for pavement 

implementation with the stormwater purification function as demonstrated in Chapters 2 

and 3. The organoclay amendment can substantially enhance the PAHs removal efficiency 

of the MGPC pavement and the cement hydration induced alkalinity can additionally 

improve the PAHs sorption capacity of the material. To continue studying the field 

applicability of the proposed MGPC, extensive experiments have been further conducted 

by considering multiple variables that represent different scenarios, such as rainfall 

intensity, traffic flow, and traffic loads, etc. (Shang and Sun, 2021).  

The initial concentrations of PAHs dissolved in stormwater by the various levels of 

emission can easily be influenced by the traffic load. In the urban area, the concentration 

of PAHs contaminants can range from several μg/L to more than 1mg/L (Bojes and Pope, 

2007). Since the sorption efficiency of PAHs of organoclay is concentration-dependent, 

the performance of MGPC pavement under various initial PAHs concentration needs to be 

further investigated (Braida et al., 2001; DiVincenzo and Sparks, 1997; Giannakopoulou 

et al., 2012). 
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Similarly, rainfall intensity can cause different flow rates and leachability through the 

permeable pavement (Hernández-Crespo et al., 2019). Heavy rainfall can increase the 

hydraulic gradient rapidly which would result in a fast infiltration rate. Sorption kinetics 

study shows that under a faster flow rate sorption process is nonequilibrium and the 

leachable rate is relatively higher (Kaya et al., 2013; Owabor et al., 2012; Reible et al., 

2008). Therefore, it is necessary to understand the mechanism of the rainfall intensities 

and/or flow rates that affect the PAHs sorption behavior of MGPC pavement.  

The lifespan of pavement for service is typically ranging from two to five decades (ACI 

522R-10, 2010; Association, 2009; Obla, 2010; Tennis et al., 2004). The concerns about 

the long-term efficiency of the PAHs removal function of MGPC pavement are raised. 

Theoretically, organoclay can adsorb a considerable amount of organic contaminant 

including PAHs by up to 50% of its self-weight (Alkaram et al., 2009; Nourmoradi et al., 

2012). With the daily traffic flow and precipitations, the ultimate sorption performance of 

MGPC pavement on PAHs removal needs to evaluate by considering multiple cycles of 

contamination.  

In this chapter, laboratory-scale evaluations are performed to examine the effectiveness of 

stormwater runoff induced PAHs removal by using the MGPC pavement. A series of 

column tests are conducted by varying (1) the initial concentrations of PAHs contaminants; 

(2) flow rates; and (3) contamination cycles. Results from this study suggest that MGPC 

pavement is a feasible stormwater management solution for controlling runoff-induced 

PAHs contamination. 
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 Materials and Methods 

4.2.1  Raw Materials  

Ordinary Type I/II LA Portland cement provided by Cemex Kosmos Cement Plant was used 

for all experiments. The chemical compositions and major compounds were listed in Table 2.1 

and Table 2.1. Other physical properties can also be found in section 2.2.1. Gravels sieved 

between 1/2 and 3/8 inches and PM-199 provided by CETCO Co. were used when casting 

MGPC. The adsorption capacity of the aggregates was 1.5%.  

 

4.2.2  Sample Preparation 

C035PM10 is used to be MGPC for all the tests in this chapter. The sample preparation 

method is described in section 3.2.1 and the mix design is listed in table 2.4.  

 

4.2.3  Test Matrix 

100mg/L and 40 mg/L PAHs solutions are chosen to study the impact of the initial 

concentrations on the MGPC adsorption efficiency. According to the kinetic study in 

chapter 3, the MGPC sample needs at least 12 min to reach the equilibrium state of PAHs 

sorption. Therefore, three different flow rates are simulated by making the percolating time 

of PAHs solution of 2 min, 6 min and 12 min (correspond to 1/12mL/s, 1/6 mL/s and 1/2 

mL/s) in order to investigate the impacts of the PAHs flow rates on the MGPC pavement 

adsorption efficiency. And contamination cycles of 1 and 50 are adopted to study the long-

term performance of the proposed MGPC. Each sorption/desorption cycle includes one 

pore volume PAHs injection and 19 pore volume distilled water injection since the 
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concentration of PAHs would smaller than 1 mg/L after a cycle. All the testing conditions 

used in this chapter are summarized in Table 4.1. 

 

Table 4.1 Different test scenarios to mimic the real onsite situations  

Column test 

names 

100 

mg/L 

PAHs  

40 

mg/L 

PAHs  

1/2 mL/s  
pore water 

flow rate 

1/6 mL/s  
pore water 

flow rate 

1/12 mL/s  
pore water 

flow rate 

1 cycle 
treatment 

50 cycles 
treatment 

C40-F1/2-T1
*
 − Yes Yes − − Yes − 

C100-F1/2-T1 Yes − Yes − − Yes − 
C100-F1/6-T1 Yes − − Yes − Yes − 
C100-F1/12-T1 Yes − − − Yes Yes − 

C100-F1/2-T50 Yes − Yes − − − Yes 
 

*C40-F1/2-T1: Column test of C035PM10 on PAHs solution under 40mg/L concentration 

(C40) and 1/2 mL/s flow rate (F1/2) with one cycle treatment (T1); 

C100-F1/2-T1: Column test of C035PM10 on PAHs solution under 100mg/L concentration 

(C100) and 1/2 mL/s flow rate (F1/2) with one cycle treatment (T1); 

C100-F1/6-T1: Column test of C035PM10 on PAHs solution under 100mg/L concentration 

(C100) and 1/6 mL/s flow rate (F1/6) with one cycle treatment (T1);  

C100-F1/12-T1: Column test of C035PM10 on PAHs solution under 100mg/L 

concentration (C100) and 1/12 mL/s flow rate (F1/12) with one cycle treatment (T1);   

C100-F1/2-T50: Column test of C035PM10 on PAHs solution under 100mg/L 

concentration (C100) and 1/2 mL/s flow rate (F1/2) with fifty cycles treatments (T50).   

 

 

4.2.4  Test Methods 

Column tests are conducted to determine the retardation factor Rd which indicates the 

adsorption capacity and retardation behavior of the MGPC on PAHs. The testing apparatus 

is shown in Fig. 4.1. The naphthalene is dissolved as the description in section 2.2.4 to 

make the PAHs solution with predesigned concentrations for the following tests. The 

testing procedures are described in section 3.2.5. During the test, one pore volume PAHs 
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solution is introduced to the MGPC sample first and then the injection is switched to 

distilled water until the effluent concentration is below the detecting limit of Gas 

Chromatography (GC). The first-moment equation (3 − 8)  is used to calculate the 

retardation factor Rd for all the tests.  

 

 

Fig. 4.1. Testing apparatus for column test 

 

In order to further study the PAHs adsorption on the organoclay particle in MGPC under 

multiple cycles of pollution, a part of the MGPC sample is taken after the column test for 

scanning electron microscope (SEM) analysis. Fourier transform infrared spectroscopy 

(FT-IR) is also applied to get spectra of naphthalene, pure PM-199, and the PM-199 with 

adsorbed naphthalene after 50 cycles in the range of 650 ~ 4000 cm-1 with the resolution 

of 1 cm-1 by using a PerkinElmer Spectrum 100 and FT-IR Spectrometer (see Fig. 4.2). 

During the test, 0.975 g PM-199 organoclay is placed in a glass conical centrifuge tube. 

One cycle means that a 10 mL naphthalene solution with a concentration of 100 mg/L is 

added to the tube and shaken until reaching the equilibrium adsorption state. After 50 
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cycles, approximately 0.1 g of the PM-199 sample is placed in the center of the IR machine, 

and then being compressed to generate an even thickness. The scanning speed is 0.76 scan/s 

and the spectra are normalized and smoothed by the OMNIC software. 

 

 

Fig. 4.2. PerkinElmer Spectrum 100 and FT-IR Spectrometer  

 

 Results and Discussions 

4.3.1  Impact of Initial Concentrations on PAHs Removal Efficiency by MGPC 

The initial concentrations of PAHs are highly relevant to the traffic flow and auto emission 

levels (Bojes and Pope, 2007; Gehle, 2009). The breakthrough curves of PAHs with 

different initial concentrations adsorbed by the MGPC sample (C035PM10) are shown in 

Fig. 4.3 (a) and (b). Compared to the 100 mg/L initial concentration test, the curve shape 

of the 40 mg/L test is relatively flatter, and the curve enveloped area is smaller, which 

indicates better performance in PAHs adsorption This can also be proven by the retardation 
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factors that are calculated by the first moment equation (3 − 4) and summarized in Table 

4.2. It can be seen that the retardation factor Rd increases as the initial concentration of 

PAHs decreases. A higher percentage of the injecting contaminant is adsorbed by MGPC 

with the lower initial concentration by checking the PAHs mass balance before and after 

the breakthrough test. The GC detecting limitation is about 1 mg/L and the PAHs 

concentration of the effluent is generally less than this value after being washed by 20 pore 

volumes water. It is reported that the initial concentration of the contaminant can influence 

the adsorption efficiency of the adsorbent under liquid-phase (Altin et al., 1999; Braida et 

al., 2001; DiVincenzo and Sparks, 1997; Kah et al., 2011). This experiment results herein 

are consistent with the results reported by other researchers, which indicates that the 

sorption efficiency of MGPC pavement is dependent on the concentration of PAHs source. 

The rainfall intensity and traffic emission can affect the initial PAHs concentration of 

stormwater runoff which is needed to be considered before a proper design of the MGPC 

pavement. It should be noted that the PAHs concentration in stormwater runoff close to 

traffic corridors is normally lower than the concentration used in this lab test. This indicates 

that the PAHs sorbed rate of MGPC will be higher in a real-life case.  
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(a) 

 

(b) 

Fig. 4.3. Breakthrough curves of PAHs in MGPC with different initial concentrations (a) 

100 mg/L (b) 40 mg/L 
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Table. 4.2 The Retardation Factors and the Contaminant Mass Balance of column tests 

with different initial concentrations of PAHs by MGPC 

Sample The initial 

concentration 

of PAHs 

(mg/L) 

Flow 

rate 

(mL/s) 

Retardation 

factor R
d
  

The total 

mass of 

PAHs 

injection 

(mg) 

The total mass 

of PAHs 

ejection after 

20 pore 

volumes (mg) 

Sorbed rate 

after 20 pore 

volumes 

ejection 

C035PM10 100 1/2 81.83 6.81 4.24 37.77% 

C035PM10 40 1/2 119.00 2.31 1.18 48.92% 

 

 

4.3.2  Impact of Flow Rate on PAHs Removal Efficiency of MGPC 

The flow rate is an important parameter that influences the MGPC pavement performance 

on PAHs removal. There are several factors that can affect the flow rate, which is the 

permeability of the pavement layer, subbase and subgrade, and the rainfall intensity. 

Permeability is the material properties while the rainfall intensity is highly dependent on 

season, weather and topography (Tennis et al., 2004). Since permeability is usually 

predesigned before the pavement installation, the rainfall intensity induced variabilities of 

flow rate needs to be considered when designing a pervious pavement material. In this 

study, the basic idea is to find a balance point that can simultaneously maintain a substantial 

infiltration rate while still allow enough time for MGPC to adsorb the PAHs from the 

stormwater runoff.  

PAHs breakthrough curves for the MGPC sample (C035PM10) under different flow rates 

(1/2 mL/s, 1/6 mL/s and 1/12 mL/s) are shown in Fig. 4.4 (a), (b) and (c). Clearly, the 

shape of the curve tends to be flatter and the peak point of the curve shifts to the right- 
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when the flow rate decreases, and the enveloped area is getting smaller. This means that 

the duration of the contacting time between PAHs and MGPC can significantly influence 

the adsorption performance. The retardation factors Rd and the sorbed fraction are listed in 

Table. 4.3. It can be seen clearly that when the flow rate is decreased, the retardation factor 

improves significantly even being applied very high initial concentration of PAHs 

(100mg/L). It is because the used organoclay is relatively coarse and it is believed that the 

advection and dispersion of PAHs solute need much more time to penetrate through the 

surface of organoclay. Although there is a negligible impact of particle size effect on the 

adsorption capacity of the sorbent, the particle size is believed to affect the adsorption 

kinetics (Tsai et al., 2003). Even with the applied high PAHs concentration, if the flow rate 

is controlled appropriately, the adsorption capacity of MGPC is still considerably high 

when checking the adsorbed fraction.  
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(a) 

 

(b)

 

(c) 

Fig. 4.4. Breakthrough curves of PAHs removal by MGPC under different flow rates (a) 

1/2 mL/s (b) 1/6 mL/s (c) 1/12 mL/s 
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Table. 4.3 The Retardation Factors and the Contaminant Mass Balance of column tests 

with different flow rates by MGPC 

Sample 

name 

The initial 

concentration 

of the 

contaminated 

source (mg/L)  

Flow 

rate 

(mL/s) 

Retardation 

factor R
d
  

The total 

mass of 

PAHs 

injection 

(mg) 

The total mass 

of PAHs 

ejection after 

20 pore 

volumes (mg) 

Sorbed rate 

after 20 pore 

volumes 

ejection 

C035PM10 100 1/2 81.83 6.81 4.24 37.77% 

C035PM10 100 1/6 140.80 5.35 2.61 51.21% 

C035PM10 100 1/12 187.68 6.12 2.35 61.60% 

 

 

4.3.3  Long-term Efficiency of MGPC on PAHs Removal after Multiple 

Sorption/desorption Cycles  

In order to correlate the materials microstructure and its macro performance, SEM and FT-

IR are both applied. Secondary electron images of the uncontaminanted C035PM10 and 

the same sample contaminated by the PAHs solution after 50 sorption/desorption cycles 

are shown in Fig. 4.5 and Fig. 4.6, respectively. In Fig. 4.5 the organoclay (PM-199) from 

the uncontaminated sample originally has a relatively flat and clean surface by observation. 

Fig. 4.6 shows an organoclay embedded in MGPC being treated by PAHs solution after 50 

sorption and desorption cycles. Comparing the organoclay (PM-199) part in Fig. 4.5 the 

surface texture of the PM-199 after 50 cycles of contamination is changed to a cotton-like 

structure. This morphology change is believed to be attributed to the PAHs accumulation 

that is not washed out during the desorption process, which is in agreement with studies by 

other researchers (Altare et al., 2007). 
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           Fig. 4.5. SEM image of uncontaminated C035PM10 after 28 days age 

 

 

           Fig. 4.6. SEM image of C035PM10 being contaminated by PAHs solution after 50 

sorption/desorption cycles  

    

FT-IR spectrum test is further used as a supplement to prove the PAHs surface adsorption 

onto the MGPC. The spectra of naphthalene, uncontaminated PM-199, and contaminated 

PM-199 after 50 cycles of sorption are illustrated in Fig. 4.7 (a). To compare all three 
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spectra, the spectrum of naphthalene is shifted up for a better view. According to the 

previous study it is known that for the uncontaminated PM-199 and contaminated PM-199 

certain molecular groups can be identified by their related wavenumbers and their 

absorbances such as O–H stretching bands (3000~3700 cm-1), C−H asymmetric stretching 

vibrations (with the peak at 2922 cm-1) and symmetric stretching vibrations (with the peak 

at 2852 cm-1), interlayer water deformation vibrations (1600 cm-1 ~1700 cm-1), asymmetric 

C–H bending vibrations of both CH3 and CH2 groups (1400 cm-1 ~1500 cm-1), and Si–O 

stretching bands (with the peak at 1008 cm-1) (Anbalagan et al., 2010; Arroyo et al., 2003; 

Hrachová et al., 2007).  

From the figure, it is obvious that after 50 cycles of PAHs sorption, the intensities of the 

molecular groups increase due to the adsorption. The increased O–H stretching bands are 

attributed to the water adsorption by the organoclay surface while the enhanced H–O–H 

bends are due to the sorbed water in the organoclay interlayer (Arroyo et al., 2003; 

Hrachová et al., 2007). The increased intensities of the C−H asymmetric and asymmetric 

stretching vibrations (3000~3200 cm-1) suggest that the PAHs adsorption leads to a higher 

organic carbon content of the organoclay surface. It is a supplementary evidence for the 

PAHs sorbed by the organic surfactant part. The Si–O stretching bands also increase 

apparently because of the interaction between the hydrocarbons and the siloxane surface.  

The C−H group is selected to illustrate in Fig. 4.7 (b) to compare the pure PM-199 and 

contaminated PM-199 by 50 cycles. The C−H group is the main component of the 

surfactant hydrocarbon chain. After PAHs sorption, the frequencies of two peaks are both 

shifted to the higher values. It indicates that the PAHs molecules are adsorbed on the C−H 

group which leads to an increased bending and torsion of the surfactant hydrocarbon chains.  
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(a) 

 

(b) 

Fig. 4.7. FT-IR spectra of (a) naphthalene, pure PM-199, and PM-199 adsorbed by 

naphthalene after 50 cycles; (b) selected regions of pure PM-199 and PM-199 with 

adsorbed naphthalene after 50 cycles  
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The breakthrough curves for the MGPC sample (C035PM10) after 1st, 2nd, 3rd, 4th, 5th, 10th, 

20th, 30th, 40th, and 50th sorption/desorption cycle are shown in Fig. 4.8 (a) and (b), 

respectively. All the tests are conducted under a fast flow rate 1/2 mL/s which means that 

the PAHs solution takes about 2 min to percolate the MGPC sample. From the figure, it 

can be seen that the shapes of the breakthrough curves for various cycles are similar to each 

other. Peak values slightly fluctuated up and down and increases with the increased number 

of cycles of sorption/desorption. Fig. 4.8 (a) and (b) also show that the curve enveloped 

areas tend to become larger especially after 20 cycles. This may be due to the desorption 

from the cumulative PAHs precipitation (from previous cycles) on MGPC.  

 

(a) 

 

(b) 

           Fig. 4.8. (a) and (b) Breakthrough curves of PAHs removal by MGPC under 1/2 

mL/s flow rate for 50 cycles 
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The retardation factors Rd for each observed sorption/desorption cycle are summarized in 

Table. 4.4. As shown, the values of Rd become smaller gradually as the cycles increase 

which either indicates losing of the sorption capacity and retardation ability of MGPC 

subsided after multiple cycles or can be due to some wash out of the adsorbed PAHs from 

previous cycles since the fastest flow rate is used in this section. With the on-going 

contamination cycles, it would take more time for the subsequent contaminant to penetrate 

the surface and be immobilized by the deeper part of the organoclay. Similarly, the 

cumulative sorbed fraction calculated from the tests decreased from 37.7% for 1 cycle to 

25.01% for 50 cycles. However, one should notice that the decreasing rate is not as 

significant after 20 cycles of contamination (see Fig. 4.9). This means the PAHs 

contaminants increasingly being adsorbed on the organoclay particle of MGPC after 

multiple cycles. Considering that the testing flow rate is much faster, and the initial 

concentration of PAHs is significantly higher than the real situation, the MGPC still 

maintains considerably adsorption capacity after 50 cycles especially comparing to the 

conventional pervious concrete. By the observation during the 50 cycles adsorptions, the 

hydraulic conductivity of the MGPC maintains a stable value and there are few 

deteriorations of organoclay from the effluent. Particle organoclay cast together with 

pervious concrete is suggested to be durable enough for preventing the water erosion under 

the long-term service.  
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Table. 4.4 The Retardation Factors and the PAHs Mass Balance of column tests by 

MGPC (C035PM10) after 50 cycles 

No. 

of 

cycles 

Flow 

rate 

(mL/s) 

Retardation 

factor Rd 

Total mass of 

PAHs injection 

every 

sorption/desorption 

cycle (mg) 

Total mass of 

PAHs ejection 

every 

sorption/desorption 

cycle (mg) 

Cumulative sorbed 

rate after certain 

sorption/desorption 

cycles(%) 

1st 1/2 81.83 6.81 4.24 37.77% 

2nd 1/2 72.73 5.82 4.04 34.44% 

3rd 1/2 66.73 5.82 4.09 32.95% 

4th 1/2 63.74 5.69 4.10 31.77% 

5th 1/2 61.98 5.69 4.25 30.54% 

10th 1/2 58.79 6.01 4.63 29.27% 

20th 1/2 53.93 6.77 5.34 27.97% 

30th 1/2 51.12 6.99 5.61 26.81% 

40th 1/2 47.75 7.46 5.87 26.10% 

50th 1/2 42.20 7.83 6.49 25.01% 
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Fig. 4.9. Cumulative sorbed rate of PAHs on MGPC versus the numbers of cycles of 

MPGC adsorption 

 

 Summaries and Conclusions 

In this chapter, the applicability and reusability of MGPC pavement under different onsite 

conditions including traffic flow, rainfall intensity, multiple rainfall cycles, etc., are 

mimicked by varying experimental controlled parameters. In particular, the following 

conclusions can be drawn: 

1. The adsorption efficiency of MGPC pavement increases when the initial concentration 

of the synthetic PAHs solution decreases; 

2. The sorption effect of MGPC pavement substantially improves as the flow rate of the 

penetration liquid tends to be slow. And the increasing retardation factor Rd also indicates 
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that the MGPC pavement performs better on PAHs removal under the slower stormwater 

flow rate; 

3. FT-IR spectra provide additional evidence that the PAHs molecules are sorbed by the 

surfactant hydrocarbon chains of the organoclay and lead to an increased bending and 

torsion;  

4. Long-term repeated breakthrough column tests (50 adsorption cycles; 1000 pore 

volumes synthetic contaminant liquid and water) demonstrate that MGPC pavement can 

still maintain the capacity of PAHs removal comparing to the conventional pervious 

concrete.

 

 

  



80 

 

5 CHAPTER 5 SIMULATION OF THE LONG-TERM PERFORMANCE OF 

MGPC PAVEMENT  

 

 Introduction 

This chapter provides a whole process of numerical simulation of the long-term 

performance of MGPC pavement implemented in field-scale (Shang et al., 2020). The 

process basically includes testing the key physicochemical parameters of MGPC in the lab, 

gaining the characteristic parameters of the in-situ soil stratum, building up the 

groundwater conditions of the modeling field, and simulating PAHs removal by MGPC 

pavement under long-term.  

Contaminant fate and transport modeling have been studied for several decades. There are 

several books that cover various theories and practices and one outstanding example is the 

book edited by Zheng and Bennett (2002), which mainly focuses on the theory of 

contaminant transport in the groundwater system and simulations of some case studies. 

And there are also numerous technical papers published during the past decades related to 

this topic. Some numerical models have interdisciplinary knowledge from other fields, 

such as chemical engineering, material science, and mechanics. Numerical simulation is 

an efficient method to evaluate the long-term performance of MGPC on PAHs removal. 
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Previous laboratory tests in this study demonstrate an effective short-term performance (28 

d) of MGPC for PAHs remediation. However, a lab study of its long-term performance (up 

to 50 years) for field application is not feasible. With the help of numerical simulation and 

lab tested physicochemical parameters, the long-term in-situ performance of MGPC 

pavement can be predicted and optimized prior to the real application.  

In this chapter, results from the evaluation of the long-term performance of MGPC as a 

pavement material for stormwater runoff-induced PAHs remediation are presented. Using 

a numerical model and the governing equations, PAHs remediation and transport in the 

subsurface soil stratum is investigated. The transport of PAHs in the pavement system was 

simulated by building up a two-dimensional (2D) site. The physicochemical parameters of 

MGPC are obtained from lab experiments. Three isotherm models of adsorption, i.e. the 

linear, Freundlich, and Langmuir models, were separately fitted to MGPC. Besides the 

comparison of the in-situ long-term performances between the MGPC and the conventional 

pervious concrete, the impacts of subbase permeability and the initial concentrations of 

PAHs source on the whole system’s purifying efficiency are also examined. Additionally, 

the applicability of the three isotherms to the long-term simulation of the PAHs removal 

by MGPC pavement is analyzed. 

 

5.1.1  Theoretical Background and Governing Equations 

The PAHs transport and remediation in groundwater are governed by Darcy’s law and the 

law of conservation of mass (Todd and Mays, 2004; Zheng and Bennett, 2002). In this 

study, the seepage to the soil stratum beneath the proposed pavement materials is 
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established and simplified as a saturated groundwater flow under steady-state conditions 

as governed by the following 2D Darcy’s law. 

𝜕

𝜕𝑥
(𝑘𝑥

𝜕𝐻

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘𝑦

𝜕𝐻

𝜕𝑦
) + 𝑄 = 0 (5 − 1) 

where kx (m/s) is the horizontal hydraulic conductivity, ky (m/s) is the vertical hydraulic 

conductivity, H (m) is water head, and Q (m3/s) is the applied boundary flux. 

The passing of PAHs through the pervious concrete pavement and its transport in the 

underside soil stratum are identified as a problem equivalent to solute transport in a reactive 

saturated porous media and are governed by the 2D advection-dispersion-retardation 

equation (Freeze and Cherry, 1979; Shackelford, 1994; Zheng and Bennett, 2002): 

𝑅𝑑

𝜕𝐶

𝜕𝑡
= (𝐷𝑥

𝜕2𝐶

𝜕𝑥2
+ 𝐷𝑦

𝜕2𝐶

𝜕𝑦2
) − (�̅�𝑥

𝜕𝐶

𝜕𝑥
+ �̅�𝑦

𝜕𝐶

𝜕𝑦
) +

𝜌𝑏

𝑛

𝜕𝑆

𝜕𝑡
                 (5 − 2) 

where Rd (dimensionless) is the retardation factor, C (mg/L) is the contaminant 

concentration, Dx and Dy (m2/s) are the longitudinal and transverse coefficients of the 

hydrodynamic dispersion coefficient, �̅�𝑥 and �̅�𝑦 (m/s) are the longitudinal and transverse 

average linear velocities,  ρb (g/m3) is the bulk density of the pervious concrete samples, n 

(%) is the porosity of the pervious concrete samples, and S (mg/g) is the mass of PAHs 

adsorbed on a unit mass of MGPC or pervious concrete. 

The longitudinal and transverse hydrodynamic dispersion coefficients Dx and Dy (m
2/s are 

related to the longitudinal and transverse dispersivity 𝛼𝐿 or 𝛼𝑇 (m), average longitudinal 

and transverse average linear velocity �̅�𝑥 or �̅�𝑦 (m/s), and diffusion coefficient D* (m2/s) 

by the following equations respectively: 

𝐷𝑥 = 𝛼𝐿�̅�𝑥 + 𝐷∗ (5 − 3)                                                                
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𝐷𝑦 = 𝛼𝑇�̅�𝑦 + 𝐷∗ (5 − 4)                                                                

The longitudinal dispersivity 𝛼𝐿 (m) and transverse dispersivity 𝛼𝑇 (m) were determined 

using  the flow path L (m) of the soil stratum in conjunction with  Equation (6 − 3) and 

(6 − 4) below (Todd and Mays, 2004; Xu and Eckstein, 1995):  

𝛼𝐿 = 0.83(𝑙𝑜𝑔𝐿)2.414 (5 − 5) 

𝛼𝑇 = 0.1𝛼𝐿 (5 − 6) 

The diffusion coefficient D* of the PAHs in MGPC and the adsorption function of the 

PAHs onto the MGPC were determined by the experimental tests. The analytical solution 

of the equation (6 − 7) is as follows (van Genuchten et al., 2013):  

𝐶(𝑥, 𝑡) =
1

2
𝑒𝑟𝑓𝑐 [

𝑅𝑑𝑥−𝑣𝑡

√4𝐷∗𝑅𝑑𝑡
] + √

𝑣2𝑡

𝜋𝐷∗𝑅𝑑
𝑒𝑥𝑝 [

(𝑅𝑑𝑥−𝑣𝑡)2

4𝐷∗𝑅𝑑𝑡
] −

1

2
(1 +

𝑣𝑥

𝐷∗ +
𝑣2𝑡

𝐷∗𝑅𝑑
) 𝑒𝑥𝑝 (

𝑣𝑥

𝐷∗) 𝑒𝑟𝑓𝑐 [
𝑅𝑑𝑥+𝑣𝑡

√4𝐷∗𝑅𝑑𝑡
] (5 − 7)                                                            

where C (µg/mL) is the concentration of the naphthalene in an aqueous phase, Rd is the 

dimensionless retardation factor, v (m/s) is the seepage velocity along the flowline, t (s) is 

the time, x (m) is the distance along the direction of transport, and D* (m2/s) is the diffusion 

coefficient. 

The diffusion coefficient D* required in the analytical solution of the PAHs in MGPC and 

pervious concrete are determined by fitting the curve of the analytical solution to the 

experimentally measured data. 

 

5.1.2  Background of the GeoStudio 

GeoStudio is an integrated powerful software that uses the finite element method to model 

the complicated geotechnical problems. For this study, the SEEP/W is chosen for modeling 
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the saturated steady-state flow in porous media, while the CTRAN/W is preferred to 

simulate the advection-dispersion-retardation mechanism of PAHs solute in the MGPC and 

the underlying stratum with first-order reactions. 

 

 Materials and Experiments 

The testing samples are all cast in 5.08 cm × 10.16 cm cylinders. The mix proportions can 

be found in Table 2.4 in section 2.3.3.  

 

5.2.1  Sample preparation 

Type I/II LA Portland cement, pre-sieved uniformly graded rounded aggregates, and 

particle organoclay PM-199 were used to prepare the cement paste and pervious concrete 

samples for lab testing. The cement paste samples were used for testing the sorption 

function of PAHs while the concrete samples were used to determine the diffusion 

coefficient D* of the stormwater induced PAHs. 

The sample preparation method was adapted from Shang and Sun (2019). For preparing 

the cement paste samples, the cement powder and PM-199 (if needed) were dry mixed by 

blender with a lower speed of 136 rpm for 1 min and then water was slowly added into the 

mixture to make the paste. The paste was blended for 2 additional min with the same 

blender speed and then rested for another 2 min. After rest, the paste was blended for 3 

more min with a higher speed of 195 rpm and cast in the 5.08 × 5.08 cm cubic mold (ASTM 

C305 - 14, 2014). After hardening, the paste sample was crushed and sieved between sieve 

No. 20 and No. 30 for the batch test. 
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For preparing the pervious concrete samples, the cement paste was mixed following the 

same procedure of making paste samples. And then the aggregates were added and mixed 

uniformly with the cement paste by using the steel rod. The water-to-cement ratio (w/c) 

was kept in a relatively lower range (0.35 for this study) to maintain the viscosity required 

to avoid the sagging of extra cement paste (Chandrappa and Biligiri 2016a; Schaefer et al. 

2006). The amount of the cement used in pervious concrete was strictly calculated using 

the theoretical surface area of the aggregates to ensure that the coating thickness was 

thinner than the mean particle size of the organoclay (Shang and Sun, 2019; Torres et al., 

2015). And then the pervious concrete sample was cast in the 5.08 cm × 10.16 cm Teflon 

coated cylinder mold for column test. 

The mix design of pure cement paste with 0.35 water-to-cement ratio (C035), cement paste 

with 0.35 water-to-binder ratio and 10% of cement replacement by organoclay by mass 

ratio (C035PM10), conventional pervious concrete with 0.35 water-to-cement ratio 

(PC035), and MGPC with 0.35 water-to-binder ratio and 10% of cement replacement by 

organoclay by mass ratio (MGPC035PM10) are listed in Table 2.4. 

 

5.2.2  Batch sorption test for adsorption capacity 

Batch sorption tests were conducted to test the PAHs sorption capacity of C035PM10 and 

C035. The details of the testing procedure were described in a previous study (Shang and 

Sun, 2019). Naphthalene solutions with a volume of 10 mL and predesigned concentrations 

(1, 2, 3, 5, 10, 15, 20, 40, 50, 100, 150, 200 mg/L) were added into conical centrifuge tubes 

with PTFE caps respectively. And 0.2 g (±0.001 g) C035PM10 (or C025) were added to 

each tube. All tubes were agitated for 48 h and centrifuged for 1 h. The supernatant was 
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filtered by a sterile PTEF syringe filter and extracted by hexane for analyzing the 

concentration by using gas chromatography equipped with a flame ionization detector (GC-

FID). The lab test data of the concentration of adsorbed PAHs by the prepared cement paste 

samples are fitted to the linear (see Fig. 5.1), Freundlich (see Fig. 5.2) and Langmuir (see 

Fig. 5.3) isotherms, as defined by Equation (5 − 8),  (5 − 9) and (5 − 10), respectively:  

𝑆 = 𝐾𝑑𝐶𝑒 (5 − 8)

𝑆 = 𝐾𝐹𝐶𝑒
1 𝑛⁄ (5 − 9) 

𝑆 =
𝑞𝑚𝐾𝑎𝐶𝑒

1 + 𝐾𝑎𝐶𝑒

(5 − 10) 

where S (mg/g) is the adsorbed concentration of naphthalene by prepared cement paste 

sample,  Ce (mg/L) is the equilibrium concentration of naphthalene in aqueous solution, Kd 

(L/g) is the partitioning coefficient which is the slope of the linear isotherm, KF (mg/g) is 

the Freundlich constants, n (%) is the adsorption intensity,  𝑞𝑚 (mg/g) is the adsorption 

capacity of the system, which is a measure of the total number of binding sites available 

per gram of sorbent, and Ka (L/mg) is the empirical constant with units of the inverse of 

concentration Ce. 

 

Fig. 5.1. The linear sorption isotherm  
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Fig. 5.2. The Freundlich sorption isotherm 

 

Fig. 5.3. The Freundlich sorption isotherm 

 

5.2.3  Column Tests for Diffusion Coefficient 

Laboratory column tests were conducted to determine the diffusion coefficients of the 

PAHs in PC035 and MGPC035PM10. The detailed testing procedures were presented in a 

preliminary study by Shang and Sun (2019). The column samples of pervious concrete 

were sterilized first and flashed with 2 pore volumes (about 120 mL) of deionized water 

till being saturated. After that, one pore volume (about 60 mL) of naphthalene solution 

with 100 mg/L concentration was introduced to the column sample by using a glass syringe 

pump connected with the Teflon tube. And then the inflow was switched to deionized water 

again. The effluent solution was consistently collected and analyzed by GC-FID until the 
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concentration was below the detection limit. A pulse-type stormwater runoff-induced 

PAHs flow passing through the pervious concrete sample can be simplified as a one-

dimensional advection-dispersion-retardation problem which is governed by: 

                                              𝑅𝑑
𝜕𝐶

𝜕𝑡
= 𝐷𝐿 (

𝜕2𝐶

𝜕𝑥2) − 𝑣 (
𝜕𝐶

𝜕𝑥
) +

𝜌𝑏

𝑛

𝜕𝑆

𝜕𝑡
                              (5 − 11)                                              

where 𝐷𝐿 = the longitudinal coefficient of hydrodynamic dispersion (m2/s); v = the seepage 

velocity along the flowline (m/s); t = the time (s); C = the concentration of naphthalene in 

the aqueous phase (mg/L); S = the mass of naphthalene adsorbed on a unit mass of the 

pervious concrete samples (mg/g) ; 𝜌𝑏 = the bulk density of the pervious concrete samples 

(g/m3); and n = the porosity of the pervious concrete samples (%). 

 

The retardation factor, which is the ratio of the average flow velocity of the simulated 

stormwater flow to the average migration rate of the PAHs mass center, was determined 

by the first moment equation (Valocchi, 1985): 

𝑅𝑑 =
∑(𝐶𝑒/𝐶0)𝑃𝑉∆𝑃𝑉

∑(𝐶𝑒/𝐶0)∆𝑃𝑉
− 0.5𝑃𝑉0 (5 − 12) 

where Rd = the dimensionless retardation factor; C0 and Ce = the initial and equilibrium 

concentrations of naphthalene in the aqueous phase (µg/mL), respectively; PV = the 

corresponding pore volume to each measured concentration (mL); ∆PV= the differential 

pore volume between each sampling step  (mL); and PV0 (mL) = the initially injected pore 

volume of the solution to the pervious concrete column. 

 

The analytical solution of the equation (6 − 13) is as follows (van Genuchten et al., 2013):  

 𝐶(𝑥, 𝑡) =
1

2
𝑒𝑟𝑓𝑐 [

𝑅𝑑𝑥−𝑣𝑡

√4𝐷∗𝑅𝑑𝑡
] + √

𝑣2𝑡

𝜋𝐷∗𝑅𝑑
𝑒𝑥𝑝 [

(𝑅𝑑𝑥−𝑣𝑡)2

4𝐷∗𝑅𝑑𝑡
] −

1

2
(1 +

𝑣𝑥

𝐷∗ +
𝑣2𝑡

𝐷∗𝑅𝑑
) 𝑒𝑥𝑝 (

𝑣𝑥

𝐷∗
) 𝑒𝑟𝑓𝑐 [

𝑅𝑑𝑥+𝑣𝑡

√4𝐷∗𝑅𝑑𝑡
]     (5 − 13)     
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where C = the concentration of the naphthalene in aqueous phase (µg/mL); Rd = the 

dimensionless retardation factor; v = the seepage velocity along the flowline (m/s); t = the 

time (s); x = the distance along the direction of transport (m); and D* = the diffusion 

coefficient (m2/s). 

 

The diffusion coefficient D* required in the analytical solution (equation (5 − 13)) of the 

PAHs in MGPC and pervious concrete are determined by fitting the curve of the analytical 

solution to the experimentally measured data. 

 

 Numerical Model Development 

To study the long-term performance of MGPC on PAHs remediation, FEM through 

GeoStudio software was used to simulate the PAHs adsorption and transport in soil stratum. 

This study chose two sub-software SEEP/W and CTRAN/W from GeoStudio to model the 

movement of dissolved PAHs in the pore-water (Krahn, 2004a, b). This simulation was a 

complex process involving advection, dispersion, diffusion, and adsorption. In order to 

study the influence of PAHs concentration and the various conditions of the subbase on the 

long-term performance of MGPC, several simulation scenarios are proposed and listed in 

Table 5.1. The parameters needed to be obtained from the lab experiment and literature for 

simulation are summarized in Table 5.2. 
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Table 5.1 Simulation matrix of MGPC pavement optimization

Impact of onsite 

condition 

Pavement 

materials 

PAHs 

concentration 

Hydraulic conductivity of 

subbase 
Three isotherm models 

Pervious 

concrete 
MGPC 

100 

mg/L 

20 

mg/L 
Small Moderate Large Linear Freundlich Langmuir 

1. MGPC  
Yes − Yes − − Yes − Yes − − 

− Yes Yes − − Yes − Yes − − 

2. Subbase 

permeability  

− Yes Yes − Yes − − Yes − − 

− Yes Yes − − Yes − Yes − − 

− Yes Yes − − − Yes Yes − − 

3. PAHs 

concentration  

− Yes Yes − − Yes − Yes − − 

− Yes − Yes − Yes − Yes − − 

4.  Isotherm model  

− Yes Yes − − Yes − Yes − − 

− Yes Yes − − Yes − − Yes − 

− Yes Yes − − Yes − − − Yes 

− Yes − Yes − Yes − Yes − − 

− Yes − Yes − Yes − − Yes − 

− Yes − Yes − Yes − − − Yes 

 

 

Table 5.2 Parameters needed for Simulation 

Parameters  Alphabet Testing method Reference 
Bulk Density ρ

b Density test for hardened PC ASTM C175 M-12 
Porosity n Void content test for hardened PC ASTM C175 M-12 
Hydraulic conductivity k Hydraulic conductivity test Modified apparatus 
Longitudinal dispersity α

L Xu and Eckstein equation (Xu and Eckstein 1995) 
Transverse dispersity α

T Xu and Eckstein equation (Xu and Eckstein 1995) 
Coefficient of volume 

compressibility 
M

V Literature review (Lee et al. 1992) 

Sorption functions 
K

d, 
n

, 
K

F, 

q
m, K 

Batch sorption test 
Linear isotherm 

Freundlich isotherm 
Langmuir isotherm 

Diffusion coefficient  D
*

 Column test Mass conservation law  
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5.3.1  Site Build-up and Simulation Scenarios 

In order to simulate the transport of PAHs, a site consisting of 5 layers including pavement, 

subbase, miscellaneous fill, silt, and clay (see Fig. 5.4) is built up. Physicochemical 

parameters of the pervious concrete pavement are obtained from the lab test while the soil 

stratum distributions and thicknesses beneath the MGPC are chosen based on the previous 

studies and represented the typical soil stratum distributions commonly found in urban 

areas (see Table 5.3) (ASTM C1754M-12, 2012; Miller and White, 1998; Terzaghi et al., 

1996).  

Steady-state conditions are assumed for the simulation.  A hydraulic gradient of 1%, 

commonly encountered in natural groundwater systems (Todd and Mays, 2004), is used 

for the simulation.   Boundary conditions of groundwater are constant depths of 0 m on the 

left and -2 m on right separately for the adopted site in this study. The steady-state seepage 

analysis of the water table in all the layers is conducted by the SEEP/W program (Krahn, 

2004a), which is a primary fluid transport model and is used to define the initial 

groundwater conditions for the contaminant transport analysis (Fig. 5.5). The depths of 

groundwater are distributed equally. The flow paths (green lines) are paralleled with the 

ground surface. And the steady groundwater table is shown as the dashed line (Fig. 5.5). 



 

 

9
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Table 5.3 Parameters needed for the Steady-state Seepage Analysis 

Layer Name 
Length 

(m) 

Depth 

(m) 

Saturated 

Horizontal 

Hydraulic 

Conductivit

y kx (m/s) 

Horizontal/ 

Vertical 

Hydraulic 

Conductivities 

ky/kx 

Rotation 

(°) 

Saturated 

Volumetric 

Water 

Content 

(m3/m3) 

Coefficient of 

Volume 

Compressibility 

Mv (kPa-1) 

Pavement (MGPC or 

Pervious concrete) 
200 0.4 3×10-7~10-5 1 0 0.29 1×10-7 

Subbase 200 0.4 3×10-7~10-5 1 0 0.3 1×10-6 

Miscellaneous Fill 200 1.2 3×10-4 1 0 0.3 5×10-6 

Silt 200 13 5×10-6 1 0 0.4 1×10-5 

Clay 200 3 5×10-9 0.25 0 0.4 5×10-5 
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Fig. 5.4. Ideal site for the simulation of PAHs transport 

 

Fig. 5.5. Results for steady-state seepage analysis 

 

5.3.2  PAHs Transport and Remediation Analysis 

The CTRAN/W program (Krahn, 2004c) is used to analyze both the stormwater runoff-

induced PAHs removal by pavement and PAHs transport in the underneath soil stratum 

under different scenarios. The FEM mesh size used is 0.5 m including 14837 nodes and 

14400 elements, and the mesh type of all the elements was rectangular due to the fact that 

the pavement and soil stratum are completely parallel (see Fig. 5.6). Fig. 5.6 illustrates the 
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boundary conditions for PAHs transport analysis. Stormwater runoff-induced PAHs 

concentration (red line) is assumed to be a constant line boundary condition (100 mg/L or 

20 mg/L) that can be approximately considered as a continuous flood. Free drain exit 

boundaries (blue lines) are applied to both sides. And the zero-concentration boundary 

(green line) is assigned to the bottom of the clay layer in order to consider the bottom layer 

to be an impermeable bedrock. The physicochemical parameters of each layer of the site 

for the PAHs removal and transport analysis are summarized in Table 5.4. The diffusion 

coefficient (D*) values for the soil stratum are determined by empirical values which is a 

proportional function of the volumetric water content proposed by Kemper and Van Schaik 

(1966). Long-term pavement performance over a 50-year period is simulated. Based on 

this, the 1, 10, 25, 50-year results are presented in the following section. 

 

 

Fig. 5.6. Mesh and boundary conditions for the PAHs transport analysis
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Table 5.4 The physicochemical parameters for the PAHs transport analysis of different simulation scenarios 

Layer Name 
Length 

(m) 

Depth 

(m) 

Diffusion 

Coefficient 

D* (m2/s) 

Longitudinal 

Dispersivity 

αL (m) 

Transverse 

Dispersivit

y αT (m) 

Bulk 

Density ρb 

(g/m3) 

Adsorption Functions 

(m3/g) 

Pavement 

Materials 

Pervious 

Concrete 
200 0.4 4×10-10 4.42 0.44 1.35×106 Linear Isotherm 

MGPC 200 0.4 3×10-10 4.42 0.44 1.40×106 Three Isotherms 

Soil 

Stratum 

under the 

Pavement 

Subbase 200 0.4 4×10-10 4.42 0.44 1.7×106 2×10-13 

Miscellane

ous Fill 
200 1.2 4×10-10 4.42 0.44 1.6×106 2×10-13 

Silt 200 13 4×10-10 4.42 0.44 1.49×106 2×10-13 

Clay 200 3 3×10-10 4.42 0.44 1.50×106 2×10-11 
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 Results and Discussions 

5.4.1  PAHs Remediation and Transport with Conventional Pervious Concrete or MGPC 

Pavement 

The PAHs sorption of CP035 and CP035PM10 are analyzed by the linear isotherm model 

and results are plotted in Fig. 5.7. From this figure, it can be seen that the cement paste 

amended by organoclay has significantly higher PAHs sorption capacity than conventional 

cement paste. Linear isotherms were fitted using the linear part of the results for both 

cement paste samples. Equation (6 − 14) below is fitted for CP035PM10, and equation 

(6 − 15) is for CP035, respectively. 

𝑆 = 0.1615𝐶𝑒                                                   (5 − 14) 

𝑆 = 0.0026𝐶𝑒                                                   (5 − 15) 

where S is the adsorbed concentration of naphthalene by prepared cement paste sample 

(mg/g); Ce is the equilibrium concentration of naphthalene in aqueous solution (mg/L).  

 

Fig. 5.7. Linear isotherm sorption for the PAH on CP035 and CP035PM10 
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It can be seen that the cement paste amended by organoclay with partitioning coefficient 

0.1615 L/g has significantly higher PAHs sorption capacity than conventional cement paste 

with partitioning coefficient 0.0026 L/g. Ten-year simulation results of stormwater runoff-

induced PAHs transport on the site were chosen to show the MGPC impact on the 

remediation performance. The onsite advection-dispersion-retardation analysis results of 

PAHs with the conventional pervious concrete pavement are shown in Fig. 5.8 (a). The 

gradient rainbow contours represent the PAHs concentration distributions after 10 years of 

simulation. Moderate permeability (3×10-6 m/s) of subbase and linear isotherm sorption 

function for pavement material were chosen. A line boundary of the PAHs source with 100 

mg/L constant concentration was applied from (40 m, 0 m) to (140 m, 0 m).  

Another scenario by using the MGPC pavement under the same conditions was conducted 

and the effects of MGPC on PAHs 10-year remediation are illustrated in Fig. 5.8 (b). It can 

be noted that the shape of the PAHs plume in the MGPC scenario is smaller than the 

conventional pervious concrete site after 10 years. As shown in the experimental section, 

the pervious concrete had some sorption capacity of PAHs, but it was negligible when 

compared to MGPC after a 10-year service. Based on this it can be concluded that the 

MGPC pavement had an anticipated and remarkable PAHs remediation capacity under the 

long-term onsite service. It is also worth mentioning that the PAHs plume has penetrated 

the subbase to affect the groundwater which is reserved in the miscellaneous fill layer. 

Because the contaminant source is assumed to be constant and continuous, once the PAHs 

amount exceeding the MGPC sorption capacity the plume would spread and disperse in 

the next soil layer. 
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(a) 

 

(b) 

Fig. 5.8. PAHs transport analysis by (a) using the conventional pervious concrete 

pavement vs. (b) using the MGPC pavement with linear isotherm after 10 years 

 

5.4.2  Impact of Subbase’s Permeability on the PAHs Removal 

Permeability and the porosity of the MGPC pavement are key factors for design. The 

surface permeability and porosity of the pavement should be appropriate to capture a 2-

year storm runoff to avoid the ponding issue (Tennis et al., 2004). Meanwhile, the bottom 
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permeability of the pavement, which is controlled by the critical cross-section area between 

the pavement and subbase, is critical for the recharge rate of the stored runoff. The bottom 

permeability of the pavement equals the permeability of the subbase which in turn depends 

on the degree of consolidation of the subbase before the MGPC pavement installation. 

Moreover, the recharge rate is also essential to PAHs removal. Previous studies of the 

kinetic sorption tests showed that an adequate duration for the sorbent and sorbate 

contacting, ranging from few seconds to more than 10 min, was necessary to let the 

sorption/remediation processes to be mostly completed (Kaya et al., 2013; Owabor et al., 

2012; Reible et al., 2008; Shang and Sun, 2019). Therefore, the permeability of the subbase 

should be carefully designed and the impact on the PAHs removal must be evaluated in 

advance. 

Fig. 5.9 illustrates the impact of the subbase permeability on the MGPC pavement’s long-

term performance of PAHs removal. All the scenarios used the same boundary conditions 

and physicochemical properties for MGPC pavement and soil stratum, except that the only 

varying parameter was the permeability of the subbase. According to another work (Tennis 

et al., 2004), the infiltration rate with the value of 3.52×10-6 m/s was suitable for the 

subbase under the proposed pervious pavement. In this study, 3×10-7 m/s, 3×10-6 m/s, and 

3×10-5 m/s were selected as low, moderate, and high permeability values of the subbase, 

respectively. It should be noted that from the left column of the simulation results in Fig. 

5.9 there is no occurrence of PAHs plume even after 50 years of simulation. Due to the 

relatively smaller permeability of the subbase the recharge rate of the stored stormwater in 

MGPC pavement was lower. The MGPC had enough time to contact and remediate the 

PAHs from the stormwater and then release the purified water to the subsurface layers. In 
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the moderate permeability scenario (shown in the middle column), the PAHs plume started 

to break through the pavement and spread in 10 years. While the spreading rate was still 

low, a small PAHs plume with relatively low concentration was built up after 25 years and 

the plume became a little larger when the simulation stopped at 50 years. In contrast, the 

simulation results in the right column are different. The PAHs plume passed through the 

pavement from 1 year and transported rapidly in the subsurface layers. The size and 

concentration of PAHs plume in the third scenario (permeable subbase) are visibly larger 

than the other two. As the permeability of the subbase was comparatively higher, the 

MGPC didn’t have sufficient time to complete the adsorption process and the untreated 

contaminated runoff went downward into the groundwater system. Shang and Sun (2019) 

demonstrated that 12 min was the critical time scale for PAHs adsorption by the proposed 

MGPC to mostly reach the equilibrium state (more than 90%). For design purposes of the 

subbase permeability, the recharging time should be as low as possible and simultaneously 

guarantees the critical adsorption period.  
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Fig. 5.9. Results for PAHs remediation and transport analysis with 100 gm/L PAHs and 

linear isotherms MGPC pavement under different permeability of subbase 

 

5.4.3  PAHs Sorption Function of MGPC 

The sorption isotherm model is generally used to describe the sorption behavior of certain 

sorbent for a specific sorbate at chemical equilibrium and evaluate the potential capability 

of sorption under long-term service. For the MGPC pavement, an appropriate isotherm 

model is important for accurate assessment of PAHs removal and the economic efficiency 

of construction design. The particle organoclay embedded in the MGPC plays a key role 

in PAHs adsorption. The adsorption of PAHs by organoclay is mainly fitted by the linear, 

Freundlich or Langmuir isotherm (Bartelt-Hunt et al., 2003; Benson et al., 2008; Lee et al., 

2011; Shang and Sun, 2019). 

The experimental data are plotted in a log-log scale (see Fig. 5.10) in order to obtain the 

Freundlich isotherm parameters. The Freundlich isotherm sorption function can be written 

as: 
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𝑆 = 0.1958𝐶𝑒
0.597                                            (5 − 16) 

Meanwhile, the Langmuir isotherm parameters can be also determined by plotting 1/Ce vs. 

1/S (see Fig. 5.11). And the Langmuir isotherm sorption function is written as: 

𝑆 =
0.2778𝐶𝑒

1 + 0.1175𝐶𝑒
                                           (5 − 17) 

The linear, Freundlich and Langmuir isotherms are plotted together with the PAHs sorption 

experimental data by the C035PM10 in Fig. 5.12. As seen, an increasing concentration of 

PAHs sources from 1 mg/L to 40 mg/L does not result in a visible change of the slope of 

the sorption curve. However, the slope tends to be zero as the initial PAHs concentrations 

increased from 50 mg/L to 200 mg/L suggesting that the Langmuir isotherm best fitted this 

part of experimental data. This finding indicates that when PAHs concentration is high (e.g. 

for a heavy traffic load), the Langmuir isotherm model tends to better present the sorption 

process.  

 

 

Fig. 5.10. Fit the data with Freundlich isotherm  
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Fig. 5.11. Fit the data with Langmuir isotherm 

 

 

Fig. 5.12. Linear, Freundlich and Langmuir isotherms fitting the adsorption results of 

PAHs on C035PM10  
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5.4.4  Impact of Isotherm Models on the Transport of PAHs under Different Initial 

Concentrations of the Contaminant 

In an urban area, the concentration of PAHs source is usually under 1 mg/L (Bojes and 

Pope, 2007). Because naphthalene can have a relatively high solubility under certain 

extreme conditions (e.g. 80.9 mg/L at 50 ℃), such as a high road surface temperature, 20 

mg/L and 100 mg/L were chosen as different concentrations of the PAHs source for 

comparison and evaluation. Simulation results of PAHs remediation and transport onsite 

under certain time intervals with different source concentrations are presented in Fig. 5.13 

(a) and Fig. 5.13 (b). In Fig. 5.13 (a), if the PAHs source concentration is at the higher 

level (100 mg/L), the plume shape of the linear isotherm is relatively smaller than the other 

two, which indicated that the linear isotherm overestimated the sorption capacity of MGPC 

in long-term service. And the plume sizes of Freundlich and Langmuir isotherms are 

similar. The Freundlich isotherm can be used to fit the multilayer adsorption while the 

Langmuir isotherm basically describes the monolayer adsorption by the finite localized 

sizes on a sorbent (Foo and Hameed, 2010). The microstructure of the organoclay used in 

MGPC is a paraffin bilayer, and the simulation results indicated that both Freundlich and 

Langmuir isotherms well fit the MGPC at a high PAHs source concentration. 

Fig. 5.13 (b) presented simulation results based on the three isotherms with lower PAHs 

source concentration. The increment concentration of the plume is 20 mg/L. By 

comparison, the plume size of the linear isotherm is a little smaller than those of the other 

two, but their concentrations are on the same order of magnitude. Key parameters for the 

linear isotherm model can be readily determined from laboratory tests. Meanwhile, under 

most circumstances, the concentration of stormwater induced PAHs is much lower than 
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those used in this study. Therefore, the linear isotherm is an appropriate and reliable option 

for evaluating the PAHs removal by MGPC pavement and onsite transport in most cases. 

Results show that the types of isotherm models would influence the long-term simulation 

results. Therefore, the adsorption isotherm model type should be carefully selected before 

design. The removal efficiency of PAHs by MGPC was initial concentration-dependent 

while the desorption occurred at a high source concentration, which is in agreement with 

the findings of the batch sorption tests and other experimental studies (Braida et al., 2001; 

DiVincenzo and Sparks, 1997; Giannakopoulou et al., 2012). 

 

 

(a) 
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(b) 

Fig. 5.13. Results for PAHs remediation and transport analysis with (a) 100 mg/L PAHs 

source vs. (b) 20 mg/L PAHs source and moderate permeability of subbase under 

different isotherm models 

 

The transport analysis results of PAHs with different time intervals and source 

concentrations are further presented in Fig. 5.14 (a) and (b). It should be noted that the 

MGPC pavement had higher efficiency on the PAHs remediation when the source 

concentration was lower. For the initial PAHs concentration of 20 mg/L, MGPC pavement 

would remove most of the contaminants in 10 years. The PAHs would start to influence 

the shallow soil stratum after 25 years (see Fig. 5.14 (a)). However, for 100 mg/L 

concentration, PAHs source would begin to impact the beneath layer of pavement just after 

1 year in service. After 10-year transport of the water through the pavement, the PAHs 

concentration adjacent to the pavement tended to reach a near-equilibrium level and the 

concentration after 25 years simulation would finally become stable (see Fig. 5.14 (b)).  
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                                 (a)                                                               (b) 

Fig. 5.14. PAHs concentration vs. soil stratum depth as the middle of the site with (a) 20 

mg/L source or (b) 100 mg/L source and different transport durations in years 

 

 Summaries and Conclusions      

This chapter evaluates the key parameters which would impact the long-term performance 

of PAHs removal by MGPC pavement. A mass transport model with in-situ conditions is 

developed for the numerical simulation to bring some beneficial outcomes for potential 

applications and future design. Based on the results presented here, important conclusions 

can be drawn as presented below:   

1.  10-years simulation results of the onsite advection-dispersion-retardation analysis 

indicates that the MGPC pavement has a remarkable capability of the PAHs removal for a 

moderate permeability (3×10-6 m/s) of the subbase compared with the conventional 

pervious concrete pavement; 

2.  50-years simulation results of the MGPC pavement performance with variable 

permeability have proved that the permeability of subbase plays an important role in the 

PAHs removal efficiency of the MGPC pavement. An appropriate permeability of subbase 
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can ensure enough adsorption time for PAHs removal while guaranteeing a sufficient flow 

rate for runoff infiltration; 

3.   50-years simulation results of moderately permeable MGPC pavement performance 

showed that the initial concentration of contaminant source would influence the PAH 

removal efficiency by the proposed MGPC pavement. MGPC had higher removal 

efficiency at a lower initial PAHs concentration; 

4.    After the 50-years simulation of MGPC pavement, it can be concluded that under lower 

concentrations of PAHs source all the 3 used sorption isotherm models (linear, Freundlich, 

and Langmuir) would adequately describe the long-term PAHs sorption performance of 

MGPC pavement. However, under the higher concentrations of PAHs source, the linear 

model would overestimate the sorption capacity of MGPC pavement. 
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6 CHAPTER 6 LIFE CYCLE ASSESSMENT (LCA) OF MULTI-FUNCTIONAL 

GREEN PERVIOUS CONCRETE (MGPC) PAVEMENT 

 

 Introduction 

Pavements are crucial for the US because the national economy and activities of daily 

living highly depend on the road transportation system (National Economic et al., 2014). 

In the US, pavements annually support more than three trillion ton-miles of freight since 

2015 (Worth et al., 2016). Sustainability requires a better understanding of the 

environmental footprint of the Multi-functional Green Pervious Concrete (MGPC) 

pavement throughout its whole life cycle because the MGPC aims to serve as an alternative 

and innovative construction material with the stormwater runoff purification functions. 

Recently, the life cycle assessment (LCA) increasingly has become a useful tool for 

evaluating the environmental impacts of a specific product and gained public attention for 

environmental protection and sustainable developments. LCA is a standard and 

comprehensive approach involves in the perspectives from the phases of raw materials 

extraction to the end-of-life according to the ISO 14.040 and ISO 14.044 (ISO, 2006a, b). 

However, the MGPC pavement has its unique properties and broad potential 

implementations compared to the general pavement. Thus, a specific LCA approach for 

the MGPC pavement is in demand for evaluating the environmental impact and design 

purpose.
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A lot of research efforts have been done in order to standardize and formalize a 

fundamental framework for quantitatively evaluating the environmental impacts of 

pavement (Harvey et al., 2010; Harvey et al., 2016; Loijos et al., 2013; Santero et al., 2011a; 

Yu and Lu, 2012; Yu et al., 2013). Typically, the entire life cycle of concrete pavement 

consists of five phases that are materials, construction, use, maintenance and end-of-life 

(Loijos et al., 2013; Santero et al., 2011b). Since the pavement structure is rich in 

cementitious materials, and the production and transportation processes do not include a 

significant amount of other toxic gas emissions, thus, the most adverse impact on the 

environment is the greenhouse gas emission in terms of Carbon Dioxide Equivalent (CO2 

e) (Marceau et al., 2007; Santero et al., 2011b; Yu and Lu, 2012). 

Selecting appropriate indicators are crucial for establishing an effective and efficient 

performance assessment system. Comparing with the general LCA ideas of the pavement, 

the MGPC pavement is intensively focused on the impacts of stormwater quality. Thus, 

one must put emphasis on the water purifying functions when evaluating the MGPC 

pavement. Following this path, a Pavement Environment and Performance Index (PEPI) is 

proposed to quantitatively evaluate the environmental impacts and environment-related 

performance of the MGPC pavement. Several impact indicators are considered in this 

chapter for PEPI calculation. The carbon dioxide equivalent (CO2 e) is a significant 

indicator of greenhouse emission involving in raw materials production, transportation 

demand, extra fuel cost due to surface deflection and roughness, and concrete carbonation 

(Gajda, 2001; Haselbach, 2009; Lagerblad, 2005). PAHs removal efficiency is a new 

indicator that only uses for evaluating the positive environmental impact of the MGPC 



111 

 

pavement. Pervious concrete and MGPC pavements can reduce the Urban Heat Island 

effect so the Albedo would also be evaluated (Marceau and Van Geem, 2007; Pomerantz, 

1997). Permeability is essential to reduce the stormwater runoff and ponding issues so it 

would also be considered. Some other indicators like lighting associated with the energy 

cost of illumination would be used. The PAHs removal efficiency and permeability are the 

primary data sources gained from the lab experiment. However, due to the gap in data 

collection and time consumption, it is hard to monitor a whole life cycle correlated to every 

process for a certain project. Other life cycle processes data are collected from software 

databases such as OpenLCA, Gabi or SimPRO.   

The objective of this chapter is to develop an LCA approach of MGPC pavement for 

potential future design. To develop the LCA approach the study specifically compares three 

different types of concrete pavements (the conventional impervious concrete pavement, the 

conventional pervious concrete pavement, and the developed MGPC pavement) to evaluate 

the life cycle environmental performance. The LCA approach for MGPC pavement can be 

divided into 1) identify the key parameters of the MGPC pavement that can be analyzed 

thought out its whole life cycle chain based on the environmental impact considerations; 2) 

collect the input and output data for all the life cycle phases of the MGPC pavement and 

define the functional units and system boundaries based on the data collection; 3) develop 

a PEPI to translate the collected data into impact categories indicators by normalization 

and weighting methods; and  4) make interpretation of environmental impacts by the 

proposed type of pavement with the developed PEPI and clarify the limitations. The 

approach developed for this chapter is expected to be repeatable and practicable to other 

MGPC pavement with different projected dimensions and mix design. 
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 Materials and Methods  

The materials used for the LCA are impervious concrete pavement, conventional pervious 

concrete pavement, and MGPC pavement. The mix designs for these three types of 

pavements are summarized in Table 6.1. The corresponding raw materials for making one 

tone of the concrete are listed, and bulk density and porosity are also shown for the 

functional unit translations. The assessment methods follow the standard LCA approaches 

presented by the  ISO 14.040 and ISO 14.044 series (ISO, 2006a, b). The mix design of the 

impervious concrete pavement is obtained by targeting a compressive strength of 38 MPa 

(5500 psi) that meets the requirement of highway pavement design (Freeseman et al., 2016; 

GDOT, 2013).



 

 

1
1
3

 

Table 6.1 Mix design for three types of pavements and raw materials needed for casting one ton of the certain concrete 

Specimen 

name 

w/c      

(or w/b) 
s/c  

a/c    

(or a/b) 

Raw materials for casting one-ton concrete 

Bulk 

density 

(kg/m3) 

Porosity 

Cement 

(kg)  

PM-

199 

(kg) 

Water 

(kg) 

Sand 

(kg) 

Aggregates 

(kg) 

PM-199 

replacement 

ratio of 

cement (%) 

  

Impervious 

concrete 

pavement 

0.4 1.35 2.3 198.0 0.0 79.2 267.3 455.4 0 2440 0.015 

Conventional 

pervious concrete 

pavement 

0.35 0 5 157.5 0.0 55.1 0 787.4 0 1900 0.29 

MGPC pavement 0.35 0 5 141.7 15.7 55.1 0 787.4 10 1900 0.28 
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6.2.1  Goal and Scope 

The phase of goal and scope is the first part of the LCA methodology. This phase provides 

a specific limit for the MGPC pavement with the considerations of environmental impacts 

(ISO, 1998). The pavement system is a complicated composition that includes the 

pavement structure, the subbase, and the compacted subgrade soil. The LCA approach for 

this chapter only focuses on the pavement structure because the underlying parts are almost 

the same between different types of pavements. The goal is to prove that the MGPC 

pavement can provide positive environmental impacts compared with the impervious 

concrete pavement and conventional pervious concrete pavement by the LCA approach.  

The system boundary and all the concerned parameters are shown in Fig. 6.1. The whole 

life cycle of pavement is divided into five phases that are materials, construction, use, 

maintenance, and end-of-life. Besides the general phases above, the scope also considers 

the PAHs removal function and the infiltration capacity of the MGPC pavement.  

For the goal and comparison purpose, one kilometer with two lanes (3.7m per lane) and 30 

cm depth (12 inches) is used as the functional unit for the three types of pavements. The 

raw materials and some physical properties used for the functional unit are listed in Table. 

6.2. The mass of each component of the three types of pavements is calculated based on 

the total volume of the functional unit and the mix designs listed in Table 6.1. All the LCA 

results will be presented based on this functional unit. The analysis period is the whole life 

cycle (typically 50 years for pavement service) and only landfilling would be considered 

as the end-of-life process in order to simplify the LCA approach.  
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Fig. 6.1. System boundary for MGPC pavement LCA adapted from Noshadravan et al. 

(2013) and Loijos et al. (2013) 
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Table 6.2 Functional unit -- one kilometer with two lanes (3.7m per lane) and 30 cm depth (12 inches) and corresponding raw 

materials for the three types of pavements 

Pavement types 

Bulk 

density 

(kg/m3) 

Porosity 

Total 

Volume 

(m3) 

Total 

Mass 

(kg/km) 

Cement 

(kg/km)  

PM-199 

(kg/km) 

Water 

(kg/km) 

Sand 

(kg/km) 

Aggregates 

(kg/km) 

Impervious 

concrete  
2435 0.015 2220 5.41E+06 1.07E+06 0 4.28E+05 1.45E+06 2.46E+06 

Conventional 

pervious concrete  
1900 0.29 2220 4.22E+06 6.64E+05 0 2.32E+05 0 3.32E+06 

MGPC  1900 0.28 2220 4.22E+06 5.98E+05 6.64E+04 2.32E+05 0 3.32E+06 

 

 

 



117 

 

6.2.2  Life Cycle Inventory (LCI) Analysis 

The Life Cycle Inventory (LCI) Analysis is the second phase of the LCA approach of the 

MGPC pavement. The necessary data of certain environmental indicators is collected in 

this phase to serve the goal and scope. LCI is defined by ISO 14.040 as “the phase of life-

cycle assessment involving the compilation and quantification of inputs and outputs for a 

product throughout its life cycle” (ISO, 2006a). The general flow work is shown in Fig. 

6.2. The main outputs of the LCI results are summarized in Table 6.3. Among them, PAHs 

removal function and the infiltration are primary data that are needed to be gained from the 

lab experiments. Other LCI data are secondary data that can be collected from commercial 

and/or public databases and literature. In this chapter, the secondary data are mainly from 

the public Environmental Footprint database associated with the OpenLCA software and 

literature.
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Fig. 6.2. Flow work and key procedures for Life Cycle Inventory (LCI) Analysis (Harvey et al., 2016) 
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Table 6.3 All the phases and LCI parameters for MGPC pavement LCA 

Phases Process LCI Parameters Unit Data source 

Materials 

Extraction 
CO

2 
e (Carbon 

Dioxide Equivalent)  
kg/km Secondary 

Production CO
2 

e kg/km Secondary 

Transportation CO
2 

e kg/km Secondary 

Construction Equipment Energy kWh/km Secondary 

Use 

PAHs adsorption 

K
d 

e
 
Partitioning 

Coefficient 

Equivalent 

L/kg·km Primary 

Excess fuel 

consumption 
CO

2 
e kg/km Secondary 

Albedo % % Secondary 

Carbonation Sequestered CO
2 

e kg/km Secondary 

Lighting Energy kWh/km Secondary 

Permeability 
Hydraulic 

conductivity 
cm/s Primary 

Maintenance 

Materials CO
2 

e kg/km Secondary 

Construction CO
2 

e kg/km Secondary 

Equipment CO
2 

e kg/km Secondary 

End-of-life 

Excavation CO
2 

e kg/km Secondary 

Landfilling CO
2 

e kg/km Secondary 

Recycling CO
2 

e kg/km Secondary 

Transportation CO
2 

e kg/km Secondary 

 

 

6.2.3  Life Cycle Impact Assessment (LCIA) 

Life Cycle Impact Assessment (LCIA) is the third phase of the LCA approach. It translates 

the LCI results into environmental impacts by certain indicators. ISO 14040 states that the 

purpose of the LCIA is “understanding and evaluating the magnitude and significance of 

the potential environmental impacts for a product system throughout the life cycle of the 

product” (ISO, 2006a). The typical LCIA flowchart is illustrated in Fig. 6.3.  
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Fig. 6.3. Flowchart of the Life Cycle Impact Assessment (LCIA) (Harvey et al., 2016) 

 

To study the environmental impact of pavements using the LCA approach, the chosen 

environmental indicators are carbon dioxide emission, energy consumption, PAHs removal 

function, Albedo and stormwater infiltration capacity. The processes in different phases 

with the same indicators are grouped together as one LCI result for the subsequent LCIA. 

Among them, PAHs removal function and stormwater infiltration capacity can provide 

positive environmental impacts while others would result in adverse environmental 

influences. A Pavement Environment and Performance Index (PEPI) is proposed to convert 

these environmental indicators of the pavement into a numerical expression with 

magnitude ranges between 0 and 1 by weighted normalization method. The value 0 

indicates that the type of pavement has no negative environmental impacts while the value 

1 stands for the extreme condition of pavement with all negative environmental impacts. 
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The lower the PEPI is the more environmentally friendly the type of pavement is. The 

equations for calculating the PEPI, weight value and the normalization of the certain 

environmental indicator are as follow: 

 

𝑃𝐸𝑃𝐼 = ∑ 𝑊𝑖 ∙ 𝑁𝑖

𝑛

𝑖=1

                                               （6 − 1） 

𝑊𝑖 =
𝑤𝑖

∑ 𝑤𝑖
𝑛
𝑖=1

                                                      （6 − 2） 

𝑁𝑖 =
𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒
                                     （6 − 3） 

 𝑜𝑟   𝑁𝑖 =
(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒 − 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝑣𝑎𝑙𝑢𝑒
           （6 − 4） 

 

where the PEPI (unitless) is Pavement Environmental Performance Index; n is the number 

of indicators; wi (unitless) is an assigned weight with the scale from 1 to 5 by the 

importance of certain environmental indicator; Wi (unitless) is relative weight value; Ni is 

the normalized value of a certain environmental indicator, the equation (6 − 3) expresses 

the environmental impact of the adverse indicators while the ( 6 − 4)  expresses the 

environmental impact of the positive indicators, respectively.  

 

6.2.4  Life Cycle Assessment Interpretation 

The Life Cycle Assessment Interpretation is the final phase of the LCA approach. 

According to the goal and scope of LCA the findings from LCI and LCIA are evaluated to 
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give the conclusions, limitations, and recommendations (see Fig. 6.4) (ISO, 2006b). The 

purpose of this phase is to convey a transparent and clear result to the decision-makers or 

certain audiences by transforming the complexity from LCI and LCIA.  

 

Fig. 6.4. Flowchart of the Life Cycle Interpretation (Harvey et al., 2016) 

 

 Results and Discussions 

6.3.1  Greenhouse Gas Emission Results 

Greenhouse gas emissions in terms of Carbon Dioxide Equivalent (CO2e) of the whole life 

cycle of the three types of pavements are estimated and summarized in Table 6.4. In this 

table, mass (kg) stands for the mass of the material related to certain corresponding process 

of the three types of pavement (see Table 6.2), and CO2 emission (kg) is the product of the 

mass and CO2 emission rate (kg/kg) of each process listed in the table. It is noted that the 

cement production process is the main contribution of CO2 emission due to the kilning. 

The organoclay (PM-199) production is also energy costly. However, the total amount of 

organoclay usage is small so it does not have significant environmental impacts. Other CO2 

emissions attributed to other raw materials production are not in the same order of 

magnitude as that of cement production.  
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By comparison, the pervious concrete pavement and the MGPC pavement have relatively 

lower CO2 emission due to less cement usage. Since the cement production is very standard 

and energy-intensive reducing the cement usage can significantly decrease greenhouse gas 

emission in order to prevent climate change.  

To simplify the LCA, this chapter only considers landfilling as the only option of the End-

of-Life phase. It is assumed that all the pavement structures are transported to a landfill 50 

km away. It can be seen that transportation would provide a large amount of CO2 emission 

in the same order of magnitude as the total quantity before End-of-Life. Therefore, onsite 

recycling treatment of the construction waste can largely avoid the potential CO2 emission. 
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Table 6.4 Greenhouse gas emission of the main processes of the three types of pavements through the whole life cycles 

Phase Process 
CO2 emission 

rate (kg/kg) 

Impervious concrete 

pavement 

Conventional pervious 

concrete pavement 
MGPC pavement 

Mass 

(kg/km) 

CO2 emission 

(kg) 

Mass 

(kg/km) 

CO2 emission 

(kg) 

Mass 

(kg/km) 

CO2 emission 

(kg) 

Materials 

Cement production 0.82255 1.07E+06 8.80E+05 6.64E+05 5.46E+05 5.98E+05 4.92E+05 

Sand production 0.03703 1.45E+06 5.35E+04 0 0.00E+00 0 0.00E+00 

Aggregate production 0.00444 2.46E+06 1.09E+04 3.32E+06 1.47E+04 3.32E+06 1.47E+04 

PM-199 production 0.38503 0 0.00E+00 0 0.00E+00 6.64E+04 2.56E+04 

Use Carbonation -0.1645 1.07E+06 -1.76E+05 6.64E+05 -1.09E+05 5.98E+05 -9.83E+04 

End-of-life 

Landfilling -0.02546 5.41E+06 -1.38E+05 4.22E+06 -1.07E+05 4.22E+06 -1.07E+05 

Transportation 0.0989 5.41E+06 5.34E+05 4.22E+06 4.17E+05 4.22E+06 4.17E+05 

Carbon dioxide emission before End-of-life (kg/km) / 7.69E+05 / 4.52E+05 / 4.34E+05 

Carbon dioxide equivalent (kg/km) / 1.17E+06 / 7.61E+05 / 7.43E+05 
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6.3.2  Energy Consumption Results of the Three Types of Pavements 

Energy consumptions during the whole life cycle for these three types of pavements are 

estimated in Table 6.5. For the production phase, the energy consumption is the product 

of the fossil fuel consumption rate for production phase and the mass listed in each process. 

For the construction phase the energy consumption is the product of the power and the 

mass listed in each process. And for the end-of-life phase the energy consumption is the 

product of the Crude oil consumption rate for transportation and the mass listed in each 

process. It can be seen in the table that the traditional impervious concrete pavement 

requires the largest amount of energy cost comparing to the conventional pervious concrete 

pavement and MGPC pavement. It is because the other two types of pavement are porous 

structures that use fewer construction materials than the impervious pavement and the total 

energy cost is basically weight dependent.  

In the production phase cement contributes most of the energy cost even if the consumption 

rate of PM-199 is higher. In the construction phase, the aggregate provides the most energy 

cost due to its larger mass. The construction phase will cost several folds of the energy than 

the material phase. Thus, the better control and management of the construction phase are 

much more urged to lower the environmental impact for all three types of pavements. 

 It is also noted that the transportation process in the end-of-life phase occupies the majority 

part of the total energy consumption. The transportation distance is assumed to be 50 km 

away. The crude oil consumption rate is determined by the transportation method. If the 

vehicle type is chosen, the crude oil consumption rate is fixed. And the energy cost for the 

end-of-life is only dependent on the transportation distance between the job field and 

landfill position. However, dumping away is not the only choice of the end-of-life phase 



126 

 

of the three types of pavement. For example, the concrete can be recycled as the aggregates 

for subbase or new concrete. Therefore, rational planning of the end-of-life phase can 

significantly reduce the total energy consumption for all the three types of pavements. 
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Table 6.5 Energy consumption results of the main processes of the life cycle for the three types of pavements  

Phase Process 
Power 

(kWh/kg) 

Fossil fuel 

consumption 

rate for 

production 

(MJ/kg) 

Crude oil 

consumption 

rate for 

transportation 

(MJ/kg·km) 

Impervious concrete 

pavement 

Conventional pervious 

concrete pavement 
MGPC pavement 

Mass 

(kg/km) 

Energy 

(kWh) 

Mass 

(kg/km) 

Energy 

(kWh) 

Mass 

(kg/km) 

Energy 

(kWh) 

Production 

Cement / 3.2365 / 1.07E+06 9.62E+05 6.64E+05 5.97E+05 5.98E+05 5.38E+05 

Sand  / 0.64108 / 1.45E+06 2.57E+05 0 0 0 0 

Aggregate  / 0.0596 / 2.46E+06 4.08E+04 3.32E+06 5.50E+04 3.32E+06 5.50E+04 

PM-199  / 11.04423 / 0 0 0 0 6.64E+04 2.04E+05 

Construction 

Cement 1.3779 / / 1.07E+06 1.47E+06 6.64E+05 9.15E+05 5.98E+05 8.24E+05 

Sand  1.100141 / / 1.45E+06 1.59E+06 0 0 0 0 

Aggregate  1.100141 / / 2.46E+06 2.71E+06 3.32E+06 3.65E+06 3.32E+06 3.65E+06 

PM-199  1.3779 / / 0 0 0 0 6.64E+04 9.15E+04 

End-of-life 
Transportation 

of concrete 
/ / 0.75704914 5.41E+06 5.68E+07 4.22E+06 4.44E+07 4.22E+06 4.44E+07 

 Energy equivalent before end-of-life (kWh/km) / 7.03E+06 / 5.22E+06 / 5.37E+06 

Total energy equivalent (kWh/km) / 6.39E+07 / 4.96E+07 / 4.97E+07 

Assume that the landfill site is 50 km away from the service site and the transportation method is by articulated lorry transport 

with total weight >32 t 

1 MJ = 0.2778 kWh
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6.3.3  PAHs Removal Functions for LCI of Three Types of Pavements 

PAHs removal function is a new LCI result for the MGPC pavement evaluation. From 

chapter three it is known that the organoclay plays the key role of PAHs adsorption. The 

sorption test shows that the partitioning coefficient (Kd) for cement paste is 14.91, while 

for PM-199, the tested Kd value equals 2370.54. Based on these tested results, the 

calculated PAHs removal functions of each type of pavement are described by the 

partitioning coefficient equivalent Kd e (L/kg·km) calculated as the weighted average value 

of Kd (see Table 6.6). For the impervious concrete pavement, a depth of 0.67 mm (the 

average size of the organoclay particle, and the cement paste coating of the pervious 

concrete and the MGPC) is assumed as the penetrating distance of the stormwater for 

comparing purpose. Therefore, the mass of cement paste of the impervious concrete 

pavement is only calculated for the assumptive depth. The partitioning coefficient 

equivalent is the weighted average value of Kd on mass. The unit of the numbers in the last 

row of this table is L/kg·km. By comparison, the MGPC pavement has apparently higher 

Kd e than the other two types of pavements. This is because of the organoclay PM-199 

having significantly higher PAHs sorption capacity than the cement paste. Only a small 

replacement proportion can give MGPC better environmental performance on PAHs 

removal from stormwater runoff. The Kd e of conventional pervious concrete pavement is 

approximately one order of magnitude smaller than that of the MGPC pavement but about 

two orders of magnitude larger than that of the impervious concrete pavement. It shows 

that the conventional pervious concrete keeps partial PAHs removal feasibility while the 

performance of impervious concrete can be negligible.  
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Table 6.6 PAHs removal functions of three types of pavements  

Concrete 

component 

Partitioning 

coefficient 

Kd (L/kg) 

Impervious concrete 

pavement 

Conventional pervious 

concrete pavement 
MGPC pavement 

Mass 

(kg/km) 

Kd·Mass 

(L·kg/kg) 

Mass 

(kg/km) 

Kd·Mass 

(L·kg/kg) 

Mass 

(kg/km) 

Kd·Mass 

(L·kg/kg) 

Cement 

paste 
14.91 1.24E+04* 1.85E+05 8.97E+05 1.34E+07 8.30E+05 1.24E+07 

Aggregate  0 2.46E+06 0 3.32E+06 0 3.32E+06 0.00E+00 

PM-199 2370.54 0 0 0 0 6.64E+04 1.57E+08 

Total concrete mass (kg) 5.41E+06 / 4.22E+06 / 4.22E+06 / 

Partitioning coefficient 

equivalent Kd e (L/kg·km) 
/ 3.42E-02 / 3.17 / 40.27 

*Assume that the stormwater can percolate through 0.67 mm depth (equals the cement 

paste coating of the pervious concrete and MGPC) of the surface cement paste 

 

 

6.3.4  Other Indicators of Three Types of Pavements 

Other indicators of three types of pavements are discussed in this subsection. In order to 

study the impact of pavement type on the heat island effect, the Albedo of the three types 

of pavement is listed in Table 6.7. The Albedo of impervious concrete pavement is 60% 

which is a common value of concrete pavement (Levinson and Akbari, 2002). The Albedo 

of conventional pervious concrete pavement and the MGPC pavement are calculated based 

on the porosity when assuming the pervious part has no reflection ability. Albedo is defined 

as the measure of the diffuse reflection of solar radiation out of the total solar radiation. It 

is used here to describe how much solar energy is reflected by the pavement surface and is 

considered as a critical factor that is related to the Urban Heat Island (UHI) issue. It was 

found that the albedo value of concrete pavement is highly related to the cement color and 
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will be smaller as the surface aging and erosion (Levinson and Akbari, 2002). Some 

researchers translated the change value of albedo into the CO2 emission and energy 

consumption change (Akbari et al., 2009). For this chapter since the albedo is not 

considered as the main indicator so only a single value for each type of pavement is given 

based on the different levels of porosities. From the table, it can be seen that the albedo 

values for conventional pervious concrete and MGPC pavements are very similar due to 

their similar surface texture. The Albedo of impervious concrete is the largest so that it 

means that the impervious concrete pavement can reflect more solar energy and has less 

impact on the environment than the conventional pervious concrete pavement and the 

MGPC pavement. However, the UHI effect is a more complex issue involves albedo, heat 

capacities of the pavement and surrounding structure, local weather, etc. Even though the 

conventional pervious concrete and MGPC pavements have relatively lower Albedo value 

than the impervious concrete pavement, they can still be considered as the cool pavement 

option due to the higher heat capacity especially after storing the stormwater (Haselbach 

et al., 2011).   

The infiltration capacity of pavement is essential for reducing the stormwater runoff and 

preventing the urban ponding issues. The permeabilities of three types of pavements are 

tested and listed in Table 6.7 too. The permeability of impervious concrete pavement is 

obtained from Ollivier and Massat (1992) while the numbers for the conventional pervious 

concrete pavement and the MGPC pavement are tested in section 2.3.5. As one can see that 

both pervious pavements have much higher infiltration capacity compared to the 

impervious pavement. This not only indicates the capability of reducing surface ponding 
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but also consistent with the lower values of Albedo, which is due to a rough surface texture 

caused by connected voids.  

 

Table 6.7 Albedo and permeability of three types of pavements  

Indicator name Unit 

Impervious 

concrete 

pavement 

Conventional 

pervious concrete 

pavement 

MGPC pavement 

Albedo % 60 43.25 43.86 

Permeability (k) cm/s 1.00E-12* 2.05 1.59 

*Ollivier and Massat (1992);  

 

6.3.5  Pavement Environment and Performance Index (PEPI) 

In order to assist the decision-makers or pavement designers to rationally arrange the 

strategy for pavement construction plan based on the purpose of sustainable development, 

the Pavement Environment and Performance Index (PEPI) is proposed as a dimensionless 

index (range from 0 to 1) that considers various environmental impacts of a pavement. A 

lower value of PEPI indicates an environmentally friendly behavior, while a larger value 

of PEPI indicates an adverse environmental impact. The PEPI for the three types of 

pavements is calculated according to equation (6 − 1) and they are summarized in Table 

6.8.  

For all three types of pavements, the PEPI is calculated by the normalization method. In 

this method, all the environmental indicators are assigned a weight (wi) from 1 to 5 

according to the importance of environmental influence and focus strategy from decision-
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makers on the consideration of pavement environmental impacts. For this research, since 

the PAHs adsorption capacity is considered as the most important properties for 

environment protection so the wi for the partitioning coefficient equivalent (Kd e) is 

assigned as 5. Based on this consideration wi is assigned as 4 for carbon dioxide equivalent 

(CO2 e), 3 for energy equivalent, 3 for permeability, and 1 for Albedo. The relative weight 

value Wi of each indicator is calculated as the weighted average of the corresponding wi 

based on equation (6 − 2). The standard indicator values are determined by considering 

some extreme conditions. For the CO2 emission and energy cost, the pavement structure is 

assumed to be built only by cement paste due to its higher adverse environmental impact. 

For PAHs removal, a MGPC with a 20% replacement level of cement by organoclay is 

used as a standard value for normalizing the PAHs removal functions of the three types of 

pavements. The standard value of permeability is chosen as 3 cm/s that is close to the 

superior limit of pervious concrete hydraulic conductivity from literature (Haselbach et al., 

2006; Neithalath et al., 2010; Tennis et al., 2004). In the table the indicator values are from 

the Table 6.4 to Table 6.7. The normalized value Ni is calculated by equation 

(6 − 3) or (6 − 4).  And the PEPI for each type of pavement is the summation of 𝑊𝑖 ∙ 𝑁𝑖 

based on equation (6 − 1). 

Since the MGPC pavement mainly focuses on the PAHs removal capacity in this study this 

indicator is assigned the highest weight value. From the PEPI result in Table 6.8, it is 

shown that the normalization values in the row of CO2 emission are all relatively lower. It 

does not mean that the three types of pavement have fewer impacts on climate change. It 

is because the greenhouse emission is not the key issue when evaluating the MGPC 

environmental performance. However, by comparison, it is still clear that the MGPC and 
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pervious concrete pavement have considerably lower greenhouse gas emission than the 

impervious concrete pavement.  

To make the comparisons much more visual, the PEPI results of these three types of 

pavements are elaborated in Fig. 6.5. The colors stand for different environmental 

indicators. The absolute values of certain color columns cannot be only used as the 

environmental evaluation basis because they are also related to the wi values. However, the 

horizontal comparisons in the identical color can be used for comparing the environmental 

impacts under the same environmental indicator. By comparisons of the three types of 

pavements, the conventional pervious concrete pavement and MGPC pavement have 

relatively lower environmental impacts under all the indicators. The MGPC pavement has 

better performance on PAHs removal but being a little weaker on infiltration than the 

conventional pervious concrete. It is because of the organoclay has lower bulk density and 

occupies partial inter-connected voids of the MGPC.
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Table 6.8 Summary of normalization and Pavement Environment and Performance Index (PEPI) of three types of pavements 

Indicator name 
Indicator 

unit 

Standard 

indicator 

value 

wi Wi 

Impervious concrete 

pavement 

Conventional pervious 

concrete pavement 
MGPC pavement 

Indicator 

value 
Ni Wi·Ni 

Indicator 

value 
Ni Wi·Ni 

Indicator 

value 
Ni Wi·Ni 

Carbon dioxide 

equivalent (CO2 

e) 

kg/km 2.40E+06 4 0.25 1.17E+06 0.49 0.12 7.61E+05 0.32 0.08 
7.43E+0

5 
0.31 0.08 

Energy 

equivalent 
kWh/km 6.56E+07 3 0.19 6.39E+07 0.97 0.18 4.96E+07 0.76 0.14 

4.97E+0

7 
0.76 0.14 

Albedo % 100.00 1 0.06 60.00 0.40 0.03 43.25 0.57 0.04 43.86 0.56 0.04 

Partitioning 

coefficient 

equivalent (Kd e) 

L/kg·km 77.20 5 0.31 3.42E-02 1.00 0.31 3.17 0.96 0.30 40.27 0.48 0.15 

Permeability (k) cm/s 3.00 3 0.19 1.00E-12 1.00 0.19 2.05 0.32 0.06 1.59 0.47 0.09 

Pavement Environment and Performance 

Index (PEPI)  
∑ 1.00 ∑ 0.83 ∑ 0.62 ∑ 0.49 
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Fig. 6.5. Environmental impacts of three types of pavements by the PEPI 

 

 Summaries and Conclusions 

In this chapter, the Life Cycle Assessment (LCA) is applied to three types of concrete 

pavements including MGPC to evaluate the environmental impacts. A Pavement 

Environment and Performance Index (PEPI) is proposed to quantify the environmental 

impact by considering CO2 emission, water contamination remediation, urban heat island 

effect, surface ponding reducing, etc. The proposed approach to develop PEPI can be 

summarized as the following steps: 
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1. Determining the scope and goal of the LCA and the system boundaries for the 

pavement by considering the available parameters that can be analyzed in the whole life 

cycle; 

2. Selecting appropriate environmental indicators based on the LCA goal and scope and 

categorizing the indicators with the same units; 

3. Obtaining the initial data from the lab experiments and LCA database and quantifying 

the environmental impacts by each group of indicators; 

4. Developing and calculating the PEPI by normalizing the environmental indicator 

values by the specific standard values; 

5. Identifying the significant issues based on the finding from LCI and LCIA phases 

and discussing limitations for evaluating the environmental impacts of the pavement by 

using the PEPI. 

 

After the LCA of the three types of pavements, the conclusions can be drawn as: 

1. As the PEPI indicates that the Multi-functional Green Pervious Concrete (MGPC) 

pavement is more environmentally friendly compared with the traditional impervious 

concrete pavement and conventional pervious concrete pavement; 

2. MGPC pavement has much larger PAHs removal capacity comparing to the other two 

types of pavements; 

3. Energy consumption provides the main contribution to the PEPI score of all the three 

types of pavements. The majority part of energy consumption is attributed to the 
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transportation process in the end-of-life phase. If the landfilling can be substituted by the 

onsite recycling process the adverse environmental impacts can be significantly reduced; 

4. The cement production process mainly affects the CO2 emission of the whole LCA. 

Comparing with the traditional impervious concrete pavement the pervious concrete 

pavement and MGPC pavement have a much lower level of CO2 emission. 
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7 CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

 

 Conclusions 

In this dissertation, an innovative construction material named Multi-functional Green 

Pervious Concrete (MGPC) is developed as an alternative material with stormwater runoff-

induced PAHs purification function for pavement design. Partial cement power of the 

pervious concrete is replaced by the organoclay. The mechanical and hydraulic properties 

are evaluated to find an appropriate cement replaced level by organoclay. After that, the 

batch sorption test is firstly applied to investigate the PAHs sorption capacity of the cement 

paste. The column test is then utilized to check the feasibility, in-situ workability, stability 

and reusability by mimicking the real onsite conditions. Numerical simulation is conducted 

to assess the long-term performance of MPGC on PAHs removal as a pavement structure. 

At last, a Life Cycle Assessment (LCA) approach is proposed to make sure that this new 

type of pavement would not have additional adverse environmental impacts. Based on 

these studies and results, the conclusions of this research can be drawn as follows: 

 

7.1.1  Organoclay Addition for Cement Paste 

1. The organoclay is relatively isolated in the cement paste and would not affect the 

cement hydration. And the blending energy would not affect the integrity of the organoclay 

particle;
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2. 5% and 10% organoclay replacement of cement had little impact on the mechanical 

and hydraulic properties of MGPC. Compared to the conventional pervious concrete, the 

compressive strength of MGPC slightly increased, and the hydraulic conductivity of 

MGPC moderately decreased. 

 

7.1.2  Preliminary Study of MGPC Feasibility on Stormwater Runoff-induced PAHs 

Removal 

1. The isothermal batch test revealed that with a small amount of organoclay amendment, 

the cement paste adsorption capacity of PAHs contaminants has been substantially 

improved;  

2. The column test indicated that under a fast flow rate, the retardation factors of the two 

MGPCs has been dramatically increased compared to that of the conventional pervious 

concrete; 

3. Cement hydration induced alkalinity can additionally improve the adsorption capacity 

and retardation behavior of the developed concrete, which indicate long-term stability of 

the material on contaminant remediation. 

 

7.1.3  Applicability and Reusability of MGPC Pavement on PAHs Removal by Mimicking 

the Real onsite conditions 

1. The adsorption efficiency of MGPC pavement increases when the initial concentration 

of the synthetic PAHs solution decreases; 
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2. The sorption effect of MGPC pavement substantially improves as the flow rate of the 

penetration liquid tends to be slow. And the increasing retardation factor Rd also indicates 

that the MGPC pavement performs better on PAHs removal under the slower stormwater 

flow rate; 

3. FT-IR spectra provide additional evidence that the PAHs molecules are sorbed by the 

surfactant hydrocarbon chains of the organoclay and lead to an increased bending and 

torsion;  

4. Long-term repeated breakthrough column tests (50 adsorption cycles; 1000 pore 

volumes synthetic contaminant liquid and water) demonstrate that MGPC pavement can 

still maintain the capacity of PAHs removal comparing to the conventional pervious 

concrete. 

 

7.1.4  Simulating the PAHs Removal Properties of MGPC Pavement 

1.  10-years simulation results of the onsite advection-dispersion-retardation analysis 

indicates that the MGPC pavement has a remarkable capability of the PAHs removal for a 

moderate permeability (3×10-6 m/s) of the subbase compared with the conventional 

pervious concrete pavement; 

2.  50-years simulation results of the MGPC pavement performance with variable 

permeability have proved that the permeability of subbase plays an important role in the 

PAHs removal efficiency of the MGPC pavement. An appropriate permeability of subbase 

can ensure enough adsorption time for PAHs removal while guaranteeing a sufficient flow 

rate for runoff infiltration; 
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3.   50-years simulation results of moderately permeable MGPC pavement performance 

showed that the initial concentration of contaminant source would influence the PAH 

removal efficiency by the proposed MGPC pavement. MGPC had higher removal 

efficiency at a lower initial PAHs concentration; 

4.    After the 50-years simulation of MGPC pavement, it can be drawn that under lower 

concentrations of PAHs source all the 3 used sorption isotherm models (linear, Freundlich, 

and Langmuir) would adequately describe the long-term PAHs sorption performance of 

MGPC pavement. However, under the higher concentrations of PAHs source, the linear 

model would overestimate the sorption capacity of MGPC pavement. 

 

7.1.5  LCA of MGPC Pavement 

1. As the PEPI indicates that the Multi-functional Green Pervious Concrete (MGPC) 

pavement is more environmentally friendly with relatively lower adverse environmental 

impacts and emissions comparing with the impervious concrete pavement and 

conventional pervious concrete pavement; 

2. PAHs removal function is a new LCI result for the LCA of the MGPC pavement. 

MGPC pavement has larger PAHs removal capacity comparing to the other two types of 

pavements; 

3. Energy consumption provides the main contribution to the PEPI score of all the three 

types of pavements. The majority part of energy consumption is attributed to the 

transportation process in the end-of-life phase. If the landfilling can be substituted by the 

onsite recycling process the adverse environmental impacts can be significantly reduced; 
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4. The cement production process mainly affects the CO2 emission of the whole LCA. 

Comparing with the impervious concrete pavement the pervious concrete pavement and 

MGPC pavement have a lower level of CO2 emission. 

 

 Future Work 

This study suggests MGPC an efficient construction material for pavement in stormwater 

runoff-induced PAHs removal. Some future work on this topic can be further investigated: 

1. PAHs removal function of using various sizes of PM-199 (e.g. fine powders of PM-

199) in MGPC can be investigated. If fine powders of PM-199 can be adopted, then the 

missing protocol of MGPC can be simplified;  

2. Further lab tests should be expanded to include other types of PAHs or co-solvent as 

contaminants and other types of organoclay as additives; 

3. Further studies on enhancing the compressive strength of MGPC is needed. The 

compatibility among the used organoclay and other commonly used chemical additives 

(e.g. water reducer) need to be further investigated; 

4. A pilot field application of MGPC as a parking lot pavement or community road 

surface can be helpful to further study its water purification function, load capacity, 

durability, and other long-term serviceability;  

5. Life Cycle Cost Analysis (LCCA) can be further refined by collecting enough 

information of construction and maintenance associated with the price of raw materials. 

6. An advanced optimistic LCA approach can be used to improve the proposed approach 

in chapter 6 by including the maintenance data of MGPC pavement.
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