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ABSTRACT 

Pervious cement concrete pavement is an innovative pavement system, which have the ability to 

drain water and absorb traffic noise generated by tyre-pavement interaction. Its use in parking 

lots, walkways and low traffic zone pavements has been promising in the past. The main feature 

that differentiates pervious cement concrete from any other mixes is, its large interconnected 

pores measuring up to 35% of the total volume of concrete. Despite the effectiveness of these 

large interconnected pores to drain water and absorb noise, their negative effect on strength is 

significant. Therefore strength and permeability are of special properties that need to be 

balanced. 

Whether conventional dense graded concrete or pervious concrete, the structure of the aggregate 

to cement matrix remains the same i.e. aggregate, hardened cement paste (hcp) and interfacial 

transition zone (ITZ) are the main components. ITZ is the weakest in the solid system of 

pervious concrete and is a region where crack initiation and propagation occur with less energy. 

Therefore, a mechanism to increase the strength of ITZ i.e. which can be taken as the whole 

concrete system shall be devised. 

Little research has been conducted that characterizes the performance of grounded pumice (GP) 

on pervious concrete. In this research, the performance of GP as OPC replacement is 

investigated. The characterizations are done using compressive, splitting tensile strength, 

permeability, hardened density and porosity tests. The experiment is designed by preparing 

control mix containing 100% OPC and the experimental mix that contains 5%, 10%, 15%, 20%, 

25% and 30% GP. Tests are conducted at the ages of 3,7,28 and 56 days. 

Based on the experimental investigations, GP has resulted an increase in compressive and 

splitting tensile strength up to 11% and 26%, respectively. It is also found that, GP can partially 

replace OPC up to 15%. The optimum replacement level both for strength and permeability is 

found to be 5%. The ideal porosity that reconciles hydraulic conductivity and strength is found to 

be 17%. The high water demand by addition of GP has also been mitigated by proposing 

consistency driven water demand for pervious concrete mixes containing GP.  

Key words: Consistency Driven Water Demand, Grounded Pumice, hcp, Hydraulic 

Conductivity , ITZ , Pavement, Pervious Concrete, Pozzolanic Materials 
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ACRONYMS AND NOTATIO NS 

A Cross sectional area  

ACI American Concrete Institute 

Al 2O3 Aluminum Oxide 

ASTM American Society of Testing Materials 

b Solid volume of coarse aggregate in a unit volume of concrete 

b/bo Dry-rodded volume of coarse aggregate in a unit volume of concrete 

bo Solid volume of coarse aggregate in a unit volume of coarse aggregate 

C Cement Content 

CA Coarse Aggregate 

Ca(OH)2 Calcium Hydroxide or Portlandite 

C-A-H Calcium Aluminate Hydrate 

CaO Calcium Oxide 

CO2  Carbon di-oxide 

C-S-H Calcium Silicate Hydrate 

Cuk Copper radiation source 

d Inter-planer spacing  

D Diameter 

EITZ Modulus of Interfacial Transition Zone 

EMTX Modulus of Cement Matrix 

FA Fine Aggregate 

Fcrit Critical Force 

Fe2O3 Iron Oxide 

ft Feet 

gm Gram 

GP Grounded pumice 

GPP Grounded pumice powder 

H2O Water 

hcp Hardened Cement Paste  

hkl  Lattice parameters 
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h1 
Depth of water column measured from the top of the stand pipe before opening of the 

valve 

h2 

Depth of water column measured from the top of the stand pipe after an elapsed time 

ótô 

ITZ Interfacial Transition Zone 

Kg Kilogram 

K Hydraulic conductivity 

K2O Potassium Oxide 

L Length 

LAA  Los-Angeles Abrasion and attrition test 

LEED Leadership in Energy & Environmental Design 

LoI Loss on Ignition 

m Meter 

m
3
 Square meter  

m
3
 Cubic meter 

Mm Thousands of a meter 

MgO Magnesium Oxide 

MnO Manganese Oxide  

MPa Mega Pascal 

MTD Maximum theoretical density 

n Order of reflection 

Na2O Sodium Oxide 

OPC Ordinary Portland Cement 

P2O5 Phosphorous   Oxide 

PAI Pozzolanic Activity Index 

PC Pervious Concrete 

PCC Pervious Cement Concrete 

PCCP Pervious Cement Concrete Pavement 

PDF Powder Diffraction File 

PONCKS Partial or No Known Crystal Structure 

PPC Portland Pozzolanic Cement 
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PSD Particle size distribution 

PVC Poly-Vinyl -Chloride 

Q Discharge collected 

Ra Roughness of aggregate 

Ra Corrected hydrometer  reading 

rAgg Radius of Aggregate 

SAI Strength Activity Index 

SCC Self-compacting Concrete 

SCM Supplementary/ Sustainable Cementitious Materials 

SiO2 Silicon di-oxide 

SSD Saturated Surface dry condition 

TiO2 Titanium Oxide 

t Elapsed time between the opening and closure of the valve 

UTM Universal Testing Machine 

Va Volume of aggregate 

Vc Volume of cement 

VFA Volume of fine aggregate 

Vp Volume of paste 

VS Volume of solids 

Vw Volume of water 

W/C Water to cement ratio 

w/b Water to binder ratio 

WFA Weight of Fine aggregate 

Ww Weight of water 

XRD X-ray Powder diffraction 

ᴈ Degree Celsius  

— Angle of Incidence 

‗ Wave length  

‘ά Millionth of a meter 

Ўh Head loss 
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CHAPTER ONE 

1. INTRODUCTION  

1.1 Background of the study 

In recent years, the use of pervious cement concrete pavement has been increasing around the 

globe. The high water percolation rate makes it environmentally friendly and able to decrease 

flooding on urban streets. This unique property of draining water makes it different from the 

conventional dense graded cement concrete pavement. This property is imparted because of the 

high void content. The void content is in the range of 15-35% of the total volume (Boniceli, et.al 

, 2016). 

Researches made on pervious cement concrete pavement uses 5 up to 10 % of fine aggregate 

from the total coarse aggregate mass (Rangelov, et.al, 2017). This is because of the need to not 

affect the permeability of the pervious cement concrete mix. Such great care restricts the use of 

fine aggregates to enhance the mechanical stregth of the porous cement concrete mixes. Previous 

research are made with natural river sand as a fine aggregate or other supplementary 

cementitious materials (SCM). Some researchers extend the proportion to 50%, although the 

effect of reduction in permeability  is obvious. 

Hypothetically, concrete mix (whether it is the conventional one or pervious mix) can be 

modeled as a whole mass containing hardened cement paste (hcp), aggregate particles (the coarse 

and the fine one) and the interfacial transition zone. As conventional concrete behaves, pervious 

concrete also is weak in the interfacial transition zone (ITZ). The zone is composed of the 

calcium hydroxide Ca(OH)2 and ettringite needles. It is due to this structures that the weakness 

emanates in low to middle strength concretes. 

There are different methods of increasing the mechanical properties of ITZ, for example, the 

influence of surface roughness in conjunction with SCM and latex has been investigated by 

Qudoos, et.al , (2018). The resulting mixes were subjected to tests of micro-hardness and 

compressive strength. What has been found is that, the micro-hardness and the compressive 

strength of the specimens made by the rough aggregates in the plain mix (with no SCM) has 
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increased the compressive strength and the micro-hardness of the mixes. The reason being, the 

enhanced mechanical strength of the aggregate and cement interface, ITZ. 

The use of pozzolanic materials is also implemented on conventional and other types of mixes. 

Many researches have shown that, the use of pozzolanic materials will enhance the properties of 

concrete up to a limited percent of replacement. Those properties are the fresh and hardened 

properties. For example, the use of pozzolanic materials has proven to decrease the workability 

of fresh mix. This is because of, as in grounded pumice, for example, is the porous and rough 

surfaces of the particles those demanding high amount of water than their OPC counterparts 

(Karatas, et.al 2017).  

The hardened properties including the compressive, the modulus of rupture and durability are 

also affected sometimes positively and sometimes negatively. Compressive strength, for 

example, has been observed to increase or remains equal compared to the control mixes in 

conventional dense concrete. This increase in strength has been observed mostly after long term 

curing. But in other special types of concrete, such as SCC and light weight concrete containing 

pozzolans as light weight aggregates, a slight decrease in strength was observed (Hossain & 

Anwar, 2004). Durability, resistance to sulfate attack and retention of weight is also positively 

affected for all concrete types. Therefore use of pozzolanic materials makes them one of the 

choices for enhancing different properties of concrete.  

Pozzolanic materials, such as grounded pumice, GP, mainly contains siliceous compounds ,66 % 

as in the SiO2 content of the GP used in this research. This compounds will enable these 

pozzolanic materials to form additional C-S-H and C-A-H structures, those increasing the long 

term strength. Their use in conventional and other special types of concrete has been extensively 

studied. But limited research is available for their use in pervious cement concrete mixes. The 

researcher of this thesis argument is that, since the overall structure remains the same for all 

concrte mixes i.e. all concrete mixes whether conventional, SCC and light weight concrete 

contains three distinct structures, the aggregate, the hcp and the ITZ, we can use grounded 

pumice for pervious concrete mixes to enhance properties. 

The methodology emloyed is that, first the materials used in the mix design are characterized 

with their physical properties such as gradation, absorption, density and chemical compostion.  
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Then mix was designed to contain control mix with 100% OPC and experimental mix containing 

5%,10%,15%,20%,25% and 30% GP. The tests conducted are compressive, splitting and 

hydraulic conductivity. The hydraulic conductivity of the pervious mix is measured using 

laboratory made falling head permeability apparatus. 

The application of GP in replacing the OPC was done by grounding the pumice to fine level by 

using LAA machine and sieving using 75 µm sieve and using the passing material to replace 

OPC. Then strength activity index of the mix was checked and was comapred to applicable 

standards. The tests were conducted after curing periods of 3, 7, 28 and 56 days. 

Microstructural analysis, using XRD, on the grounded pumice, hardened cement paste from 

control mixture and hardened cement paste from expermental mixture was conducted. Because 

of the absence of all inclusive data base (PDF), detailed quantificaton of chemical composition 

was not done. But the angle of diffraction and major chemical components are analyzed. The 

result is presented in Annex G. 

The main findings of the research are the application of grounding mechanism of pumice stone  

to fine level of upto 3,533 cm
2
/gm, the establishment of optimum replacement level of GP for 

tensile, compressive and hydraulic conductivity requirements, the use of cement consistency 

driven water demand for concrete mixing and the investigation of different relationships among 

properties.   

1.2 Statement of the problem 

In the design of mixes for pervious cement concrete there exists a tradeoff between strength and 

permeability properties (Alireza J. , et.al , 2015). When the fine aggregate content increases in 

pervious cement concrete mixes, it has been shown that, the permeability of the mix decreases 

significantly (Mohammed, et.al, 2016). ACI (2010) states the challenge in pervious concrete 

mixture as, achieving a balance between an acceptable percolation rate and an acceptable 

compressive strength.  

It has also been observed that the addition of fines has increased the strength and durability of 

mixes. For example, addition of fine aggregate less than 2.4mm can increase the strength and 

durability of pervious cement concrete mixes (Mohammed, et.al, 2016).  
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The addition of fine aggregates has also been shown to decrease the hydraulic conductivity of 

pervious mixes. Therefore the use of fine aggregates in pervious mixes has been restricted. ACI, 

for example, has only fine aggregate replacement level of up to 20% in its mix design table. 

Concrete on its hardened state can be modeled as a system comprising three components 1) the 

hcp 2) aggregates in general and 3) the ITZ. From those components the weakest one that needs 

improvement is believed to be the ITZ (Illston & Domone, 2002). Several methods have been 

implemented to enhance the properties of this zone. Use of rough aggregates, addition of geo-

polymers and fibers, admixtures and use of SCM especially mineral admixtures are some of 

them. Their effectiveness depends on several parameters. Economy and strength being prominent 

factors, recently an environmental aspect has also been considered including CO2 emissions.  

Pervious concrete is no exception. Having little or no fines its strength is low compared to the 

conventional concrete. Therefore, this has to be mitigated. In this research, the replacement of 

pozzolanic material, specifically GP, will be investigated to resolve the problem. Two 

hypotheses will emerge at this stage: 

1) Addition of Grounded pumice will either have comparable effect or reduced effect i.e. 

affects the properties of the mix negatively or, 

2) Addition of Grounded Pumice will enhance the properties of pervious mixes i.e. 

affects the properties of the mix positively. 

Additionally, this research will try to address the problem of alternative pavement system in the 

city, Addis Ababa, for low traffic zones. The major pavement systems that are used are asphalt 

concrete pavement and conventional dense graded cement concrete pavement. Those are used for 

all traffic classes. This will lead to intense amount of runoff on cities. Therefore, though not the 

direct aim, the research will try to point out the application of pervious cement concrete 

pavement (PCCP) in mitigating the existing problem. 

Using only OPC as a binding material has also disadvantages. One of them is environmental. 

The consumption of energy during cement production subsequently the emission of CO2 has 

increased the greenhouse gasses. Studies have shown that, for every tons of concrete produced a 

ton of CO2 will be emitted (Mathew, 2017).  
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Therefore, alternative/ the one that replaces binding material/cement should be incorporated in 

our mix designs. Pervious concrete, being environmentally friendly from the start, it will be more 

eco-friendly if mineral admixtures such as ground pumice replace the OPC. 

The research questions are:- 

1) What is the general effect of grounded pumice powder in pervious cement concrete when 

used as partial replacement of Ordinary Portland Cement? 

2) What is the optimum range of replacing grounded pumice to be used in pervious cement 

concrete to enhance strength? 

3) What is the effect of partially replacing OPC with grounded pumice in terms of 

permeability? 

4) How much of a storm will be drained per unit area of pervious cement concrete 

pavement? or what is the contribution of PCCP in storm water reduction? 

1.3 Research objectives 

1.3.1 General Objectives 

The main goal of this research is to characterize the performance and behavior of pervious 

cement concrete by the application of grounded pumice as partial replacement of OPC. 

Introducing pervious cement concrete pavement for mitigation of storm water flooding in streets 

of the city, Addis Ababa, is also considered in circuitous manner. 

1.3.2 Specific Objectives 

The specific objectives of the thesis that the research is sought to answer are:- 

1. to investigate the effects of grounded pumice powder in physical properties of pervious 

cement concrete, 

2. to examine the effect of grounded pumice in compressive and splitting tensile strength of 

pervious cement concrete. i.e. to develop the optimum range of replacement of grounded 

pumice powder in pervious cement concrete. 

3. to measure the hydraulic conductivity of pervious cement concrete containing grounded 

pumice. 
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4. to propose an alternative pavement material in storm water management and/or drainage 

problem. 

1.4 Scope and limitations 

The research covers the assessment of the performance of pervious concrete mix. The main 

interest of the study is to investigate the application of grounded pumice powder in pervious 

cement concrete mixes. The performance of the pervious mix made from grounded pumice 

powder is quantified using tests such as compressive strength test, splitting tensile strength test 

and permeability tests.  

In this research, the mitigation of weakness of the interfacial transition zone is believed to be 

enhanced by the reinforcement of additional strength imparted due to rough faces of the ground 

pumice powder particles and additional strength due to pozzolanic activity i.e. C-S-H and C-A-H 

formation. 

The limitation of this study emanates from the laboratory equipment, instrument and duration of 

the study. For example, fatigue performance and durability tests are rarely available and has not 

been assessed.  

Additionally the limited number of researches made on pervious cement concrete, such as its 

characterization, made the study to be restricted to assessing the effect of grounded pumice 

powder in compressive, tensile and permeability characters of the mix. 
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CHAPTER TWO  

2. LITERATURE REVIEW  

2.1 Concrete  

In a simple and precise word, concrete is an artificial stone. In its simplest form, concrete is a 

mixture of cement, water and aggregates in which the cement and water have combined to bind 

the aggregate particles together to form a monolithic whole. 

Concrete properties that are important are the fresh properties and the hardened concrete 

properties. According to Illston & Domone (2002), those properties are complicated due to the 

following factors: 

¶ the addition of materials for property modifications, 

¶ the need to transport concrete from material of production to the area of pouring, 

¶ the extended period of chemical reaction, as strength development, for example, 

the 50-60% of the ultimate strength develops within 7 days and 80-85% within 28 

days, 

¶ durability of concrete and reinforcement, if any. 

Accordingly, the behavior of concrete depends on the individual ingredients and the components 

that they eventually create in the reaction process. In the following sections a brief investigation 

into the component of concrete is presented. 

2.2 Interfacial transition zone (ITZ)  

Hypothetically, concrete mix (whether it is the conventional one or pervious mix) can be 

modeled as a whole mass containing hcp (hardened cement paste), aggregate particles (the coarse 

and the fine one) and the interfacial transition zone. The area of interest in concrete technology 

has been shifted towards ITZ since it is the weakest one that needs improvement. 

ITZ is 30-50 microns zone where cracks initiate. Why? The answer lies on the main feature of 

the zone. The two man features as indicated on Illston & Domone (2002) are:- 
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1) It is a very thin surface layer of calcium silicate hydrate on the aggregate, also containing 

some small calcium hydroxide (calcite) crystals; 

2) Most of the zone consists mainly of larger calcite crystals and fine needles of calcium 

sulfo-aluminate. 

In Figure 2-1 (a) the interfacial zone is shown represented as composed of the calcium hydroxide 

(Ca(OH)2) and ettringite needles. It is due to this structures that the weakness emanates. Due to 

the stated reasons, the zone has more pores than the hcp (Neville, 2011). The pores are created 

due to the so called the ówall effectô of the aggregates rather than being a hub for C-S-H 

formation. This property is indicated on Figure 2-1 (b). 

 

 

(a) 

 

(b) 

Figure 2-1: Interfacial Transition Zone (a) and Porosity on ITZ (b) ( (Neville, 2011)) 

2.2.1 Strength enhancement methods of the ITZ 

As discussed above, the strength of concrete means the strength of ITZ. Several studies have 

been conducted in order to enhance the property of this zone. For example, Malikova & Klusak 

(2018), have conducted a study in order to model the cracking behavior of the ITZ, hence and/, 

concrete by means of finite element method.  
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What has been found from their studies is that, in order the maximum critical load to be resisted, 

the ITZ layer shall be thin, compliant and the aggregate sizes shall be of larger sizes. Figure 2-2 

shows that the larger the size of the aggregates and the smaller the thickness of the ITZ the more 

the load can be resisted. 

 

 

Figure 2-2: Fracture resistance of concrete (Fcrit is the maximum load, rAGG is the radius of the 

aggregate, EMTX and EITZ are the modulus of the cement matrix and the ITZ, respectively.) 

(Malikova & Klusak, 2018) 

The mechanical interlocking between the aggregate and the cement paste also plays an important 

role in enhancing the ITZ strength. The influence of surface roughness in conjunction with SCM 

and latex has been investigated by Qudoos, et.al, (2018). Five different aggregates with different 

roughness values, Ra, have been used to prepare mixes with the same cement, water and 

aggregate contents but with different SCM including plain, metakaolin, fly-ash, silica-flume, slag 

and latex. Figure 2-3 (a) depicts the roughness values of the aggregates.  

The resulting mixes were subjected to tests to micro-hardness and compressive strength tests. 

What has been found is, the micro-hardness and the compressive strength of the specimens made 

by the rough aggregates in the plain mix (with no SCM) has increased the compressive strength 
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and the micro-hardness of the mixes (Figure 2-3 (b)). The reason being, the enhanced mechanical 

strength of the aggregate and cement interface, ITZ.  

Additionally, the research has also revealed that, the use of the SCM has significantly increased 

the micro-hardness and the compressive strength; in fact the effect is more pronounced than the 

plane mix alone. 

 

(a) 

 

(b) 

Figure 2-3: Roughness values, Ra, of the aggregates (a) Compressive strength results (b) 

(Qudoos, et.al, 2018). 

 

Figure 2-4: Microhardness values (the horizontal axis is the distance from the aggregate 

surface, µm) (Qudoos, et.al, 2018). 
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As can be seen from Figure 2-4, the micro-hardness will increase as we move away from the 

aggregate surface. This is an indication of the fact that if treatment shall be applied it is this zone 

that shall be strengthened.  

Apart from the above ways to increase the strength of the ITZ, which is translated to the increase 

in the strength of concrete, adding natural pozzolanic materials is believed to increase the 

strength and durability of concrete. Karatas, et.al (2017) have investigated the mechanical 

properties and durability of self-compacting mortars produced from grounded pumice powder 

(GPP) as mineral additives and reported a 14.4 % increase in compressive strength. The reason, 

as per the discussion of the authors is, GGP has pozzoloanic activity attributed to the presence of 

SiO2 and Al2O3, those forming additional calcium silicate hydrate (C-S-H) and calcium 

aluminate hydrate (C-A-H) by reacting with calcium hydroxide during cement hydration to form 

a denser matrix that provides high strength and better durability.  

In conventional concrete the influence of grounded pumice (GP) has also been investigated. 

Özcan & Mehmet , (2018) have studied the influence of GP addition on compressive strength 

and air content of air entrained and non-air entrained concrete. They reported that all GP 

containing non-air entrained concretes developed higher compressive strength than the control 

concrete at 90 and 180 days. What has been observed is that the influence of GP is significant at 

later curing days i.e. long term strength. 

Not only is the compressive strength of GP has been investigated recently. Mboya, et.al (2019) 

have studied the  effects of GP on Moduli of rupture and found out that at 20% replacement level 

over 7 and 28 days showed dramatic increase in the moduli of rupture (Figure 2-5).  

The reason as explained by the authors is due to high amount of C-S-H and C-A-H in the 

microstructure resulting from good progression of pozzolanic reactions favored by low amount 

of Fe2O3. They also indicated that at 20% replacement level the microstructure can absorb more 

stress than the other levels.  

Industrial wastes such as coal bottom ash, CBA, have also been used to increase the different 

properties of concrete. Ali , et.al (2019) have investigated the performance of concrete containing 

CBA exposed to sea water and found out that at early ages specimens containing CBA 
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(designated as M2 and M3) performed well in terms of compressive strength as compared to the 

control mix (M1)  in normal water as well as sea water (Figure 2. 6).  

 

Figure 2-5: Influence of Pumice on Rupture Behavior of Concrete (Mboya, et.al , 2019) 

 

Figure 2-6: Compressive strength of specimens in normal and sea water (Ali , et.al, 2019) 
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2.3 Pervious Cement Concrete Pavement 

Pervious cement concrete, sometimes referred to as no-fines, gap-graded, permeable, or 

enhanced porosity concrete, is an innovative approach to controlling, managing, and treating 

storm water runoff (Pervious Concrete, 2012). The term Pervious Concrete will be used 

throughout this paper. 

Pervious concrete is an open graded structure with interconnected voids through which rain and 

storm water is permitted to percolate into the aquifer. It consists of cement, coarse aggregate, 

some percentage of fine aggregate and water. It can be used for lower traffic roads, shoulders, 

sidewalks and parking lots. This will add points to a project with a sustainable material managing 

storm water, reducing ground water pollution (Maguesvari & Narasimha, 2013). 

Of the main applications is the creation of environmentally friendly pavement (Tennis, et.al, 

2004). Due to urbanization, flooding is becoming a prolem. For example, in China 262 flooded 

cities had a maximum waterlogged depth >50 mm, and waterlogging lasted >12 h in 57 cities 

(Xiaogeng, et.al, 2018). To mitigate this problem the concept of spongey cities has been 

developed (Figure 2-7).  

 

Figure 2-7: Application of Pervious Concrete on Smart Cities (Xiaogeng, et.al, 2018) 

A ñSponge cityò refers to a city where its urban underground water system operates like a 

sponge to absorb, store, leak and purify rainwater, and release it for reuse when necessary. 
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The advantages and disadvantages of pervious concrete pavement are summarized in (Pervious 

Concrete, 2012) as follows (Table 2-1):- 

Table 2-1: Advantages and Disadvantages of Porous Concrete 

Benefits/Advantages Limitations/disadvantages 

¶ Effective management of storm water 

runoff, which may reduce the need for 

curbs and the number and sizes of 

storm sewers. 

Limited use in heavy vehicle traffic 

areas. 

¶ Reduced contamination in waterways. Specialized construction practices. 

¶ Recharging of groundwater supplies. Extended curing time. 

¶ More efficient land use by eliminating 

need for retention ponds and swales. 

Sensitivity to water content and control 

in fresh concrete. 

¶ Reduced heat island effect (due to 

evaporative cooling effect of water and 

convective airflow). 

Lack of standardized test methods  

¶ Elimination of surface ponding of 

water and hydroplaning potential. 

Special attention and care in design of 

some soil types such as expansive soils 

and frost-susceptible ones 

¶ Reduced noise emissions caused by 

tireïpavement interaction. 

Special attention possibly required with 

high groundwater. 

¶ Earned LEED
 
credits.  

2.3.1 Pavement Structure 

In pervious cement concrete pavement system, a 150ï300 mm pervious concrete (PC) layer with 

a high air void content is placed on a highly voided stone bed as the base layer, to allow for a 

rapid inýltration of runoǟ through the pavement system rather than allowing it to pond or run on 

the surface (Figure 2-8 and Figure 2-9). PCôs prominent characteristic is the high content of 

hardened air void, typically ranging between 15 and 25 percent of the total volume (Rangelov, 

et.al , 2017). 
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Figure 2-8: Advantages of pervious concrete over impervious concrete  ( Zhong et al. , 

2015) 

 

Figure 2-9: Typical cross section of a pervious concrete pavement (Nassiri, et.al, 2017) 

Porosity is an essential property of PC, impacting its hydraulic, mechanical and durability 

characteristics, and is highly dependent on the mixture design parameters and the method of 

compaction (ACI, 2010). 

PC mixture design is based on limiting the coarse aggregate grade to single-sized or grade 9.5ï

19 mm, and either completely removing or using a minimal amount of ýne aggregate for added 

strength.  

Polluted and backed up 

run-off water 

Filtered water 

Impervious Concrete Pervious Concrete 
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The end result is a matrix of coarse aggregate that are bridged by the paste as opposed to the 

conventional Portland cement concrete (PCC), where the aggregate is fully embedded in the 

paste (Rangelov, et.al , 2017) . 

The main use of pervious pavement is storm water management (Pervious Pavement Design 

Guide, 2013). The other major uses are for sidewalks, reduced icing and therefore pedestrian 

slipping, and for parking lots/bike trails and light traǣc streets, reduced hydroplaning and wet 

weather accidents (Nassiri, et.al, 2017). 

2.3.2 Supplementary cementitious materials in pervious concrete mixes 

The SCMs, interchangeably called the mineral admixtures, are siliceous and aluminous materials 

which by themselves possess little or no cementitious value but will in finely divided form and in 

the presence of moisture chemically react with calcium hydroxide at ordinary temperature to 

form compounds possessing cementitious properties (ASTM, 1998). 

According to ASTM C-618 there are three classes of SCMs. Those are class N, F and C. Pumice 

is categorized under Class N. The chemical requirements for each class are tabulated on Table 2-

2. 

Table 2-2: Chemical requirements of SCMs 

 Mineral Admixture Class 

 N F C 

Silicon dioxide (SiO2) plus aluminum oxide (Al 2O3) Plus iron 

oxide (Fe2O3), min, %  

70.0 70.0 50.0 

Sulfur trioxide (SO3), max, % 4.0 5.0 5.0 

Moisture content, max , % 3.0 3.0 3.0 

Loss on ignition, max , % 10.0 6.0 
A
 6.0 

A
 The use of class F pozzolan containing up to 12.0 % loss on ignition maybe approved by the user if either 

acceptable performance records or laboratory test results are made available. 
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2.3.3 Porosity 

Of the many applications of pervious concrete discussed above, its ability to drain water is the 

prominent one. Therefore pervious cement concrete shall have greater permeability than the 

surrounding soil. It should not easily clog (Maurizio & Calogero , 2018).  

The permeability of the pervious mix is largely affected by the porosity of the mix. The higher 

the interconnected porosity the higher will be the permeability. The porosity of the pervious mix 

is obtained using the following relation (Ibrahim, et.al , 2014).  

                                                       0 ρzππ Ϸ                                                           (1) 

Where: 

P    = the total porosity of the pervious concrete (%),  

W1 = the pervious concrete sample weight air-dried for 24 h (kg),  

W2  = the pervious concrete sample submerged underwater weight (kg),  

V1  = the pervious concrete sample volume (mm
3
), and 

 pw = density of water (kg/mm
3
) 

2.3.4 Compaction 

Compaction of pervious concrete determines the percentage of voids, density and strength. There 

are different suggestions made to compact pervious concrete mixes by considering strength and 

porosity. Ammar & K. (2016) has used vibrator to compact pervious mixes. But according to 

Meininger (1988), ASTM C-31 rodding compaction by 25 strokes on each three layer has the 

highest compressive strength test result.  

2.4 Geology of Pumice Stone 

The geological definition of pumice stone according to Doanld (1992), is a volcanic rock 

composed of bubbles or vesicles in glass matrix formed by the effervescence of gases and rapid 

cooling of molten material during an eruption. There are different terms associated with volcanic 

materials such as pyroclastic and tephra. Those terms are used to describe the type of deposits 

either fragmented or unconsolidated. 
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Geologically, pumice stone is categorized as extrusive i.e formed by the rapid cooling of magma 

at the surface of the earth (Asrat, 2006) .This makes pumice deposits prone to weathering effects 

and most of the pumice deposits are geologically young. Figure 2-10 depicts the formation of 

pyroclasts including pumice at the surface of the earth.  

The formation and preservation of pumice requires a balance between internal gas pressure, 

viscosity and temperature of an erupting magma. If higher viscosity, impermeable country rocks, 

or a blocked vent prevent rapid escape of gases from magma as it nears the surface, an explosive 

eruption may occur shattering the bubble walls and generating a volcanic ash of fine glass shards 

rather than vesicular pumice (Wenk, et.al, 2004). 

 

Figure 2-10: Volcanic formation of Pumice  (Asrat, 2006) 

In Ethiopia the location of pumice deposits is concentrated in central and eastern parts of the 

country. The location of map of pumice is annexed in Annex F. Taye (2007) describes the 

pumice deposits around Adama as, where the pumice stone is came for this thesis, the deposit 

covers areally extensive area and in some hydrothermally active areas it forms gentler slope even 

faraway from the caldera with the exposed thickness of about 4.5 m. Figure 2-11 shows the 

pumice deposits at Melka Ida where the pumice obtained from. 
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Figure 2-11: Pumice deposits at Melka Ida 

2.5 Mix design 

2.5.1 Trial and error methods 

Basically, the mix design of pervious concrete is made with different approaches. Most of the 

available methods use a trial batch method to reach a specified property of the end product. For 

example, Mohammed, et.al (2016) recommends to use a trial batches to arrive a specified 

properties i.e. strength and permeability. The method, however is, very tedious and is not 

replicable. 

2.5.2 Optimization Techniques 

The other approach in designing mixes is using optimization techniques. The optimization 

technique focuses on the finding of the minimum number of trials to achieve the desired 

properties. One of the methods is application of the Taguchi method for minimization of trials. 

Alireza J. et.al, (2015) uses this method to decrease the variability of mix properties. It has been 

found that, the application of this method has reduced the number of trials from 21 trial batches 

to 9.  

Another method based on optimization technique is use of ñExcess paste theoryò (Figure 2-12). 

In this method mixes are designed using the principle that aggregates are coated using the 



Effects of Pumice as a Partial Replacement on the Performance of Pervious Cement Concrete 

 

MSc. Thesis, Abel Wube Page 20 
 

cement paste to ensure better performance. Strength suitable for most uses is found using this 

method (Dang , et.al , 2014). 

 

Figure 2-12: Principle of excess paste theory (Dang , et.al , 2014) 

2.5.3 The ACI method 

The other popular method and the one that considers the use of fine aggregates unlike the 

previous methods, is the b/bo method. Accordingly, the dry rodded volume of coarse aggregate 

b/bo, can be used as a design relationship.  

Where:-  

b/bo = dry-rodded volume of coarse aggregate in a unit volume of concrete 

b     = solid volume of coarse aggregate in a unit volume of concrete 

bo     = solid volume of coarse aggregate in a unit volume of coarse aggregate 

Since it is one of the objectives of this research to examine the performance of pervious mix 

containing fine aggregate, this method is used in the design of mixes. In this method, the dry-

rodded volume of coarse aggregate in a unit volume of concrete determines the amount of coarse 

aggregate used, subsequently the rest of the mixture ingredients. 

According to ACI (2010), the following eight steps are used in order to design a pervious cement 

concrete mix using b/bo method. 
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1. Determine the aggregate weight 

2. Adjust to SSD Weight 

3. Determine the paste volume 

4. Determine cementitious content  

5. Determine water content  

6. Determine solid volume  

7. Check void content 

8. Iterative trial batching 

The effective b/bo values given are shown in Table 2-3.  

Table 2-3: Effective b/bo values 

 

Percent fine 

aggregate 

b/bo 

ASTM C33/C33M 

Size No.8 

ASTM C33/C33M 

Size No.67 

0 0.99 0.99 

10 0.93 0.93 

20 0.85 0.86 

The paste volume is determined using the relationship given in Figure 2-13. 

The rest of the mix constituents are found using the following relationships: 

Paste volume, Vp = Cement volume + Water Volume 

                        Vp = c/ (3.15*1000 kg/m
3
) + w/1000 kg/m

3                   
                     (2) 

Form the general principle that w = (w/b)*c and substituting into the above relationship: 

                        Vp = c/(3.15*1000 kg/m
3
) + ((w/b)*c)/1000kg/m

3
                        (3) 

Then solving for cement content, 

                        c = [Vp/(0.315+ w/b)] * 1000kg/m
3                                                              

(4) 
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Figure 2-13: Relationship between void content and paste volume (ACI, 2010) 

Where: 

C    = the cement content in kg 

w    = the water content in kg 

w/b = water to binder 

Vp   = volume of paste, m
3
 

Therefore, after the paste volume and the cement content determined, the mass of water will be 

determined. When fine aggregate is used the paste volume should be reduced by 2% for each 

10% fine aggregate of the total aggregate for well compacted pervious concrete and by 1% for 

each 10% fine aggregate of the total aggregate for lightly compacted pervious concrete (ACI, 

2010). 

Lightly Compacted 

Well Compacted  
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2.6 Laboratory  tests 

2.6.1 Performance Tests 

2.6.1.1 Permeability test 

The permeability of pervious concrete, because of its high porosity, is in the range of 2ï6 mm/s. 

Contrary to regular concrete, pervious concrete prevents water from pooling on horizontal 

surfaces and, if properly designed, positively affects the surrounding soil and ground water 

quality (Ivanka , et.al , 2018). 

In order to measure the permeability of concrete pavement two prominent methods are available: 

the Constant head permeability and Falling head permeability tests. Sandoval et al., (2017) by 

use of laboratory analysis found out that, the use of constant head permeability is more 

representative than Falling head permeability test. But ACI (2010) recommends the falling head 

test based on previous researches made (Figure 2-14).  

The coefficient of water permeability will be calculated following Darcyôs law as shown in the 

following equation (Zaetang, et.al , 2013): 

                                               K= (Q*L) / (H*A*t)                                                                         (5) 

Where:- 

K = the water permeability coefficient (cm/s),  

Q = the quantity of water collected (cm
3
) over time t (s), 

L = the length of specimen (cm),  

H = the water head (cm), and 

A = the cross sectional area of the specimen (cm
2
). 

2.6.1.2 Compressive and split tensile strength tests 

The compressive strength of porous concrete is measured with the same method and equipment 

as that of conventional dense concrete (Figure 2-15). The strength of hardened pervious cement 

concrete is created by the bonding between the cementations paste and aggregate.  
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Figure 2-14: Schematic of variable head permeability test in (ACI, 2010) 

There are many factors affecting the strength of porous concrete including the cementations 

content, water to binder ratio, compaction level and aggregate gradation and quality. For the 

optimization of any porous concrete mix design, a balance between the strength and permeability 

is the key factor (Mohammed , et.al , 2016). 

 

(a) 

 

(b) 

Figure 2-15: Schematic of Compressive strength test (a), Screen displaying compressive 

strngth parameters (b) (Photograph courtesy of Abel W.) 
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In many literatures the strength of porous concrete is stated as low compared to the conventional 

concrete. For example, under normal conditions the compressive strength obtained can range 

from of 5 to 30 MPa.  

The tensile strength of porous concrete pavement is performed using indirect method of testing 

called splitting tensile strength test in laboratory (Figure 2-16). The splitting tensile strength of 

porous concrete is performed using 100 mm * 300 mm sized concrete cylindrical specimens 

(Maguesvari & Narasimha, 2013). The splitting tensile strength of the specimen is computed 

using the following equation:- 

                                                      4
ᶻ

ᶻᶻ
                                                                                 (6) 

Where:- 

T = The splitting tensile strength (MPa) 

P = Applied load (KN) 

L = Length (m) 

D = Diameter (m) 

  

(a) 

  

(b) 

Figure 2-16: Schematic of splitting tensile strength test (a) Parameter Indicator of the UTM 

(Photograph courtesy of Abel W.) 
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2.7 X-ray Powder Diffraction (XRD)  

XRD is a powerful tool in identifying the various chemical compositions in a given sample. The 

principle of XRD is based on the very fact that, accelerated electrons with sufficiently high 

energy displace electrons from within the inner electrons shells (e.g. K shells) of an atom. This 

high energy, released from irradiating elements, contains/emits the so called X-rays (Klein & 

Philpotts, 2017).  

According to Braggôs law (Tedesco & Brunelli, 2017), as depicted on equation 7, there are two 

requirements that shall be fulfilled as stated below.  

1) The lattice planes (hkl) must be in a reflection orientation between the incident and 

diffracted X-ray waves, 

2) Diffraction occurs at a specific angle that is determined by the d-spacing of the lattice 

planes. 

                                                   2dsin—  = n‗                                                                                (7) 

Where:- 

d = inter-planar spacing 

— = angle of incidence/Braggôs angle 

n = order of reflection 

‗ = wave length of the X-ray source 

According to Scrivener et.al,  (2016) there are two analysis methods for XRD when cement and 

cementitious materials is considered, the qualitative and quantitative analysis methods. The 

quantitative analysis method is in turn divided into the external and internal standard methods 

(R. Snellings, et.al , 2014). In the qualitative analysis method, the diffraction pattern of the 

unknown sample is compared to a database of previously known diffraction patterns. Whereas in 

the quantitative analysis methods, such as in the Rietveld, the method minimizes the error 

between the measured and the calculated parameters using the least square approach (Scrivener, 

et.al, 2004). 
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The recent and most inclusive method that considers the presence of SCM, which are believed to 

contain non crystalline component is the Partial Or No Known Crystal Structure (PONKCS) 

method. The method depends on a calibrated XRD profile of each individual phase, which is also 

possible for amorphous phases. Using this method the precision for SCMôs was found to be 2-3 

wt% (R. Snellings, et.al , 2014). 

2.8 Summary of Literature Review 

The hardened structure of pervious cement concrete is the same as that of the hardened structure 

of conventional dense graded cement concrete. ITZ, hcp and aggregate are the main components. 

From these zones ITZ is weak in strength and is a region where crack initiation and propagation 

occurs with less energy. The main reason that is given as in many literatures is the presence of 

unreacted portlandite or calcite compounds leading to a 30 - 50 micron porous zone in 

combination with the wall effect created by the aggregate surface.  

Based on the literature review made, it has been clearly seen that different methods can be 

implemented to somewhat enhance the performance of the ITZ, hence concrete. Pozzolanic 

materials such as grounded pumice have large amount of major oxides which enables them to 

react with the unreacted portlandite to form additional C-S-H and C-A-H in the microstructure of 

hardened concrete thus increasing the strength of the ITZ hence, concrete.  

Therefore selection depends on availability, economy and environmental advantages. 

Environmental aspect plays a vital role. The use of SCM has the benefit of reduction in CO2 

emissions as their production in concrete consumes less energy than the conventional unblended 

ordinary Portland cement. It has been reported that, for every ton of cement produced a ton of 

CO2 is released into the atmosphere. 

Accordingly, it is the researcher of this thesis belief that investigation of the properties of 

pervious cement concrete made from ground pumice is necessary and will probably make the 

properties of pervious concrete enhanced. The selection of pumice is based on the fact that it is 

available and its application in conventional and other high performing mixes has produced 

comparable or even best performance in the past when used as a replacement to OPC. 
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Different macro-characterization methods are also available. Strength test methods such as 

compressive strength and splitting tensile strength can characterize the mechanical properties of 

pervious concrete and the physical properties of pervious concrete can be characterized by 

hardened density and porosity tests. Hydraulic conductivity test, typically of falling head 

permeability apparatus can measure the permeability of pervious concrete. It is also learnt that 

the apparatus can be made in laboratory. The micro-characterization of hydration products of 

pervious concrete can be studied using XRD. By conducting XRD, the main chemical products 

of pervious cement concrete can also be studied. 

Mix design of pervious cement concrete can be done using several methods such as ACI. Trial 

mix design to reach a specified mix property is needed. Considerations in compactions and 

curing shall be given of special emphasis. 
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CHAPTER THREE  

3. EXPERIMENTAL DESIGN AND METHODOLOGY  

3.1 Procedure 

The thesis is conducted in a set of defined tasks with predefined steps, but not too rigid that they 

cannot be easily adjusted further. The major milestones of the thesis are detailed as literature 

review, experimental task and data analysis and interpretation of results.  

The two ends of the procedure are more of desk works while the experimental task involves 

laboratory work where samples collected from local quarry sources are subjected for quality tests 

and their conformance with the minimum standard specifications is checked. After doing so, mix 

is designed according to ACI method of mix design. Those specimens are subjected to 

compressive, permeability, hardened density and porosity; and splitting tensile strength tests. 

Concerning the preparation of grounded pumice as cement replacement, first the pumice is oven 

dried. After all the moisture has been dried, it is subjected in LAA machine and is reduced to 

powder. After doing so the powder is sieved with 75µm sieve. The material passing the specified 

sieve is used as a partial replacement of OPC. 

Subsequently the use of pumice as SCM is examined by conducting both chemical and physical 

analysis to meet the ASTM requirements. The physical requirement includes checking the 

strength activity index to conform the pozzolanic behavior of pumice. The schematic showing 

the proposed procedure is shown in Figure 3-1. 

3.2 Data Sources and Analysis 

3.2.1 Sources of data 

3.2.1.1 Primary and Secondary 

Most of the research was done using primary data generated form laboratory test as stated on the 

methodology. Secondary data necessary for locating the sources of grounded pumice has also 

been used. 
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Figure 3-1: Procedure of the thesis 

3.2.1.2 Data types and logging 

Most of the data are discrete in nature. For example, strength test results are measured as a 

discrete variables. In the primary data, the physical properties of aggregates, ground pumice and 

cement is recorded before conducting laboratory tests. Mixes are then prepared and is designated 

by their percentage of GP used. Then their properties are recorded at the time of tests. 

3.2.1.3 Analysis 

The recorded data is analyzed using table and graphs. Additionally, relationships between 

variables are generated indicating the performance of GP in pervious concrete. 

The effect of ingredient variation is established, for example, amount of grounded pumice used. 

The effect of varying GP content is also established. The following correlations are analyzed:- 

¶ Amount of GP content versus fresh and hardened properties, 

¶ Optimum amount of GP replacement with respect to strength and permeability, 

¶ Compressive strength attained versus density and porosity, 

¶ Amount of runoff reduced versus strength attained. 

Those characteristics are plotted by using statistical software such as Excel.  
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3.3 Experimental design 

Two sets of experimental group are considered, the control and the experimental groups. A brief 

explanation is given in the following sections. 

3.3.1 Control Groups 

The control group consists of specimens that are made and casted with natural river sand content 

of 10% by mass from the coarse aggregate. This is designated as 10%_FA_0% GP. There is no 

grounded pumice replacement in this group of samples. 

Samples are prepared for compressive strength, splitting tensile strength, hydraulic conductivity, 

hardened density and porosity testes. The specimens for compressive and splitting tensile 

strength tests are prepared for the ages of 3, 7, 28 and 56 days.   

The total number of samples for compressive and splitting tensile strength tests is 12 cube 

specimens and 12 cylindrical specimens respectively. For hydraulic conductivity and hardened 

density and porosity tests the number of samples prepared is 6.  

3.3.2 Experimental Group  

The experimental groups are specimens containing different proportion of grounded pumice. The 

proposed percentages are 5%, 10%, 15%, 20%, 25% and 30%. Accordingly, based on the 

amount of GP replacement the samples are designated as:- 

¶ 10%_FA_5% GP   [Mix with 10% FA and with 5% grounded pumice replaced] 

¶ 10%_FA_10% GP [Mix with 10% FA and with 10% grounded pumice replaced]  

¶ 10%_FA_15% GP [Mix with 10% FA and with 15% grounded pumice replaced]  

¶ 10%_FA_20% GP [Mix with 10% FA and with 20% grounded pumice replaced]   

¶ 10%_FA_25% GP [Mix with 10% FA and with 25% grounded pumice replaced]   

¶ 10%_FA_30% GP [Mix with 10% FA and with 30% grounded pumice replaced]   

Likewise a total of 144 compressive and splitting strength samples were prepared. For hydraulic 

conductivity and hardened density and porosity tests 42 specimens were prepared. 
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3.4 Methodology 

3.4.1 Material Characterization  

3.4.1.1 Coarse aggregates (02 aggregates) 

a) Source 

The source of the coarse aggregate used in this research is from Bole Bulbulla quarry located in 

Addis Ababa. The gradation analysis of the aggregate indicates that the nominal maximum 

aggregate size is 19 mm. The aggregate is a crushed basaltic rock. A total of 3 m
3
 of the 

aggregate is used in this research. 

b) Gradation Analysis 

The sieve analysis of the 02 aggregates indicates that the aggregates used are coarser than the 

4.75 mm sieve. This gradation of the aggregate is suitable in the use of the pervious cement 

concrete in a sense that, the required percentage of voids can be achieved since the voids in the 

aggregate alone is enough to achieve the desired porosity of the porous concrete mix.  

The suggestion given in ACI, (2010) to use the gradation envelope for conventional dense 

graded concrete is not used as this requirement is for producing a dense aggregate to cement 

matrix. Therefore implementation of this dense matrix will not provide enough voids that will 

make the pervious cement concrete capable of draining. Figure 3-2 shows the particle size 

distribution curve of the coarse aggregate used.  

c) Bulk density and voids in the aggregates 

The bulk density of coarse aggregate used, as measured using rodding, was found to be 1,505 

kg/m
3
, which is typical for a use in most of concrete mixes. The total voids in the aggregates 

using the same method were found to be 41 %. Both are used in the mix design as parameters. 

d) Specific Gravity and absorption  

The average bulk specific gravity, bulk specific gravity in SSD basis and the apparent specific 

gravity of the aggregate used in this research was found to be 2.46, 2.52 and 2.63 respectively. 

The bulk specific gravity is used in the mix design. 
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Figure 3-2: Particle size distribution of the coarse aggregate 

The absorption was measured to be 2.18 %. Based on the absorption obtained the water demand 

obtained from the mix design was adjusted accordingly. 

e) Soundness and LAA  

For samples subjected to cycles of sodium sulfate solution, the soundness was measure to be 3%. 

Hence it can be said that, the material can be classified as a sound material. By the particle size 

distribution analysis it was found that the aggregate falls into class A in the LAA test class. 

Accordingly the LAA value was found to be 20%, indicating the material is abrasion resistant.  

3.4.1.2 Natural River Sand (Fine Aggregates) 

a) Source 

The source of the fine aggregate is located in Addis Ababa, namely, Latessa quarry. The sand 

used is natural river sand. The total amount of sand used purchased is 1m
3
. 

b) Gradation  

Based on the sieve analysis conducted the sand has been observed to contain a small amount of 

materials coarser than 4.75 mm. Since one of the aim of this research is to find a balance 

between the strength and permeability of pervious concrete mixes, the materials coarser than 

4.75 mm sieve has been discarded. Figure 3-3 shows the gradation analysis of the natural river 

sand used. 
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Figure 3-3: Particle size distribution of fine aggregate 

Circuitously, clay content of the fine aggregate was calculated and is found to be 1.4 %. 

Additionally the fineness modulus was found to be 2.95.  

c) Dry and Loose Unit Weight 

The dry and loose unit weights of the fine aggregate were found to be 1.52 gm/cm
3
 and 1.38 

gm/cm
3
. It is obvious that this value will have effect on the overall density of the pervious mix 

when the fine aggregate replaces the coarse aggregate. 

d) Specific Gravity and Absorption  

The bulk specific gravity, bulk specific gravity in SSD basis and the apparent specific gravity of 

the aggregate used in this research was found to be 2.36, 2.47 and 2.65 respectively. The 

absorption of the fine aggregate was found to be higher i.e. 4.7%. Accordingly this has been used 

to adjust the amount of water demand in the mix design of the pervious mixes. 

3.4.1.3 Pumice stone 

a) Source 

Originally the pumice stone was sourced from a place called Wonji Melka Ida, a town in vicinity 

of Adama, 107 Km away from the capital Addis Ababa. The pumice was naturally found in a 

fractured aggregate form. A total of 300 kg was purchased for this research. 
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