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ABSTRACT

Perviouscement concretpavemenis an innovative pavement systewhich have the ability to

drain water and absorb traffic noise generated bypgrement interaction. Its use in parking

lots, walkways and low traffic zone pavements has been promising in th&@lpashain feature

that differentiates perviousementconcretefrom any other mixes isits 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, theiveegféct on strength is
significant. Therefore strength and permeability are of special properties that need to be
balanced.

Whether conventional dense gradsmshcreteor pervious concrefehe structure of the aggregate
to cement matrix remains the same i.e. aggregatrelehedcementpaste(hcp) andinterfacial
transition zone(ITZ) are the main componentslZ is the weakest in the solid system of
pervious concrete and is a region wheck initiation and propagation occur with less energy.
Therefore a mechanism to increase the strengtHTdf i.e. which can be taken as the whole
concretesystemshall be devised.

Little research has been conducted that characterizes the performancenofeg pumic€GP)

on pervious concreteln this researchthe performance ofGP as OPC replacemens
investigated. Thecharacterizations arelone using compressive, splitting tensile strength,
permeability, hardened density and porosity te$tee expement is designed by preparing
control mix containing 100% OPC and the experimental that contain$%, 10% 15%, 20%,
25% and 30%sP. Tests are conductedthe age®f 3,7,28 and 56 days.

Based on the experimental investigatio®P has resultedan increase in compressive and
splitting tensile strengthp to 11% and 26%, respectivelyis also found thaiGP canpartially
replaceOPCup to 15%. The optimum replacement level both for strength and permeability is
found to be 5%. The ideal porgsthat reconcilesiydraulic conductivityand strength is found to

be 17%.The high water demand by addition GfP has also beemitigated by proposing

consistency driven water demand for pervious concrete mixes cont&Ring

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

Conductivity, ITZ , Pavement Pervious Concrete Pozzolanic Materials
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Effects of Pumicas a Partial Replacement on the Performance of Pervious Cement Concrete

CHAPTER ONE

1. INTRODUCTION
1.1 Background of the study

In recent years, the use oérpiouscement concretpavement has beeancreasing around the
globe. The high water percolation rate makes it environmentally friendly and able to decrease
flooding on urban streets. iBhunique property of draining water makes it different from the
conventional dense graded cement concreterpant This property is imparted because of the
high void content. The void content is in the range 683% of the total volumé&Boniceli, et.al

, 2016)

Researches made oergiouscement concrete pavement uses 5 up to 10 % of fine aggregate
from the toal coarse aggregate masxangelov, et.al2017) This is because of the need to not
affect the permedality of the pervious cement concreigix. Such great care restricts the use of
fine aggregates to enhance the mechanical stregth of the porous centate mixes. Previous
research are made with natural river sand as a fine aggregate or safjigementary
cementitious material§SCM). Some researchers extend the proportion to ,5@%ough the

effect of reduction ipermeability is obvious.

Hypotheically, concrete mix (whether it is the conventional one or pervious mix) can be
modeled as a whole mass contairtiegdened cement pagtep), aggregate particles (the coarse
and the fine one) and the interfacial transition zéwseconventioa concree behaves, pervious
concrete also is weak in theterfacial transition zonelTZ). The zone iscomposed ofthe
calciumhydroxide Ca(OH)and ettringite needles. It is due to this structures that the weakness

emanate# low to middle strength concretes.

There are different methods of increasing the mechanical properties of ITZ, for exdraple, t
influence of surface roughness in conjunction with SCM and latex has been investigated
Qudoos,et.al , (2018) The resulting mixes were subjected to testsmicro-hardness and
compressive strength. What has been founthag the micrehardness and the compressive

strength of the specimens made by the rough aggregates in the plain mix (with no SCM) has

MSc. Thesis, Abel Wube Pagel



Effects of Pumicas a Partial Replacement on the Performance of Pervious Cement Concrete

increased the compressive strength and the rhiardness fothe 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 researcheisaveshown thatthe use of pozzolanimaterials will enhance the properties of
concreteup to a limited percent of replacemeithose propertieare the fresh and hardened
properties. For exampléhe use of pozzolanic materials has proven toedese the workability

of fresh mix. This is bese of, as in groundg@imice, forexample, is the porous and rough
surfaces of the particles those demanding high amount of wWetertheir OPC counterparts
(Karatas, et.al 2017)

The hardenegbroperties including the compressive, the modulus of rapamddurability are

also affected sometimes positively and sometimes negativaynpressivestrength, for
example, has been observed to increaseemains equatompared to the control mixes
conventional dense concreféhis increase in strength hasen observed mostly after long term
curing. But in other special types of concrete, such as SCC and light weight caram&aing
pozzolans as light weight aggregatasslight decrease in strength was obseriiéolssain &
Anwar, 2004) Durability, resistance to sulfate attack and retention of weight is also positively
affectedfor all concrete types. Therefore use of pozzolanic materials makesotinerof the

choicesfor enhancing dierent properties of concrete.

Pozzolanianaterials, such agoundedpumice GP, mainly containssiliceouscompounds66 %

as in the Si@ content of the GP used in this researthis communds will enablethese
pozzolanic materials to form additionat$H and GA-H structures, those ineasingthe long

term drength.Their use in conventional and other special types of concrete has been extensively
studied. But limited research is availaliée their use in perviousementconcrete mixes. The
researcheof this thesis argument is that, sinite overall structure remains the same for all
concrte mixes i.eall concrete mixes whether camtiona] SCC and light weight concrete
contains threalistinct structures the aggregate, the hcp and the ITZ, we can greeinded

pumice for pervious concreimixes to enhance properties.

The methodology emloyed is that, first thaterials used in the mix desigme characterized

with their physical propertiesuch as gradation, absorption, density and chemical compostion.

MSc. Thesis, Abel Wube Page2



Effects of Pumicas a Partial Replacement on the Performance of Pervious Cement Concrete

Then mix was designed to contaiontrol mix with 100% OPGnd experimental mix containing
5%,10%,15%,20%,25% and 30%P. The tests conducted are compressive, splitting and
hydraulic conductivity. The hydraulic conductivity of the pervious mix is measured using
laboratory made falling heggermeability apparatus.

The application of GP in replacing the OR@sdone by grounding the pumice to fine level by
using LAA machine and sieving usindd pum sieve and using the passing material to replace
OPC. Then strength activity index of the mix wabecked and was comapred to applicable

standardsThe tests were conductattercuring 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 fexpermental 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 diffractiand major chemical components are analyzed. The

result is presented in Aer G.

The mainfindings of the research are the application of grounding mechanism of pumice stone
to fine level ofupto 3,533 cri/gm, the establishment afptimum replacement level of GBr
tensile, compressive and hydraulic conductivity requirements, the use of cementenogsist
driven water demand for norete mixing and the investigation of different relationships among

properties.

1.2 Statement of the problem

In the design of mixes fgervious cementancrete there exists a tradeb#tween strength and
permeability propertieAlireza J. ,et.al, 2015) When the fine aggregate content increases in
pervious cement concrete mixéshas been shown that, the permeability of the mixreses
significantly (Mohammegd et.al] 2016) ACI (2010) states the challenge 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, additioof fine aggregate less than & can increase the strength and

durability of pervious cement concrete mix@¢dohammedet.al,2016).

MSc. Thesis, Abel Wube Page3



Effects of Pumicas a Partial Replacement on the Performance of Pervious Cement Concrete

The addition of fine aggregates has also been shown to decrease the hydraulic conductivity of
pervious mixesTherefore the use of fine aggregates in pervious mixes has been resh@ted

for example, has onlfine aggregate replacement level pfto 20% in its mix design table.

Concrete on its hardened state can be modeledsgstem comprising threeomponentdl) the

hcp 2) aggregates in general and 3) the ITZ. From those components the weakest one that needs
improvement is believed to be th&Z (lliston & Domone, 2002)Several methods kia been
implementedo enhancehe properties othis zone. Use of rough aggregates, addition of geo
polymers and fibers, admixtures and use of S&€dpeciallymineral admixturesare someof
them.Their effectiveness depends on several parameters. Economy and strengghdseingnt

factors, recenthan environmental aspect halso been considered including £€nissions.

Pervious concrete is no exception. Having little or mediits strength is low compared to the
conventional concrete. Therefothis has to be mitigated. In this researttte replacement of
pozzolanic material, specifically GP, will be investigated to resolve the problem. Two

hypothesesvill emergeat this sage

1) Addition of Groun@dpumice will either have comparable effect or reduced effect i.e.
affects the properties of the mix negativety
2) Addition of Grouned Pumice will enhance the properties of pervious mixes i.e.

affects the pperties of the miypositively.

Additionally, this research will try to address the problem of alternative pavement system in the
city, Addis Ababafor low traffic zones The major pavement systems that are use@dsgiealt
concretepavement andonventionaldense gradedementconcrete 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 applicationpefvious cement concrete
pavementPCCB in mitigating the existing problem.

Using only OPCas a binding material hadso disadvantages. One of thé&renvironmental.
The consumption of energy during cement production subsequently the emission b&<O
increased thgreenhousgassesStudies havshown thatfor every tons of concrete produced a
ton of CQ will be emitted(Mathew, 2017)
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Therefore alternativeé the one that replacekinding materidcementshould be incorporated in
our mix designsPervious concretdeing environmentally friendly from theast, it will be more

ecofriendly if mineral admixtures such gsound pumice replace the OPC.
The research questions are:

1) What is the general effect gfounded pumicepowderin perviouscementconcrete when
usedaspartialreplacemenof Ordinary Portland Cement

2) What is the optimum range oéplacinggrounded pumiceto be used in perviousement
concreteo enhance strength

3) What is the effect ofpartially replacing OPC with grounded pumice in terms of
permeabiliy?

4) How much of a storm will beadrained per unit area ofpervious cement concrete

pavement? or what is the contribution of Gfn storm water reduction?

1.3 Research objectives
1.3.1 General Objectives

The main goal of this research is to characterize the performance and behap@&wiobis
cement concrete by the application gfounded pumice as partial replacement of OPC.
Introducing perviascementconcrete pavement for mitigation of storm water dliog 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 effegbf grounded pumice pwderin physical propdies of pervious
cementconcrete,

2. to examine the effect of grounded pumice in compressive and splitting tensile strength
pervious cement concretiee. to develop the optimum range i@placement ofroundced
pumice pwder inpervious cemertoncrete

3. to measure the hydraulic conductivity of perviaesmentconcrete containing grounded
pumice.
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4. to propose an alternative pavement materiadtorm water management and/or drainage

problem.

1.4 Scope and limitatiors

The researcltoversthe assessment of the perfmnce of pervious concrete mix. The main
interest of the study is to investigate the applicatiomroinced pumice pwderin pervious
cement concrete mixes. The performance of the pervious mix madegfoamded pumice
powderis quantified using tests sh as compressive strength tesilitting tensilestrength test

and permeability tests.

In this researchthe mitigationof weaknes®f the interfacial transition zones believedto be
enhanced by the reinforcement of additional strength imparted due to rough facegrotitite
pumice mwder particles and additional strength due to pozzolanic activit@-iSeH andC-A-H

formation

The limitation of this study emanates from the labmmaequipment, instrument and duration of
the study. For example, fatigue performance and durability tests are rarely aaildthlas not

been assessed

Additionally the limited number of researches made on perwiensentconcrete, such as its
characteization, made the study to be restricted to assessing the effgcowided pumice
powderin compressive, tensile and permeability charaaktise mix
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CHAPTER TWO
2. LITERATURE REVIEW

2.1 Concrete

In a simple and precise wqrdoncrete is an artificiadtone 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 tofget to form a monolithic whole.

Concrete properties that are important are the fresh piegpernd the hardened concrete
properties. According tdllston & Domone (2002)those properties are complicated due to the
following factors:

1 the addition of materials for property modificatipns

1 the need to transport concrete from material of produttidhe area of pouring

{1 the extended period of chemical reactionstaength development, for example,
the 5060% of the ultimate strength develops within 7 days ar@8®6 within 28
days,

1 durability of corcrete and reinforcement, if any.

Accordingly,the behavior of concrete depends on the individual ingredients and the components
thatthey eventually create in the reaction procésshe followingsections a brieinvestigation
into the component oforicrete 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. Thedrigsierest in concrete technology

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

ITZ is 3050 microns zone where cracks initiate. Why? The answer lies on the main feature of

the zone. The two man featuresradicated orlllston & Domone 2002)are:
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1) ltis 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 Figure2-1 (a) the interfacial zone is showepresented as composediwoé calciumhydroxide
(Ca(OH)) and ettringite needle# is due to this structures that the weakness emariabesto

the stated reasonthe zone has more pores than the (idgville, 2011) The pores are created
due to the so called the oOwall ef fec®&d of
formation. This property is indicated &igure 21 (b).
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Figure 2-1: InterfacialTransitionZone(a) and Porosity on ITZ (lf)(Neville, 2011)

2.2.1 Strength enhancement methods of the ITZ

As discussed aboyéhe strength of concrete means the strength of ITZ. Several shalies
been conducted in order to emtte the property of this zone. For exampMalikova & Klusak
(2018) haveconductedh studyin order to model the cracking behavior of the |Ténce ant

concrete by means &ihite element method.
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What has been found from their studies is,timbrder themaximum critical load to be resisted

the ITZ layer shall be thin, compliant and the aggregate sizes shall be of largeFigaes 22

shows that the larger the size of the aggregates and the smaller the thickness of the ITZ the more
the loadcan be resisted.

12000
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rAGG=2mm,t=50um

10000 rAGG=2mm. 1= 100 um
rAGG=4dmm,T= 10um
B -tAGG=4mm.t =50 wun

8000 =8 =rAGG =4 mm, 1= 100 um

e AGG =6 mm. { = |0 um
Z. 6000 <A TAGG=6mm.t=50um

—d =rAGG=0mm. 1= |00 um

ke,

4000

2000

Figure 2-2: Fracture resistance of concreteg;(ks the maximum loadAGG is the radius of the
aggregateEyrx and Erz are the modulus of theement 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 strengfhhe influence of surface roughness in conjunction with SCM

and latex ha been investigatday Qudoos.et.al (2018) Five different aggregatesith different
roughness values, Ra, habeen used t@repare mixes with the same cement, water and
aggregate contents but with different SCM includitegn, metakaolin, flyash, siica-flume, slag

and latexFigure 23 (a) depicts the roughness values of the aggregates

The resulting mixes were subjected to tests to remaness and compressive strength tests.
What has been found is, the midrardness and the compressive strenftihe specimens made

by the rough aggregates in the plain mix (with no SCM) has increased the compressive strength
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and the micrehardness of the mixéBigure 23 (b)). The reason being, the enhanced mechanical

strength of the aggregate and cement interface, ITZ.

Additionally, the research has also revedleat, the use of the SCM has significantly increased
the micrehardness and the compresssiegength;in fact the &ect is morepronouncedhan the

plane mix alone.

.&'\"b Roughness (Ra) Values
14

-

&
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>
-
-

Compressive strength (MPa)

[
>
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(a) (b)
Figure 2-3: Roughness values, Ra, of the aggregat@g Compressive strength resultgb)
(Qudoos,et.al, 2018)
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Figure 2-4: Microhardness values (the horizontal axis is the distance from the aggregate
surface, pm)(Qudoos,et.al, 2018)
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As can be seen frofigure 24, the micrehardness 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 thewfich istranslated to the increase

in the strength of concrete, addimgtural pozzolanic materials is believed to increase the
strength and durability of concret&aratas,et.al (2017) have investigated the mechanical
properties and durability of setbmpacting mortars produced from groeddgpumice powder
(GPP)as mineral additiveand 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
Si0, and Al,Os those forming additional calcium silicate hydrg@-S-H) and calcium
aluminate hgrate(C-A-H) by reacting with calcium hydroxide during cement hydration to form

a denser matrix that provides high strength and better durability.

In conventionalconcrete the influence of grounded pum{&P) hasalso been investigated.

Ozcan & Mehmet (2018) have studied the influence of GP addition on compressive strength
and air content of air entrained and ran entrained concrete. They reported that all GP
containing norair 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 comgessive strength of GP has been investigated recéitigya, et.al(2019)
have studied the effectsf GP on Moduli of rupture and found out that at 20% replacement level

over 7 and 28 days showed dramatic incréasiee moduli of rupturéFigure 25).

The reason as explained by the authors is due to high amouniSéd @nd CA-H in the
microstructure resulting from good progression of pozzolanic reactions favored by low amount
of Fe0s. They also indicated that at 20% replacement level the microseuwn 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 concretdli, et.al(2019)have investigated the performance of concrete containing

CBA exposed d 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 wétggure 2. 6)
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Figure 2-5: Influence of Pumice orRupture Behavior of Concrete (Mboya, et.al, 2019)
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Figure 2-6: Compressive strength of specimens in normal and sea watgli, etal, 2019)
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2.3 Pervious CementConcrete Pavement

Pervious cement concrete, sometimes referred to as-fines, gapgraded, permeable, or
enhanced porosity concrete, is an innovative approach to controlling, managing, and treating
storm water runoff(Pervious Concrete, 2012¥he term Pervious Concrete will be used

throughout this paper.

Pervious concrets an open graded structure with interconnected voids through which rain and
storm water is permitted to percolate irthkee 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

stormwater, reducing ground water pollutiMaguesvari & Narasimha, 2013)

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

2004) Due to urbanizatigrflooding is becoming a prolenkor examplejn China262 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

developedFigure 27).

Green Roof

Rai t Bioretention
ety

Transparent

A ASponge cityo r esfubanuundéergroursd watdar systemvopesmteslikeia
sponge to absorb, store, leak and purify rainwater, and release it for reuse when necessary.

Figure 2-7: Application of Pervious Concreteon Smart Cities (Xiaogeng,et.al, 2018)
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The advantages and disadvantageses¥ipusconcrete pavemerare summarized inPervious
Concrete, 2012)s follows(Table2-1):-

Table 2-1: Advantages aml Disadvantages of Porous Concrete

Benefits/Advantages Limitations/disadvantages

{ Effective management of storm wal Limited use in heavy vehicle traffi
runoff, which may reduce the need 1 areas.
curbs and the number and sizes
storm sewers.
Reducedtontamination in waterways. Specialized construction practices.
Recharging of groundwater supplies. Extended curing time.
More efficient land use by eliminatin Sensitivity to water content and contt
need for retention ponds and swales. in freshconcrete.

1 Reduced heat island effect (due Lack of standardized test methods
evaporative cooling effect of water ai
convective airflow).

1 Elimination of surface ponding ¢ Special attention and care in design
water and hydroplaning potential. somesoil types such as expansive sc

and frostsusceptible ones

! Reduced noise emissions caused Special attention possibly required wi

tirel pavementnteraction. high groundwater.

1 Earned LEExredits.

2.3.1 Pavement Structure

In perviouscementconcretegpavement system, a 15800 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
rapi d i nyl dthreughithe pavemént system oather than allowing it to pond omrun o

the surface(Figure 28 and Figure D). PC6bs prominent characteris
hardened air void, typically ranging between 15 and 25 percent of the total vighamgelov,

et.al, 2017)
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run-off water

L Polluted and backed uph hh L h L

Impervious Concrete Pervious Concrete

Figure 2-8: Advantages of pervious coorete over impervious concrete( Zhong et al. ,
2015)

Pervious
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Figure 2-9: Typical cross section of a pervious concrete pavemefitiassiri, 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 parsraatibhe method of

compaction(ACI, 2010)

PC mixture design is based on limiting the coarse aggregate grade tessiegdl®r grade 9i5
19 mm, and either completely removing or wusin

strength.
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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(Rangelovet.al, 2017).

The main use of grvious pavement is storm water manageme(ftervious Pavement Design
Guide, 2013) The other major uses are for sidewalks, reduced icing and therefore pedestrian
slipping, and for parking lots/bike trails and lighté&a streets, reduced #soplaning and wet

weather accidentdNassiri,et.al 2017)

2.3.2 Supplementary cementitious materials irpervious concrete mixes

The SCMs, interchangeably called the mineral admixtures, are siliceous and aluminous materials
which by themselvepossestittle or no cementitious value but will in finely divided form and in

the presence afhoisturechemically react with calcium hydroxids ordinary émperature to

form compounds possessiogmeittitious propertiefASTM, 1998)

According to ASTMC-618there 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 tabulatdd 2
2.

Table 2-2: Chemical requirements of SCMs

Mineral Admixture Class

N F C
Silicon dioxide (SiO,) plus aluminum oxidgAl,Os3) Plus iron 70.0 70.0 50.0
oxide (FeOgz), min, %
Sulfur trioxide (SQ), max, % 4.0 5.0 5.0
Moisture content, max , % 3.0 3.0 3.0
Loss onignition, max , % 10.0  6.0° 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 laboratesyresults 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 perviogementconcrete shall have greater permeability than the

surrounding soillt should not easily clogMaurizio & Calogero , 2018)

The permeability of the pervious mix lsrgely affected by the porosity of the mix. The higher
theinterconnectegborosity the higher will be the permeability. The porosity of the pervious mix

is obtained using thillowing relation(lbrahim,et.al, 2014)

0 zZp 1)

Where:
P =the total porosity of the pervious concrete (%),
W, = the pervious concrete sample glat airdried for 24 h (k),
W, =the pervious concrete sample submerged underwater weight (kg),
V. =the pervious concrete sample volume (fhrand

pw = density of water (kg/mm)
2.3.4 Compaction

Compaction of pervious corete determines the percentage of voids, density and strength. There
are different suggestions made to compact pervious concrete lpyixassidering strength and
porosity. Ammar & K. (2016) has used vibrator to compact pervious mixes. Bebaling to
Meininger (1988) ASTM C-31 rodding compactioby 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 accordingDioanld (1992, is a volcanic rock
composed obubbles 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 desctipe 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 eartAsrat, 2006)This makes pumice deposits peto weathering effects
and most of the pumice deposits are geologically young. FRyi@depicts the formation of

pyroclasts including pumice at the surface of the earth.

The formation and preservation of pumice requires a balance between intermaksmse,
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 amkgating a volcanic ash of fine glass shards

rather than vesicular pumi¢@/enk,et.al,2004)

Pyroclasts Volcanic ash Pumice

Felsic
Rhyolite

" Extrusive rocks

Intrusive rocks

, Porph

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

In Ethiopia the locabn of pumice deposits is concentrated in central and eastern parts of the
country. The location of map of pumice is annexedAimex F. Taye (2007) describes the
pumice deposits arounfidamaas, 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. Fgliteshowsthe

pumice deposits at Melkada where the pumice obtained from.
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Figure 2-11: Pumice depositsat Melka lda

2.5 Mix design

2.5.1 Trial and error methods

Basically, the mix design of pervious concrete is made with diffexpptoaches. Most of the
available methods use a trial batch method to reach a sgkepioperty of the end produé&tor
example,Mohammed,et.al (2016) recommendgo use a trial batches to arrive a specified
properties i.e. strength and permeabiliithe method, however is, very tedious and is not

replicable.

2.5.2 Optimization Techniques

The other approach in designimgixes is using optimization techniques. The optimization
technique focuses on the finding of the minimum number of trials to achieve siredde
properties. One of the methods is application offtaguchi method fominimization 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 methduhs reduag the numbeof trials from 21 trial batches

to 9.

Another method based on optimization technique is use kfess paste thearyfFigure 212).

In this method mixes are designed using the principle that aggregates are coated using the
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cement paste to ensure better performaBtengthsuitable for most uses is found using this
method(Dang ,et.al, 2014.

Excess paste
Apgpregates P

Compact paste

[Adding paste >

Thickness
of excess

paste

Figure 2-12: Principle of excess paste theor{fDang ,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 methodss the b/l method.Accordingly, the dry rodded volume of coaraggregate

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

Where:-
b/, = dry-rodded volume of coarse aggregate in a unit volume of concrete
b = solid volume of coarse aggregate in a unit volume of concrete

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

Sinceit is one of the objectivef this research to examine the performance of pervious mix
containingfine aggregatethis method is used in the design of mixiesthis method, the dry

rodded volume of coarse aggregate in a unit volume of concrete determines the amount of coarse
aggreate used, subsequently tlestrof the mixture ingredients.

According toACI (2010) the following eight steps are used in order to design a pervious cement
concrete mixusing b/l method
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Determine the aggregate weight
Adjust to SSD Weight
Determine thgpaste volume
Determine cementitious content
Determine water content
Determine solid volume

Check void content

© N o g A~ w D PRE

Iterative trial batching
The effective b/pvalues given are shown Trable2-3.

Table 2-3: Effective b/b, values

b/b,
Percent fine ~ ASTM C33/C33M ASTM C33/C33M
aggregate Size No.8 Size No0.67
0 0.99 0.99
10 0.93 0.93
20 0.85 0.86

The paste volume is determined using the relationship giveigume2-13.
The rest of the mix constituents doeind using the following relationships:
Paste volume, = Cement volume + Water Volume

V, = ¢/ (3.15*1000 kg/r) + w/1000 kg/m (2)
Form the general principle that w = @/c andsubstitutng into the above relationship:

V= d(3.15*1000 kg/m) + ((w/b)*c)/1000kg/n? (3)
Then solving for cement content,

¢ = [V/(0.315+ wh)] * 1000kg/n? (4)
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Figure 2-13: Relationship between void content and paste volun{&Cl, 2010)
Where:
C =the cementontent in kg
w = the water content in kg
w/b = water tobinder
V, = volume of pastem’®

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 shordduoed 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 fotlffiglompacted pervious concref@Cl,

2010)
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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 pprasin the range ofid mm/s.
Contrary to regular concrete, pervious concrete prevents water from pooling on horizontal
surfaces and, if properlgesigned, positively affects the surrounding soil and grouater

quality (lvanka ,et.al, 2018)

In order to measure the permeability of concrete pavement two prominent methods are available:
the Constant head permeabilignd Falling head permeabilittests.Sandoval et al.(2017) by

use of laboratory analysis found out that, the use of constant head permeability is more
representative thaRalling head permeability tedBut ACI (2010)recommends the falling head

test based on gvious researchasade(Figure 214).

The coefficient of water per me aédwmabkshowninthe | | be
following equation(Zaetangegt.al, 2013)

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

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

Q =the quantity of water collected (Ejrover time t (s),
L = the length of specimen (cm),

H =the water head (cm), and

A = the cross sectionafea of the specimen (én
2.6.1.2 Compressivand split tensilestrength tests

The compressive strength of porous concrete is measured with the same anetleogiipment
as that of conventional dense concr@liggure 215). The strength of hardengervious cerant
concrete is created by the bonding between the cementations paste and aggregate.
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Figure 2-14: Schematic ofvariable head permeability testin (ACI, 2010)

There are manyactors 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 strengthmaeabpity

is the key facto(Mohammed get.al, 2016)

(b)

(a)
Figure 2-15: Schematic of Compressive strength tega), 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.

Thetensilestrength of porous concretayement is performed usingdirect method of testing

called splitting tensile strengtiest in laboratoryFigure 216). The splitting tensilestrength of

porous concrete is performed using 18éh * 300 mm sized concrete cylindrical specimens
(Maguesvari& Narasimha 2013) The splitting tensile strength of the specimen is computed
using the following equation:

= (6)
Where:-

T = The splitting tensile strength (MPa)

P = Applied load (KN)

L = Length (m)

D = Diameter (m

() (b)

Figure 2-16: Schematic ofsplitting tensile strengthtest(a) Parameter Indicator of the UTM
(Photograph courtesyof 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, acceleratedtrons 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, ainatemits the so called-days (Klein &
Philpotts, 2017)

Accordi ng t @edé&scokd@Bauiel, 201 Aaw depicted on equatidi there are two
requirements that shall be fulfilled as stated below.

1) The lattice planes (hkl) must be in a reflection orientattetween the incident and
diffracted Xray waves,
2) Diffraction occurs at a specific angle that is determined by thpading of the lattice

planes
2dsin—=n_ (7)
Where:-
d = interplanar spacing
—= angle of incidence/ Braggbs angl e
n = order of reflection
_ = wave length of the Xay source

According toScriveneret.al, (2016)there are two analysis methods for XRD when cement and
cemenitious materials is consideredhet qualitative ath quantitative analysis methodshe
guantitative analysis method is in turn divided into the external and internal standard methods
(R. Snelling, 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 zesithe error
between the measured and the calculated parameters using the least square (&uproaodr,

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 tsetPartial 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 precisi8n@Gavié s was f-3dund t
wt% (R. Snellingset.al , 2014)

2.8 Summary of Literature Review

The hardened structure of pervious cement concrete is the same aghkeadtatienedtructure

of conventional dense graded cement concrete. ITZahdmggregate 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 rocalcite compounds leading to a 3050 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 enhante performance of the ITZ, hence concrd®ezzolanic
materials such as grounded pumice have large amount of major oxides which enables them to
react with the unreacted portlandite to form addition&-B and GA-H in the microstructure of

hardened concte 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 CO

emissions as theirpduction in concrete consumes less energy than the conventional unblended
ordinary Portland cement. It has been reported thatvery ton of cement produced a ton of

CQO, is released into the atmosphere.

Accordingly, it is the researcher of this thediglief that investigation of the properties of
perviouscementconcrete 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 apiglation 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 macrocharacterization methods are also availal@&ength test methods such as
compressivetsength and splitting tesile strength can characterittee mechanical properties of
pervious concrete and the physical properties of pervious concrete can be characterized by
hardened density and porosity test$ydraulic conductivity test, typically ofafling head
permeability apparatus can measure the permeability of pervious coticretalsolearntthat

the apparatus can be made in laboratdhe micrecharacterization of hydration products of
pervious concrete can be studied using XRD. By comytRD, the main chemical products

of perviouscementoncrete can also be studied.

Mix design of perviougementconcrete can be done using several methods such as ACI. Trial
mix design to reach a specified mix property is needed. Considerations inctiompaand

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 gt tthatithey
cannot be easily adjusted further. The major milestones of the thesis are detditiecture

review, experimental task and data analysis and interpreta#dtr@sults

The two ends of the procedure are more of desk works while the expeiirteesk involves
laboratory work where samples collected from local quarry soaressibjected for quality tests

and their conformance with the minimum standard specifications is checked. After doing so, mix
is designed according to ACI method of mixsi@m. Those specimenare subjected to

compressive, permeability, hardened density and porasity/splitting tensile strength tests.

Concerning the preparation of growagpumice as cement replacement, first the punsicyen
dried. After all the moistte has been dried, i$ subjectedn LAA machine ands reduced to
powder. After doing so the powdersieved with 75um sieve. The material passing the specified

sieveis used as a partial replacement of OPC.

Subsequently the use of pumice as SiSMxanined by conducting both chemical and physical
analysis to meet the ASTM requirements. The physical requirement includes checking the
strength activity index to conform thmozzolanic behavior of pumic&he schematic showing

the proposed procedure is shomrrigure 31.

3.2 Data Sources and Analysis

3.2.1 Sources of data

3.2.1.1 Primary and Secondary

Most of the researclvasdone using primary data generated form laboratory test as stated on the
methodology.Secondary data necessary focating the sources of groundedmice 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. Ithe primary data, the physical properties of aggregates, ground pumice and
cements recorded before conducting laboratory tests. Maxethen prepared and designated

by their percentage of GP used. Then their propeaatiecorded at the time ofdts.

3.2.1.3 Analysis
The recorded datés analyzed using table and graphs. Additionaligiationships between

variablesaregenerated indicating the performance of GP in pervious concrete.

The effect of ingredient variatiaos established, for example, amountggbunded pumicesed.
The effect of varying GP conteistalsoestablished. The followingorrelationsareanalyzed:

Amount of GP content versus fresh and hardened properties
Optimum amount of GP replacemaenith respect tstrength and permeability

1
1
1 Compressive strength attained versus density and pqrosity
1 Amount of runoff reduced versus strength attained

Those characteristi@geplotted by using statisticabftwaresuch as Excel.
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3.3 Experimental design

Two sets of experimental groape cosideredthe 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 ricensamtd
of 10% by mass fronthe coarseggregateThis is designated as0%_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 fopressive and splitting tensile

strengthtests are prepared ftire ages 08, 7, 28 and 56 days.

The total number of samples for compressive and splitting tensile strength tests is 12 cube
specimens and 12 cytinical specimens respectivellyor hydraulic conductivity and hardened

density and porositieststhe number of samples prepared is 6.

3.3.2 Experimental Group

The experimentajroups arespecimens containingjfferent proportion of grounded pumice. The
proposed percentages ab@o, 10% 13%, 20%, 25% and 3@6. Accordingly, based on the

amount ofGP replacemerthe samples are designated as:

10%_ FA 5% GP [Mix with 10% FA and with 5% grounded pumice replaced]
10%_ FA _10% GRPMix 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% GRPMix 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% GPMix with 10% FA and with 30% groundgalimice replaced]

= =4 4 A -4 -2

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 (G&ygregates)
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 crushsaltic rock. A total o3 m* 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 insthef the prvious cement
concrete in a sense th#te required percentage of voids can be achieved since the voids in the

aggregate alone enoughto achieve the desired porositytbé 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 provideughovoids that will

make the pervious cement concrete capable of draiiiiggire 32 shows the particle size

distribution curve of theoarseaggregateised

c) Bulk density and voids in the aggregates

The bulk density of coarse aggregate ysesdmeasuredsingrodding, was found to be 1,505
kg/m®, which is typical for a use in most of concrete mixes. The total voids in the aggregates

using the same mettavere found to be 4%. Both are used in the mix design as parameters.

d) Specific Gravity and absorption

The averagebulk specific gravity, bulk specific gravity in SSD basis and the apparent specific
gravity of the aggregate used in this research was found ta16e22® and 2.@ respectively.

The bulk specific gravity is used in the mix design.

MSc. Thesis, Abel Wube Page32



Effects of Pumicas a Partial Replacement on the Performance of Pervious Cement Concrete

120.0
100.0
//
> 800
3 60.0 /
o 400 /
S ' /
20.0 —
0.0 =
0.075 4.75 10 19 25

Sieve size (mm)

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) Sowndness and LAA

For samples subjected to cycles of sodium sulfate soluliersoundness was measure to be 3%.
Hence it can be said thdahe material can be classified as a sound material. By the particle size
distribution analysis it was found that thggregate falls into class A in the LAA test class.

Accordingly the LAA value was found to be 20%, indicating the matergbiasion 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 isnaturalriver sand. The total amount of sand used purchased®is 1m

b) Gradation

Based on the sieve analysis conducted the sand has been observed tacamtiramount of
materials coarser than 4.75 mm. Siraree ofthe aim of this research i® find a balance
between the strength and permeability of pervious concrete mixes, the materials coarser than
4.75 mm sieve has been discarded. FigiBeshows thegradation analysis of the natural river

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

Circuitously, clay content of théine aggregatewvas calcudted 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 univeights of the fine aggregate wefimind to be 1.52 gm/cfrand 1.38
gm/cnt. It is obvious that this value will have effect on the overall densith@fervious 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.3%& 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 pumicet®ne was sourced from a place called Wonji Méta, a town in vicinity
of Adamag 107 Km away from the capital Addis Ababa. The pumice was naturally found in a

fractured ggregate form. A total of 300gkwas purchasefr this research.
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