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ABSTRACT

Properties of random porous material such as paswioncrete are strongly
dependant on its pore structure features. Thesarek deals with the development of an
understanding of the relationship between the nadt&ructure and the mechanical and

functional properties of pervious concretes.

The fracture response of pervious concrete spaameportioned for different
porosities, as a function of the pore structuréuies and fiber volume fraction, is
studied. Stereological and morphological methodsuaed to extract the relevant pore
structure features of pervious concretes from planages. A two-parameter fracture
model is used to obtain the fracture toughness) @d critical crack tip opening
displacement (CTOP from load-crack mouth opening displacement (CM@B{a of
notched beams under three-point bending. The axrpeatal results show thaikis
primarily dependent on the porosity of perviousaretes. For a similar porosity, an
increase in pore size results in a reduction i Kt similar pore sizes, the effect of
fibers on the post-peak response is more prominanixtures with a higher porosity, as
shown by the residual load capacity, stress-cratdnsion relationships, andk@urves.
These effects are explained using the mean fre@rgpaf pores and pore-to-pore
tortuosity in these systems. A sensitivity analysismployed to quantify the influence of
material design parameters o K

This research has also focused on studying th@aekhip between permeability

and tortuosity as it pertains to porosity and mize of pervious concretes. Various



ideal geometric shapes were also constructed #thvarying pore sizes and porosities.
The pervious concretes also had differing poressiwel porosities. The permeabilities
were determined using three different methods; &aolver, Lattice Boltzmann method
and the Katz-Thompson equation. These values therecompared to the tortuosity
values determined using a Matlab code that useseagqonnectivity algorithm. The
tortuosity was also determined from the inversthefconductivity determined from a
numerical analysis that was necessary for usingdie-Thompson equation. These
tortuosity values were then compared to the perititiada  The pervious concretes and
ideal geometric shapes showed consistent simédaritetween their tortuosities and

permeabilities.
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1 CHAPTER 1. INTRODUCTION

1.1 Genera

Pervious concrete (also known as enhanced porasitgrete) is proportioned
using gap-grading the coarse aggregates and etimgrsand so as to create a high level
of porosity (20-30%) and a network of large operepd2-6 mm) in the material. The
environmental benefits of pervious concretes haenlwell recognized with respect to
stormwater run-off reduction and recharging grouaigw(Tennis, Leming, & Akers,
2004)(“Report on Pervious Concrete (ACI 522R —"120,10)(Omkar Deo & Neithalath,
2010), and tire-pavement interaction noise reduadtiarolf et al., 2004)(Olek et al.,
2003)(Neithalath, Marolf, Weiss, & Olek, 2005) whesed as surface courses in parking
lots and pavements. These benefits have resulteerimous concretes being increasingly
used for load-bearing structures including pavesiant overlays that require higher
mechanical and durability properties. Unlike cortiemal concretes which are generally
designed for the lowest possible porosity, perviouscretes are designed for a non-
minimal porosity, and a high degree of interconeéoess in the pore structure so as to
facilitate its functional demands. This, in turetrimentally affects the mechanical and
durability properties of the material. A few stusligave reported methods to improve the
compressive strength (Huang, Wu, Shu, & Burde@@0Agar-Ozbek, Weerheijm,
Schlangen, & van Breugel, 2013)(Yang & Jiang, 20018) freeze-thaw durability

(Kevern, Schaefer, Wang, & Suleiman, 2008) of pmrgiconcretes.



The major determinant of all the properties ofvpmrs concretes is its pore
structure, which generally has been considereddode the total pore volume fraction
or the porosity, the characteristic pore sizes,thrdlegree of connectivity or tortuosity
in the pore system. These pore structure feateesral on the material design
parameters (water-to-cement ratio, aggregate gaste content, and degree of
compaction). Traditionally, pervious concretes hbgen designed based on a trial-and-
error approach, but a sophisticated particle-parkiased approach that relies on the
virtual packing densities and volume fractionsha mixture components and the actual
packing density of the mixture has been recentixetiged (Milani S. Sumanasooriya,
Deo, & Neithalath, 2012)(Omkar Deo & Neithalath,12]. Extensive characterization of
the pore structure in pervious concretes as aifumof their material design parameters
have been published (Armatas, Salmas, Louloudiréutdopoulos, & Pomonis,
2003)(M. S Sumanasooriya & Neithalath, 2011)(M. Soasooriya & Neithalath, 2009),
and the influence of pore structure on the mecladut@mkar Deo & Neithalath,
2010)(Omkar Deo & Neithalath, 2011)(Milani S. Surasmoriya, Deo, & Neithalath,
2009) and transport (Haselbach, Valavala, & Mor2886)(Neithalath, Bentz, &
Sumanasooriya, 2010)(Neithalath, Weiss, & Olek,6)@operties of pervious concretes
have been brought out through experimental meaths@mputer simulations of
reconstructed three-dimensional structures (M. Ss@oriya, Bentz, & Neithalath,
2010)(Bentz, 2008).

This research investigates the influence of thre gtructure of pervious concretes
and the incorporation of fibers on its fracture dabr. This is important because, as

2



explained earlier, pervious concretes are incrgasiveing subjected to load-carrying
applications. In a random heterogeneous two-phaderial like pervious concrete with a
dominant pore phase, it is expected that the pganetare (including the total pore
volume, characteristic sizes, representative poaeiag in three dimensions, and pore-to-
pore tortuosity) and its interaction with fibersluences the crack propagation resistance
of the material. In this study, the fracture regmaof notched beams in three-point
bending is characterized using an effective elastick approach (the two-parameter
fracture model). The pore structure features ofipes concretes proportioned for
different desired porosities are extracted usiegestiogical and morphological principles
(M. Sumanasooriya & Neithalath, 2009)(Coster & @hant, 2001) either from planar
images or three-dimensional structures reconstauoben planar images. The combined
influence of pore structure features and fiber wdon the fracture behavior of pervious
concretes is examined so as to facilitate ratidealgn of the material structure for
desired performance features. A statistical modeildined with a Monte-Carlo based
feature sensitivity prediction method is reportidet helps ascertain the relative
sensitivity of pore structure features and fibemteat on fracture toughness. A fracture
energy release rate {ased on non linear fracture mechanics modelguasi-brittle
materials, and is classified as a fictitious crapkgroach, was determined for various
types of pervious concrete and with varying amairitoers (Shah, Swartz, & Ouyang,

1995)(Wittmann, 2002)(Hillerborg, Modeer, & Petenss1976).



1.2 Objectives of the Study

The major objectives of this study are listed below

1. To understand a relationship between the paditity and tortuosity of

pervious concretes and how they comparedal igeometric shapes.

2. To explore and model and the influence ofrBlend pore structure features on

the fracture behavior of pervious concretes.

3. To explore and model and the influence ofrBlend pore structure features on

the energy release rate of pervious concrete.



2 CHAPTER 2: LITERATURE REVIEW OF 2D PORE
CHARACTERTIZATION, 3D RECONSTRUCTION AND MODELING OF
PERMEABILITY, ELASTICITY, AND FRACTURE MECHANICS OF

ENHANCED POROSITY CONCRETE

21 Genera

The use of pervious concretes is being recognizethny parts of the world due
to the many benefits in regards to sustainabilitgred by this material. Some of the
more important applications are the reduction ofratwater runoff and recharging of
groundwater when used as a paving material foripgubts, low volume pavements, and
sidewalks (Neithalath, Sumanasooriya, & Deo, 200any of the performance
characteristics of pervious concretes are stillfalby understand despite its growing use.
Among them is pore characteristics and their infieeon the mechanical behavior which
is the main focus of this research. A literate@ew based on past studies of pore
characterization, permeability, elasticity, andcfteie mechanics of enhanced porosity

concrete is presented in this chapter.

2.2 2D PoreCharacterization

This section explains the theory and methods faraitterizing the pores in

enhanced porosity concrete (EPC) using 2 dimenkiorages and pictures.

2.21 Image Processing



Image processing is important for studying imagesoacrete so that the features
of interest can be captured and analyzed. Therseaeral software packages available
to transform grayscale pictures into binary imaghgh enhances the contrast between
the features of interest such as pores and cra@ke. such software is Fiji which is freely

downloadable fronittp://sourceforge.net/projects/fiji-b{Soroushian & Elzafraney,

2005)

2.2.2 Stereological Methods

Image analysis is broadly defined as extractionsefful data from a digital
image. It can be used to quantify different comqutsuof concrete as well as characterize
the pore structure. (Mouret, Ringot, & Bascoul)20 Stereology can defined as a
body of mathematical methods which relate 3d patara¢hat define the structure to 2d
measurements obtained from digital image represensaof perpendicular cross
sections of the specimen of interest. It is an asddl statistical method used to
characterize the relative number, length, surfaea,aand volume of features in a
microstructure without assumptions concerning shape, orientation, or location of the
features. In practice, it is a technique that aflalae accurate estimation of three-
dimensional structural parameters and their stahdaviations from two-dimensional

projections. (Liddel, Summers, & Gokhale, 2003)

2.2.3 Poresize characterization from area histogram
The most common method to characterize poresuséan area histogram to

extract information on the pore size distributioonf image analysis of planar sections.



Each pore is considered an individual feature &ndrea is found by counting the
number of pixels contained within it. Its equivatieliameter is found by relating this
area to the formula A=pi*#4. This method can cause erroneous results Wieza are
highly connected pores. An effective pore sizg)(d defined as the pore size
corresponding to 50% of the cumulative frequensyritiution. (M. Sumanasooriya &

Neithalath, 2009)

2.2.4 Lineal Analysis
A lineal analysis consists of taking a two phaggae of a 2d images and having

one region be represented by equally spaced Imeésh& other region be of a solid color.
The area fraction of the pores can be found byhtakie total length of the line segments
and dividing by the total length of lines if thegwered the entire graph. (Stjernberg,

1969)

2.25 Morphological methods

Morphological operations are based on mathemadtiealry and are techniques
for the analysis and processing of geometricattires and are most commonly applied
to digital images. It provides a quantitative dggon based on measuring the changes
in the binary image when it is subject to a patéictransformation. (Michielsen & De

Raedt, 2000)

2.2.6 Thresholding
Thresholding or segmentation is a form of imageessing that allows

distinction of pixels belonging to the feature oferest. Most grayscale images have



pixels that consist of values that range from 256. A thresholding value is chosen and
any value less than it becomes zero and valueagrdetn it becomes 255. This creates a
binary image that consists solely of black or wipiteels. (Soroushian & Elzafraney,

2005)

2.2.7 Two Point Correlation function

For a two-phase microstructure, a two point coti@hafunction is the probability
that a straight line of length | and angle thetaarsdomly placed on a 2d binary image of
a microstructure and that both of its ends areainad in the particular phase of interest.
Theta is the angle of the line between the x-akith@Xxy coordinate system or the angle
in a polar coordinate system. (Gokhale, Tewari, &r@estani, 2005) It can be

mathematically stated as :

o) = =305, (1. 5) 2.1

2r+1  4r

For isotropic media, &) has a maximum value whéim,._,, S, (r) which is
equal to the pore area fraction. Whe»s Sy(r) approaches a horizontal asymptotic
value. (HU, 2004) The behavior of region betweehand the asymptotic value
corresponds to the state of dispersion of the pbase. Perfectly random structures
without any clustering effects will give a smootllgcreasing curve. The intersection of
the slope of Sat (r)=0 and the horizontal asymptote give a attarsstic value of the
pore structure {bc). This value can be used to define the average giameter ¢¢ by

use of the formula:

_ _lrrc
TPC ™ (1-¢4) 2.2



(M. Sumanasooriya et al., 2010)

2.2.8 Granulometry

A granulometric analysis by a morphological operigig general method that can
be used independently of the nature of the imagelses an approach to compute a size
distribution of grains, phases, or pores in a hjimarage. A structuring element is used
such as the diameter for a circular pore and taesesed for opening the pixels of the
region of interest (pore area) that are containigdinvthe size of the structuring element.
(Coster & Chermant, 2001) The pore area fractiver @n opening operation can be
plotted against the size of the structuring elemé&né normalized size distribution

function is defined as:

— 1B
N(k) =1-2"0 2.3
where R(k) is the sum of all the pixels in the image opendth kth structuring element,
and KO) is the sum of all the pixels in the originalages. A granulometric density

function:

G(k) =N(k+ 1) — N(k) 2.4

is basically a first derivative of the normalizedesdistribution function. A local
maximum of this function correlates to the critipake size gi: for the corresponding

structuring element. (Koleva et al., 2008)

2.2.9 Specific Surface Area and Mean Free Spacing
Specific surface areg B an important parameter the can be used to clesize a

porous material. It is a measure of the totales@farea of the pores per unit volume of
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the material. It is necessary when using the KgZearmen equations for calculating
permeability. (Berryman & Blair, 1986) Lef e the surface area of the pores and V be

the total volume of the material. From the tworpta@orrelation function it has been

shown that:
. OSZ(r)__S_p__s_p
im0 =5 ===, =~ 2.5

The mean free spacing of pores can be obtained asstereological method or
by a morphological operation such as the two-pointelation method. The variation of
S,(r) between r=0 and the horizontal asymptote cacrilge the dispersion of the pore
phases. The faster the asymptotic value is reattgedoser the pores are together. For
stereological purposes, the perimeter length optire features per unit area of the image
(La) and the pore area fractiom are used to calculate the mean free spacing p&eame
L. This parameter is defined as the average valtigecgurface to surface distances
between all the neighboring pores. The mean fpaeisg parameter can be calculated as

(M. Sumanasooriya & Neithalath, 2009)

) = TazeRen 2.6

La

2.2.10 Pore Distribution density
The pore distribution density parameter contairtaitteabout the pore cluster size

which implies the connectivity of the pores. Th2 distribution density can be
calculated and then using stereological theorydibelensity parameter can be

calculated. The 2D parameté&bf) can be found by using:

2
_vN
Fop = di=1y 2.7
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Where | is the length of the ith skeleton segment and thesnumber of skeleton
segments on an image of area A. The 3D pararoatecalculated as follows: (Ye, Hu,

Van Breugel, & Stroeven, 2002)

32
F3D = ;FzD 28

2.3 Tortuosity and Pore Connectivity

This section is on tortuosity)(and pore connectivity and how it pertains to
porous media such as concrete. Tortuosity is agutppf a curve being tortuous
meaning it is twisted and having many terms. A own geometrical description of
tortuosity is the ratio of the length to the cutedhe distance between its ends. Interms
of porous media, tortuosity is taken as the ratithe average pore length to the length
of the porous medium along the major flow or diffusaxis. Tortuosity is defined then

as LJ/L and since generallyekL, 1 (Epstein, 1989a)

2.3.1 Measurement by diffusion coefficient

Due to the random drifting of particles in a flmidhich is called Brownian
motion, the average movement of molecules in terhtiseir mean-squre displacement is
linearly proportional to time in bulk fluids. Thmotion is related to a proportionality
constant which is called the bulk diffusion coaffit Dy. When fluid is confined in a
porous medium such as pervious concrete, diffusioestricted by the solid surfaces
bounding the pore space. The diffusion coefficismto longer a constant but rather a
function of time.

11



(r2(v)
6t

D(t) = 2.9

At short times D(t) is determined by the surfacedtume ratio of the pore space and at

long times it is determined by the toruosity orgoonnectivity. Tortuosity may be

defined as:
1 _ D 2.10
T D,

where D, is the steady state diffusion coefficient of flinda porous medium and,
the diffusion coefficient of the fluid in free flo(Latour, Kleinberg, Mitra, & Sotak,

1995).

2.3.2 Linking hydraulic conductivity and tortuosity

The hyrdraulic conductivity or permeability of arpas media is by the
arrangement and geometry of its pores and sofdsne statistical models for the
permeability and hydraulic conductivity of porougdlia are only based on the
distribution of pore sizes and only mimic the peainéty of a bundle of straight
capillary tubes. In reality it is much more comglwith twisted and crooked pores as
some of them dead end while others are connectetthé&r pores. This means there is a
need to scale the permeability from the capillakyet model to include increased path
length due to crookedness of the path (tortuosiBgre connectivity and tortuosity are

inversely related.

24  Permeability of PorousMedia
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Absolute permeability is defined as the measurth®fbility of a porous material
to transmit a single phase fluid. Itis an intreingroperty of a material, independent of

any external condition.

24.1 Kozenzy Carmen equation
The Kozeny-Carmen equation relates the permeabilitge porous media to the

average hydraulic radius of the pore space.

K = 2.11

The hydraulic radius is defined by the porosity &nd the average pore
perimeter (s). The equation also includes two chiag parameters ; tortuosity) @nd a

pore shape factorgfVervoort & Cattle, 2003).

24.2 KatzThompson equation

Katz and Thompson used percolation concepts tgaedan equation relating the
permeability of saturated random porous media twaestructural descriptors and
conductivities.
K=c (010) (L,)? 2.12
The bulk and porewater conductivities are denaed andopand anddis the crtical
pore diameter and c is a constant on the ordef2@61 The equation was first applied to
sandstone and sedimentary rock where the constérg of 1/226 was determined. (El-
Dieb & Hooton, 1994)(Tumidajski & Lin, 1998). Fpervious concretes specimens
using aggregate sizes ranging from 4.5 to 12.5 thengonstant of 1/(1.6*226) was

found using experimental methods (Neithalath, Swasaariya, et al., 2010).

13



24.3 Lattice Boltzmann

The Lattice-Boltzmann method is a numerical schémeis used in this study to
simulate the permeability of enhanced porosity cetec The following section explains
the theory and its applications to EPC.

The Lattice Boltzmann method is an innovative nuoa¢method based on the
kinetic theory to simulate various hydrodynamiclpeons. Unlike conventional
numerical schemes based on discretizations of re@gpic continuum equations, the
Lattice Boltzmann method is based on microscopidet®and kinetic equations. The
basic premise for using these simplified kinetipetynethods for macroscopic fluid flows
is that the overall macroscopic behavior of flfiav is the result of the collective
behavior of the many microscopic particles in thetam. Also, the macroscopic
dynamics of the fluid is not sensitive to the umglag physics of the microscopic
particles. Even though the LBM is based on aigdarinodel, its overall focus is the
averaged macroscopic behavior.

The kinetic equation model provides many of theaatihges of molecular
dynamics, clear physical pictures, easy implemantaif boundary conditions, and fully
parallel algorithms. Since many of the fast coremitoday are of a massively parallel
nature, the LBM can be easily implemented to takeaatage of these abilities in a
straightforward manner. The LBM is also highliradttive since its equations are linear
and that the incompressible Navier Stokes equatiande obtained in the nearly

incompressible limit of the LBM (Chen & Doolen, 189
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The LBM approximates the continuous Boltzmann aquaty discretizing a
physical space with lattice nodes and velocity spgata set of microscopic velocity
vectors. A lattice corresponds to a set of nodasrepresents the discrete phase of
physical space where each node corresponds ta aeith@d or a solid.

Various models exist for numerical solutions ofigas fluid flow scenarios
where each way has different way to characterieg8iticle interaction. The LB models
are usually denoted as DxQy where x representsuhmer of demensions and y
represents the degrees of freedom or velocity times of each particle (Kutay, 2005).

The generalized form of the Boltzmann equation

or of of _

Where f is the distribution function, u is the vaty, Q is the collision function, and F is
the body force per unit mass. The distributiorction, f, is a statistical function from
which the macroscopic properties of the fluid carfdund. The generalized Boltzmann
equation is too complex and impractical to be stldieectly for fluid simulations.

(Kosuge, 2008) A discrete from of the equation is

afi

d
i g 2
at

i
ox O0x;

+ el. * = 'Qi 214

Where gis the directional velocity and f is the distrilmut function in the ith direction.
After converting from Eulerian to Lagrangian cooratie systems and integrating, the
eguation becomes:

F(x+e,t+1)=F(xt)+ 02, —Bg 2.15
Where the body forces are equal to:

wi

Bp = _E(ei * Vp) 2.16
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W, is the weighting factor of the directional vectord gis the lattice speed of sound and
V p is the pressure gradiant. The collision funti®mexpressed as:

Fi—F1

0 =——— 2.17
T

Wherer is the relaxation factor and is function of theodasity of the fluid. The

equilibrium equation derived by He and Luo will wdor the D2Q9 and D3Q19

models(He & Luo, 1997).

eq _ eru | (erw)?  (wrw)
F; —\mph+-g—kzg zé] 2.18
The relaxation time can be related to viscosity as:
v =c? (T—%) 2.19
The macroscopic velocity, u, and densjtyan be calculated as:

=y? F 2.20
p=2inFi .

Q g

y = ZizaFiei 2.21

p

(Zhou, 2010)

244 Stokes Solver

To numerically estimate absolute permeability, $hekes equations are solved:
V.V =0 2.22
UV —vp =10 2.23
WhereV. is the divergence operat(b_’r),is the velocity of the fluid in the fluid phasetbk

material,u is the dynamic viscosity of the flowing fluiti? is the laplacian operator, and

P is the pressure of the fluid in the fluid phateéhe material. This equation system is a
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simplification of the Navier-Stokes equations whaodnsiders the flow to be steady-state
and laminar and the fluid is Newtonian and incorsgitae.

The boundary conditions include the fluid veloargnishing at all fluid-solid
interfaces and an applied pressure gradient abnasef the faces comprising the three-
dimensional microstructure. It is assumed thapaiks in the three-dimensional

microstructure are completely filled with fluid {seated) (Bentz & Martys, 2007b).

2.5 Fracture mechanics Solid Concrete

The following section explains various methodsnadel the fracture behavior of

concrete and porous media.

25.1 Nonlinear boundary element method

Concrete is a heterogeneous material consistiegase aggregate bound in a
relatively soft mortar, which itself comprises fiaggregate, cement and water. During
the setting up of the concrete, a large numberiofaoracks may develop, especially at
the interface between coarser aggregate and mdtftather microcracking may develop
during the loading process because of the differemt the stiffness between and
aggregate and mortar, resulting in a weak bonddmtvthem. It is generally understood
that crack propagation in concrete structuresesguted by the formation of a thin but
extended fracture zone. Material inside the fr@ciaone softens and behaves differently

from the remaining part of the structure whichtib assumed to be elastic. Therefore

17



the fracturing is nonlinear and must be modeletiitzey. The boundary element method
is based on the transformation of the partial défifigial equation describing the behavior
of the unknown inside, and on the boundary of th@ain to a boundary integral
equation relating only boundary values. Once thandary integral equation is

established, the numerical solution can be perfdrtaesolve this equation (Saleh, 1997).

25.2 Characterizing Elastoplastic Behavior

We can define an energy release rate for nonliekeatic bodies, J, as the area on
the load-displacement diagram between crack areasdAA+da. The critical valueg,)
is the value of J corresponding to the total disgaent at the onset of crack extension.
Jc is analogous to the critical stress concentrataotor, Kc,for cracks in linear elastic
solids. An alternative measure is the crack tipnopee displacement (CTOD). In
principle, the CTOD can be measured directly atctlaek tip but in practice is usually

inferred from crack mouth measurements (Sanfor@320

25.3 Static Fracture Testing Parameters

Three point bending beams with a central notchbeansed for determining the
static fracture parameters. The stress strengtbrfes determined based on an effective
crack approach using principles of linear elastcture mechanics. The critical crack tip

opening displacement CTQD determined using equation

CTOD, = e Ba8 (1 — £)2 4+ (1.081 — 1.149a) (§ — f2)]"/? 2.24
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Whereo=a/h,=a/h and S, h and b represent the span, depth actrsgethickness,

respectively, @andAa are the intitial notch length and increment crgikvth.  Also:

0.66
(1-a)?

V() = 0.76 — 2.28a + 3.87a% — 2.04a3 + 2.25

Whereg = 2542 By measuring peak load aj&x and a=a+ Aa at successive intervals
h

of crack growth, the stress intensity factor atttpef the critical effective crack can be

obtained by
KIeC == SFMAX% 226
in which
—_ — _ 2
F(a) = 1.99—-a(1-a)(2.15-3.93a+2.7a?) 2 27

VrE(1+2a)(1-a)3/2

(Deng, 2005)

25.4 Fracture Energy and Toughness

A toughness measurement that represents the ealesgybed by the specimen is
computed from the area under the load-deflectisparse. This response is known to be
influenced by specimen size and loading rate. &iis preferable to obtain toughness
as a material property independent of specimertestohg variables, or alternatively to
minimize some of these effects, the ASTM 1018 pdace was used (ASTM C 1018-97,
1997). Itinvolves determining the amount of eryengpuired to deflect the beam a

specified multiple of the first crack deflection.
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3%0 1

Deflection
Figure 2-1 Important characteristics of the loaflesion curve

The toughness indices l1o, Nd by are calculated as ratios of the area of the load
deflection curve up to deflections of 3, 5.5, afdbltimes the first crack deflection
divided by the area up to the first crack deflent®opalaratnam et al., 1991). These
indices provide an indication of the relative tongbs at these deflections.

When a concrete structure with a quasi britteekrns subjected to loading, the
applied load results in an energy release ratat@e tip of the of the effective cracks G
is the energy release rate for propagation of alength of a crack in a structure with
unit thickness and is regarded as a material fragtarameter. This value is found by

using the following equation:

__ M
n (b—ap)t

Gy 2.28

Where W is the total area under the load displacementesurys the total depth of the

beam, t is the thickness of the beam ayid the depth of the notch (Shah et al., 1995).
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2.6 Summary

This chapter has provided a concise review of softlee relevant literature in
the areas of general aspects of, 2D pore struahabysis, permeability, and fracture
behavior of porous media. This literature revieas Berved as the basis in defining the

scope of this research work.

3 CHAPTER 3: MATERIALSTEST METHODS

31 Genera
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This chapter describes the different materialsl is¢he research along with the
test methods and procedures employed to studyatheus properties of pervious
concretes. The testing techniques that were addptstudy the properties of pervious

concretes were based on accepted standards.

3.2 Materialsand Mixtures

The pervious concrete mixtures were prepared usype /Il Ordinary Portland
Cement (OPC) and limestone coarse aggregatesnaragepervious concretes are
proportioned using gap-graded aggregates. The coosinon aggregate sizes used are #4
or 4.75 mm (passing 9.5 mm, retained on 4.75 mreyier 3/8” or 9.5 mm (passing
12.5 mm, retained on 9.5 mm sieve) (Marolf et2004)(Omkar Deo & Neithalath,
2011)(Neithalath et al., 2006), which have beerpsatbin this study also. Maintaining a
large open porosity necessitates a low water-toecgmatio (w/c of 0.30 is used in this
study) and the absence of fine aggregates. Peremugete mixtures using both of the
above mentioned aggregate sizes were designethievadwo different levels of
porosity: 19% and 25%. For a few mixtures, monaigat/fibrillated polypropylene
fibers were incorporated at 0.5% or 1.0% by volwhthe mixture. Beyond a fiber
volume of 1.0%, it was difficult to homogenize tméxture. The fibers were 54 mm long,
and had a specific gravity of 0.91. A total of Iifedent pervious concrete mixtures were
thus proportioned, having different pore structigegures. A mixture proportioning
methodology based on granular particle packing otetiias employed to obtain the

desired porosities. Extensive details on the foatioih of the proportioning method can
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be found in (Milani S. Sumanasooriya et al., 200RHr Deo, 2010). The virtual packing
densities of the components of the mixture, thaagiacking density of the mixture, and
the corresponding volume fractions are used torahte a compaction index, which in
turn is related to the material porosity. The frpshosity of the samples were determined
in accordance with ASTM C1688 (ASTM C1688/C1688M-2B09). The fresh concrete
mixtures were cast in rectangular beams 100 mmOxd® in cross section and 400 mm
long for fracture studies, and 100 mm diameter & @@n long cylinders for compressive
strength testing and image analysis for pore siradeature determination. The casting
and compacting sequence for the beams and theleydirio achieve the desired
porosities were arrived at based on trial batcAesnventional concrete mixture
(cement content of 400 kg#rand w/c of 0.42) was also proportioned to fadiita
comparison. A total of 36 pervious concrete beanas72 cylinders were cast. They were
demolded after 24 hours of curing in the molds #@th moist-cured for 28 days in a
curing chamber (> 98% RH) before the respectivis twsre carried out. For the beam

specimens, 20+1 mm deep notches were cut at thepaiadl for fracture tests.

3.3 Determination of Porosity and Pore Sizes

Details of determining the overall porosity andegsizes of the pervious

concretes are described in the following section.
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3.3.1 Volumetric porosity measurements

The porosity of the hardened specimens was expatatly measured by using a
method that determines the volume of water displdgea fully submerged cylindrical
specimen. 25 mm thick slices were cut off fromtihy@ and bottom of the cylindrical
specimens, and they were allowed to air dry ovéitnighe specimens were submerged
in a tank of water while placed in a metal cageneated to a scale. The mass of the
specimen in air and in water {mand Ware) and the specimen volume §¥cime) Was

measured and the volumetric porosipy) (determined as:

¢v _ 1_|:(Wair _\\;Vwater) / pwater] 3.1

specimen

3.3.2 Imageanalysisfor areafraction of porosity, pore sizes, and mean free spacing

The cylindrical specimens which were used for wadtric porosity measurements
were also used to obtain planar images for thermdtation of different pore structure
features. The cylindrical specimens, after removiregends, were cut into three equal
parts by sectioning at approximately 42 mm thidkinivals. At least six planar faces were
thus available from a single cylindrical specimemé subjected to image analysis to
obtain the pore structure features. Two specimears wsed to obtain the planar images
for the analysis of pore structure features. Tosueathe area fraction of poreg),
planar sections of pervious concrete specimens paighed to obtain smooth surfaces
and scanned using a flatbed scanner in the graystadle at a resolution of 300 dpi. Five

to eight good images were obtained correspondiregtt mixture for feature analysis
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after neglecting the ones that exhibited significadge effects. The scanned images were
cropped into circular images having a diameter#r pixels, and were thresholded to
separate the pore and solid phases. The imagedwvdrer processed to remove noise
and then cropped into 400 pixel (66.7 mm) squages. Image J® software was used
for image processing and analysis. Further explamatf the steps in image processing
and analysis can be found in (Omkar Deo & Neitligla010)(Neithalath, Bentz, et al.,
2010)(M. Sumanasooriya et al., 2010). The aredifmaof the pores in the binary image
was calculated for all the planar sections of egudtimen, and the average value

reported aga.

The pore sizes of the pervious concrete specinmwens determined using Two-
Point Correlation (TPC) functions (Torquato, 208%)well as a granulometric operation.
The TPC function can be obtained by randomly thngwine segments of length’‘with
a specific orientation into a two-dimensional imajea two-phase material and counting
the fraction of times both end points of the lireih the phase of interest (Torquato,
2001). Figure 3-1(a) shows a typical TPC functigsl)) for the planar image shown in
the inset. The value of the TPC function=#l provides the porosity of the image. The
correlation lengthl{pc), which is defined as the abscissa of the int¢is@epoint of the
slope of TPC function dt= 0 and the horizontal asymptote at whiicko, provides an

estimate of the pore diameter{g) as:

lrpc

drec =1y,

3.2
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da is the pore area fraction of the image, whichesponds to the value of the TPC
function atl = 0. Granulometric distribution function is a mbgbogical opening
distribution function that can be used to charaotethe feature size distribution in a two-
dimensional image (Neithalath, Bentz, et al., 2Q@0%¥ter & Chermant, 2001). The
method consists of applying morphological openiritip\structuring elements (SE) of
increasing size. For each opening, the pore aaetidn of the image is computed by
considering the sum of the pixel values in the @gemage and in the original image.
The diameter of the SE corresponding to the loaatimum in the derivative function

relates to a characteristic pore size of the natédi;i;), as shown in Figure 3-1(b).
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Figure 3-1:(a) Two-point correlation function (imetinset, a two-dimensional image used
for TPC generation), and (b) granulometric operitmgction of a planar image to
determine the pore size

Mean free spacingd\] is defined as the average value of uninterruptethce-to-
surface distances between all the neighboring porégsee dimensions. The mean free

spacing can be considered to influence the mecalgmioperties such as the strength and
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fracture behavior, and can be related to the p@a faaction ¢»), and the perimeter
length of the pore features per unit area of thegen(_a) using Equation 2 that is based
on stereology:

), = T84l 3.3

Ly

whereda andLp were extracted from planar images of pervious catecspecimens.

3.4 3-D Reconstruction and Overall 3DTortuosity

Two-dimensional images (400 pixel square, Se@i@r?) were used along with a
correlation filter based three-dimensional recardton algorithm (M. Sumanasooriya &
Neithalath, 2009)(M. Sumanasooriya et al., 2010)(Be2008) to generate three-
dimensional pervious concrete structures. Thisrdalgo along with the TPC function
(Figure 1(a)) was used to reconstruct 300 voxdd&X&xel x 300 voxel digitized three-
dimensional material structures having similar woddric porosity ¢v), pore surface
area, and correlation function as that of the peavious concrete specimens (Figure
3-2(a)). The hydraulic radii (ratio of the crosstsenal area of the pore to its perimeter,
or the ratio of total pore volume to the total sgd area of pores) of these reconstructed
structures were found to be lower than those obtiggnal two-dimensional images used
for reconstruction. Hence, a sintering algorithnerf& & Martys, 1994) was used to
modify the reconstructed structures in order tadptheir hydraulic radii closer to that of
the parent image. The computer programs used éareitonstruction and the detailed
procedure are elaborated in (M. Sumanasooriya,2@l0)(Bentz & Martys,

2007a)(Garboczi, Bentz, & Martys, 1999).
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The reconstructed 3-D structures were used tardete the tortuosity of the pore
structure of pervious concretes. A watershed agorimplemented in AvizoFire™ was
used to accomplish this objective (Mangan & Whitak®99)(Bieniek & Moga, 2000).
Connected components were created through segmentdthe 300 images that made
up the 3D system. Any pore that has a minimumaiZ# pixels that is connected to
another pore in an adjacent image is labeled. Agtranalysis wizard in AvizoFire™
was then used which first reduces any noise amddbeects the main voids from the
labeled connected pores. It then separates theectad voids as individual objects that
have a separation criterion of 300 voxels. A gdeation tool was then implemented to
calculate the tortuosity, which calculates the agerlengths between the connected pores
through the depth of the image and divides it lgyithage depth. Figure 3-2(b) shows the
interconnected pore system where the pore netvgamkaide transparent, and Figure
3-2(c) shows a view of the internal structure. \Wlie pores appear disconnected in 2D,
they are completely connected in 3D as evidencetidpigh values of computational
permeability of the reconstructed structures (Mm&8nasooriya et al., 2010)(Bentz,

2008).




Figure 3-2: (a) 3D reconstructed structure of pmrsiconcrete made using #4 aggregates
and having a 25% porosity, (b) the pore networlbfight color), and (c) a view of the
internal structure

3.5 Determination of Strength and Fracture Parameters

The compressive strengths for various perviougsi@ia specimens were
determined using a 110 kip (490 kN) closed-looprersal testing machine operating in
displacement controlled mode. The specimen ends greund in a grinding machine
and polished to ensure a smooth surface. Neopréiter pads were used at the
specimen ends for compression testing. A stramabl00ue/s was used and the stress-

strain response recorded, from which the peak gtinemas obtained.

The fracture response of pervious concrete spedmas characterized using the
two-parameter fracture model (Y. Jeng & Shah, 1085%. Jenq & Shah, 1985)(Shah et
al., 1995)(Bazant, 2002). The material fractureapaaters - the critical stress intensity
factor (Kc), and the critical crack tip opening displacem@iOD;), were determined
using three-point bend tests on notched beam#iaasnsin Figure 3(a). While the test
method based on the two-parameter model suggesticla depth equal to one-third of
the beam depth, the value used in this study waditih, because the large porosity in
the material coupled with a higher initial notctptteresulted in instabilities in the
measured crack mouth opening displacements (CMDI® fracture tests were carried
out on a closed loop testing machine with the CM@Basured using a clip gage, as the

feedback signal. Since it was experimentally difi¢o initiate unloading at 95% of the
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peak load as suggested in (Shah et al., 1995) egwer, the random heterogeneous
nature of the material results in strength variaibetween specimens of the same
proportions) a modified procedure that eliminatesdperator control of unloading
(Jansen, Weiss, & Schleuchardt, 2000), and uséd@DOCof 0.5 mm as a preset point of
unloading was used. The procedure to calculgteakd CTOR from the experimental
load-CMOD relationships, including the modified imad (the focal point method) has
been reported elsewhere (Y. Jeng & Shah, 1985)(¥eisq & Shah, 1985)(Shah et al.,
1995)(Jansen et al., 2000). The focal point metilmivs extending the two-parameter
fracture model to provide relationships betweerlcextension and the resistance to
crack extension, as will be shown later in the papke two-parameter fracture model
involves the use of the peak load, loading andadgiltg compliances, the specimen and
notch geometry, and appropriate geometry corred¢tiotors. The geometry correction
factors depend on the ratio of notch depth (ahédeam depth (d) and can be found in
(Shah et al., 1995). Figure 3-3(b) shows the fpoait method (Jansen et al., 2000) used
to determine the compliances used in the calculaifd,c and CTOR. The loading
compliance (§ was calculated as the inverse of the slope fro#o tintil 60% of the
peak load. The unloading compliance was takenastlerse of the slope of the
unloading curve at the point of maximum convexiigis value provided a reasonably
close approximation of the averages of the compéamwhen the slopes at the beginning
of unloading or where the unloading curve meet<QhKOD axis were considered. The
differences between all the three different unlngaiompliances were not more than
5%.
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Figure 3-3: (a) Experimental set up for fracturstddbased on the two-parameter fracture
model, and (b) a typical load-CMOD plot and deteration of the loading and unloading
compliances (based on (Jansen et al., 2000))

3.6 Summary

This chapter has provided the test methods antkdroes for determining the
pore structure features and porosity of perviouketes. The methods for creating 3D

reconstructions and determining tortuosity were abgplained. The test method for

determining the mechanical and fracture behavibpeovious concretes were described

as well.
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4 CHAPTER 4: PERMEABILITY AND TORTUOSITY

41 Genera

The permeability properties and tortuosity factirgarious pervious concrete
specimens as well as several geometric pores oifgpgesigns were studied in this
research and are presented in this chapter. Aedsogesigned and implemented porous
pavement system allows for polluted water to passugh the pavement into an
infiltration bed, store the water temporarily ifo@ssary in the gravel sub-base and then
into the natural ground where by then much of thikupants have been removed. Itis
important to study the characteristics and featafgeervious concrete that allow the
flow and penetration of water. Previous studieagélbach et al., 2006)(Neithalath,
Sumanasooriya, et al., 2010)(Bentz, 2008) havewtrd permeability calculations on
pervious concrete. The tortuosity of pervious cetes have been studied (Epstein,

1989b)(Latour et al., 1995).

411 Lattice BoltzZmann method

The Lattice Boltzmann method is an innovative nuocaé method based
on the kinetic theory to simulate various hydrodwaproblems. Unlike conventional
numerical schemes based on discretizations of reegpic continuum equations, the
Lattice Boltzmann method is based on microscopidefsand kinetic equations. The
basic premise for using these simplified kinetipelynethods for macroscopic fluid flows

is that the overall macroscopic behavior of flfiav is the result of the collective
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behavior of the many microscopic particles in thetam. Also, the macroscopic
dynamics of the fluid is not sensitive to the umglag physics of the microscopic
particles. Even though the LBM is based on ai@darinodel, its overall focus is the
averaged macroscopic behavior.

The kinetic equation model provides many of theaathhges of molecular
dynamics, clear physical pictures, easy implemantaif boundary conditions, and fully
parallel algorithms. Since many of the fast coremitoday are of a massively parallel
nature, the LBM can be easily implemented to takeaatage of these abilities in a
straightforward manner. The LBM is also highliradttive since its equations are linear
and that the incompressible Navier Stokes equatiande obtained in the nearly
incompressible limit of the LBM. (Chen & Doolen,9%)

The LBM approximates the continuous Boltzmann @quay discretizing a
physical space with lattice nodes and velocity spgata set of microscopic velocity
vectors. A lattice corresponds to a set of nodasrepresents the discrete phase of

physical space where each node corresponds ta aitred or a solid (Kutay, 2005).

4.1.2 Katz-Thompson

According to the Katz-Thompson theory an exprestoithe permeability
coefficient, k, can be expressed in terms of potetire parameters and is given in the

following way:

k=cxd?(Z) 4.1

0
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Where, dis the characteristic pore diameter that dominthies transport and
can either bey. from the two-point correlation function or thetmal pore diameter from
granulometry. Sigmao] is the conductivity of the porous material satedavith brine
solution of electrical conductivity,. C is a dimensionless parameter that takes into
account all the tortuosity and connectivity of fage network and is usually on the order
of 1/226.

The critical pore diameter was defined as the &sigbore diameter in which a
connected path could form from one side of the dartapthe other. The Katz-Thompson
equation was validated experimentally with a meraeatrusion apparatus. The rapid rise
in the curve of the intruded pore volume versugpadius was interpreted to occur when
the mercury initially formed a connected pathwayptigh the entire sample. Then by
measuring the electrical resistance of the santphgs proven to show the inflection
point corresponded to the threshold for electreadtinuity throughout the sample(El-

Dieb & Hooton, 1994).

4.1.3 Stokes Solver

The permeability k is defined by the darcy relatio

v = (S) Vp 4.2

where v is the velocity of the fluid through therpus materiak, is the viscosity of the

fluid,andVp is the pressure gradient imposed across themspgaci
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Software freely available frofitp://ftp.nist.gov was used to predict the

electrical conductivit)(ai) and the permeability k from the reconstructed iBaial
0

specimens. The software for this program accapiaput a 3-d digital image,
converting it into a real conductor network. Thejogate gradient method is used to
solve this finite difference representation of laag@'s equation for real conductivity
problems. Periodic boundary conditions are maiethinThe permeability was computed
by numerically solving the Navier-Stokes equatiander incompressible stokes flow

conditions.

4.1.4 Tortuosity

Tortuosity ¢) is defined as the ratio of the longest path tev®y the fluid
particles

(Le) to the shortest distance between two ends oéairsen (L):
T=== 4.3

In a 3D pore space, there are various possiblespha#t fluid can travel. A set of Matlab
programs developed by Dr. Muhammed Kutay were tselétermine the tortuosities of
the reconstructed pervious concrete specimensselvadues were estimated as follows:
after obtaining the interconnected pore structsiagia pore connectivity algorithm
isolated pore cross sections were grouped in e@aabe slice and the centroid of each
group was connected to the centroid of the clgses cross sectional area in the next

image slice. For each line connecting two poreseestions, a tortuosity was calculated
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by dividing the length of the connecting line te tertical distance between two
slices(Kutay, 2005).

There was a mistake in the way the code was oflginaitten. The arrays were
not being completely reset for each iteration. &ample, if there were 8 centroids in
one image and only 7 in the next image, the eighthe would still be carried through
until it reached an image that had 8 centroidsrag&hese extra values would create a

straight vertical pore that would significantly lemthe average tortuosity value.

4.2 Reconstructions

Pervious concrete reconstructions of 19, 22 afd @d@rosities and with
aggregate sizes of 3/8” and #4 were used in perititgand tortuosity simulations.
Various geometric shapes were also created usiriabland they had their tortuosities
and permeabilities were calculated in the same eraasdescribed above. A straight, S-
shaped, branching and two zigzag patterns wer¢edr@ath two different porosities of

10 and 20%. Figure 4-1
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Figure 4-1 Ideal Geometric Zig-Zag Pattern

In Figure 4-1 Ideal Geometric Zig-Zag Patterngzag pattern with an overall
porosity of 20% can be seen. The diameter of the {30l52 pixels. The image is 300

pixels in depth as all other reconstructions weneedin this manner.

The term beta comes from dividing the electriccmchtivity(Jio) by the
porosity (1) of the specimen. The inverse of beta will giveegnivalence of the
tortuosity of the specimen as well(Vervoort & Cattt003). In the figure below, the
tortuosity calculated from the matlab codes andottta term determined from the NIST
software can be seen for the ideal geometricabiyst specimens. The figure shows
two different porosities with three different paiees. Since tortuosity is an inverse of
the beta term, the data should follow a hyperboéind which is what is seen in the

figure. This shows that the electrical condutyialgorithm is in agreement with the

tortuosity which is verifiable since they are gedncally ideal shapes
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4.3 Comparisonsand Analysis
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Figure 4-2 Tortuosity vs beta for ideal geomethages

The Katz-Thompson equation and the Stokes soirarigtions are in relatively
good agreement with one another for the ideal géiershapes. There is two different
porosities and three different pore diametersFigure 4-3the Stokes values are slightly
higher than the Katz-Thompson values and are piglgaie to the fact the constant value
of 1/226 was found experimentally when using samstand other porous kinds of rock
and not pervious concrete. In Figure 4-4 the pehifigas calculated by the Katz-
Thompson equation and by the Stokes solver foripeswconcrete specimens are shown.
Again there is a larger value determined usingStukes solver and is more than likely

due to the constant value of the Katz-Thompson temjua
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Figure 4-4 Permeability values of pervious concdsttermined by Katz-Thompson vs.
Stokes solver

The Stokes solver and the Lattice-Boltzman methhedraalmost a one to one ratio for

the porous concrete reconstructions of 19, 22 248d porosities. These values can be
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seen below in Figure 4-5. This shows that thedifferent methods of numerically

determining permeability are relatively accurate.
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Figure 4-5 Permeability values of pervious conactermined by Stokes solver vs.
Lattice Boltzmann method

4.4 Permeability simulations of human teeth

The permeabilities of human teeth were studieth@porosity of the internal
material is similar to that of pervious concretd éimere are many further studies in
regards to dental procedures that would need temstehd this phenomenon. Real tooth

samples were not used but rather 3d reconstructvens created from actual 2d images.

Collageh

network




Figure 4-6 and Figure 4-7 were taken fro@0llagen Fiber Network Infiltration:
Permeability and Capillary Infiltration” by Vennat al. The image from figure 2
was rendered using Fiji software. The image was$ éropped so it only
contained 400x400 pixels. Then it was threshotdeallevel of 88 which
achieved an approximate porosity of 55%. The neise then reduced as well

and the binary image was then saved as a jpg file.

A G A

Collagen

network

Figure 4-6 Original Image showing Collagen Network
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Figure 4-7 Image Used to Reconstruct 3D Model

The same 3d reconstruction algorithm that was wsttdpervious concrete
specimens was used to generate a 3d image bagkd bmary 2d image which can be
seen in figure 3. These 3d images were 300x300rB8@0s in size.A Matlab code was
used to generate holdgat transcended the entire cube in the z-direclibnee holes
were first created that had constant diameterrafcdometers. Then 3 holes were
created that began with a diameter of 3 micrometedstapered linearly to a diameter of
2.25 micrometers. Finally, 3 holes were createtiiad a constant diameter of 3
micrometers but curved throughout the cube in ah&e manner.

The permeability was then found using the Stolampability solver algorithm
and the Lattice-Boltzmann method. The 3d image® weduced to 200x200x200 pixels

to save on computation time when using the Latiokzmann code.
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Figure 4-8 is the 3D reconstructed model withowt loles added and it has a
scale of 112 pixels per micrometer. Its porostgqual to 0.557. The journal article by
E. Vennet gives a porosity for the collagen mabifi¥.55 and empirical values of
permeability that range from 10e-16 to 10e-18 rfi(Vennat, Aubry, & Degrange,
2010).

Figure 4-9 is the reconstructed 3d image with $ialéded that have a constant
diameter of 3 micrometers. Figure 4-10 is the mstwicted 3d image with 3 tapered
holes added to the model. The holes begin witlameter of 3 micrometers and
decrease linearly to a diameter of 2.25 micrometErgure 6 is the reconstructed 3d
image with S shaped holes that have a constantetiarof 3 micrometers. The scaling
factor is 38 pixels per micrometer for Figure 4i§iufe 4-9,Figure 4-10.

An image of human enamel can be seen in Figurk @aole, Newman, &
Dibdin, 1981). A 400x400 pixel image was extraatsdthg Fiji image analysis software
and it was thresholded to a value of which gavearall porosity of 0.027. The
average porosity of human tooth enamel was foumdrige from 0.018 to 0.038.(1) The
average thickness of human tooth enamel relativeiboan dentin is known to be
approximately 8% of the total dentin and enamedtayombined (Olejniczak et al.,

2008).
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Figure 4-9 Reconstructed 3d model with 3 microaigtrt holes
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Figure 4-11 SEM of human tooth enamel
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Figure 4-12 Reconstruction with straight holes vatlayer of enamel

A 3d image of the tooth enamel was constructedgusia same software that was
used for the dentin image. Then using Fiji sofeydéine enamel images were stacked
with the collagen images containing the straighti@on diameter pores to create a
composite image which can be seen in Figure 4-IBe composite 3d image contains
8% enamel and the rest is dentin collagen. 24 ehiamages were stacked on top of 276
collagen images. The scaling factor is 38 pixelsmicrometer. A second composite
image was created where the enamel was twice itlenttss as before which consisted of
48 enamel images and 252 collagen images. Thegaditities were calculated using the
Stokes Solver and the Lattice Boltzmann method&ih of the composite images as

well for an entire 3d cube of pure enamel.
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Table 4-1 consists of all the permeability caldefas and all of the units are in mefers
These values are in relatively good agreement thighactual empirical values that range

from 10e-16 Mto 10e-18

Table 4-1 Permeability results from Stokes solvet kattice Boltzmann method, values

are in m2

Pure Straight | Tapered S shaped | Pure Composite | Composite

collegen holes holes holes enamel del de?2
Stokes 2.799E-16 3.246E-14 | 2.299E-14 1.461E-14 | 8.483E-22 | 4.722E-18 5.796E-19
Solver
Lattice 1.259E-16 1.172E-15 | 5.665E-16 5.984E-16 | N/A 8.745E-17 8.772E-17
Boltzmann
45 Summary

This chapter has focused on studying the relatiprisetween permeability and
tortuosity as it pertains to porosity and pore sizpervious concrete. Various ideal
geometric shapes were also constructed that hgthgavore sizes and porosities. The
pervious concretes also had differing pore sizelspamosities. The permeabilities were
determined using three different methods; Stokegesd_ attice Boltzmann method and
the Katz-Thompson equation. These values weredbepared to the tortuosity values
determined using a Matlab code that uses a poneectinity algorithm. The tortuosity
was also determined from the inverse of the comdtictietermined from a numerical
analysis that was necessary for using the Katz-som equation. These tortuosity
values were then compared to the permeabilitidse plervious concretes and ideal
geometric shapes showed consistent similaritiesd®st the tortuosities and the

permeabilities.
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Reconstruction of human teeth from actual SEM iesagf dentin and enamel
were created and the permeabilities were determisgd) the Stokes solver and Lattice
Boltzmann method. These values were found to hsistent with empirical values

found in literature.

5 CHAPTER5: FACTURE TOUGHNESS
51 General

This chapter describes the fracture responsergfques concrete specimens
proportioned for different porosities as a functafrithe pore structure features and fiber
volume fraction. Stereological and morphologic&thods are used to extract the
relevant pore structure features of pervious cdasrigom planar images. A two-
parameter fracture model is used to obtain theédradoughness (K) and critical crack
tip opening displacement (CTQDfrom load-crack mouth opening displacement
(CMOD) data of notched beams under three-point ingnd A sensitivity analysis also

is employed to quantify the influence of materiesidn parameters ond&

5.2 Pore Structure Features. Porosity, Pore Sizes, and Tortuosity
The porosity and pore sizes of the chosen mixtwere determined as explained

in Section 2.2. Volumetric porosity was determiedcylindrical specimens while
planar area fraction of pores was determined dyrédm the images as well as through
the implementation of TPC functions to the imadgggure 5-1(a) and (b) depict the
porosities of the specimens made using #4 anda&®f§fegates determined using all the
methods mentioned above, which are found to be e@myparable to each other, and

closer to the design values of 19% and 25%. Thexefolumetric porosity will be used
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as the measure of the pore volume in the remamwfdéis paper since it is one of the
easiest pore structure features to quantify. Fi§e2eshows a comparison of pore
diameters determined using the TPC and granulocrdisiribution functions for all the
specimens studied. A general trend of increasimg pizes with increasing aggregate
sizes can be observed, with no real dependencerefsizes on porosity when similar

size aggregates are used (M. Sumanasooriya & Netith&2009)(Neithalath, Bentz, et

al., 2010).
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Figure 5-1: Porosities of the pervious concretespens made using: (a) #4 aggregates,
and (b) 3/8” aggregates
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Figure 5-2: Comparison of pore sizes of perviouscoetes determined using different
methods

In order to assess the statistical similarity ofepstructure features (porosity and pore
sizes) determined using the different methods, anvi&hitney U-test (also known as
Wilcoxon rank-sum test) (McKnight & Najab, 2010) svased. This test is non-
parametric, and unlike the common t-test, doesmake any assumptions related to the
distribution. The null hypothesis in a Mann-Whitridytest is that the two samples come
from identical populations. A p-value (probabilagsociated with the smallest level of
significance that would lead one to reject the hyfpothesis) greater than 0.05 indicates
an acceptance of the null hypothesis at the sinifie level of 5% (or confidence
interval of 95%). The p-values for the Mann-Whitriegts that compared the populations
on which the porosity and pore sizes were measueed always greater than 0.05 for all

the cases evaluated in this paper.
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The relationship between the volumetric porositgl ortuosity of the pore
system determined using the watershed algorithmeconstructed 3D structures is
shown in Figure 5-3(a). An increase in porositghserved to decrease the tortuosity as
shown in Figure 5-3(b) For the same aggregate size, an increase iniporesults in
larger number of pores, thereby reducing the affectistance between the pores and

thus the tortuosity. Theoretically, for a porofyl.0, the tortuosity also equals 1.0.

(a) (b)
26 1 1 1 1 1
‘\
2.4 — g 9 -
A3 a
ﬂ\u
224 19% B
E 1 \\\
82.0+ S o
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o
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1-4 L] l L] l L] l L) l L) l

0.16 018 0.2 0.22 0.24 0.26 0.28
Porosity(--)

Figure 5-3: (a) Relationship between volumetricosdly and tortuosity determined using
a watershed algorithm on reconstructed 3D strustiflg crack path tortuosity for
specimens with 19% and 25% porosity showing a Idigrealitative) tortuosity with
increasing porosity.

Y In Figure 5-3(b), only a 2D representation of thack tortuosity is shown. The actual crack
traverses three dimensions, depending on the pudesalid phase orientation. To show the
effects simplistically, this has been intentionadlyoided in the figure. However, the actual
tortuosity calculations do account for this.
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5.3 Compressive Strength

The compressive strengths of the 12 differentipas/concrete mixtures studied
here are presented in Figure 5-4(a). For a dgmgosity of 19%, compressive strengths
in the range of 18-23 MPa is obtained, whereas 6% design porosity, the strength
range is 10-15 MPa, which is in line with otheradpd studies (Omkar Deo &
Neithalath, 2010). The influence of fiber volumadtion is shown in Figure 5-4(a), and
as expected, the incorporation of fibers does notige any tangible benefits to
compressive strength. While the mixtures with Ofi8ér volume do show some
improvement in compressive strength at 19% porpsigpuld be attributed to the
slightly lower actual porosity of the mixture (Ségure 5-1). For the mixtures with a
25% design porosity, the compressive strengthhtbfiglecrease with increasing fiber
volume fraction. In highly porous mixtures, highvetume fraction of fibers likely result
in fiber agglomeration, thereby spacing the sohdge further apart. The relationship
between the volumetric porosity and compressivength for all the mixtures evaluated
here is shown in Figure 5-4(b), showing the wetabkshed dependence of strength on

porosity.
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5.4 Fracture Parameters: | nfluence of Pore Structure and Fibers

The influence of aggregate content (Elices & Ro28®8)(Amparano, Xi, &
Roh, 2000) and porosity (Zhang & Ansari, 2006)(Usdfimoto, Takahashi, & Shida,
1986) on the fracture properties of porous mateiraluding conventional concretes has
been reported. The use of fibers to improve thetdire response of concretes is also well
studied (Bragov et al., 2013)(Balendran, Zhou, Made& Leung, 2002)(Reis, 2006). In
this research, the fracture parameters of the peswoncrete specimens, and the
influence of pore structure features and flexildberf reinforcement were studied using an
effective elastic crack approach. The two-paranfedeture model used here
incorporates the pre-peak non-linear behaviornotahed beam (notch sizg) éhrough
an equivalent elastic material containing a crdoéfiective length asuch that & &,.
Based on this method,Kand CTOLR can be used to characterize the fracture behavior

of pervious concretes. This section primarily malkss of the fracture parametersdK

53



CTOD,, and critical crack lengthc)to bring out the influence of pore structure &bdr

volume fraction on the fracture response.

54.1 Load-CMOD response

Figure 5-5(a)-(d) depict the representative lod&D responses for the notched
three-point bend beam specimens of pervious cagmade using different aggregate
sizes and proportioned for different porositiese Tesponses as a function of fiber
volume for each of the mixture combinations are alsown. These figures show that the
peak loads sustained by the pervious concrete edtisbams are generally invariant of
the fiber volume fractions in the range evaluatecehThe slope of the pre-peak region in
the load-CMOD response is also not very differemgisipective of the fiber loading. The
dependence of porosity on the peak loads is rougjhiyfar, with an approximately 20%
reduction when the porosity is increased from 16%5%, notwithstanding the

differences in aggregate sizes (comparing Figusa 8nd b, and Figure 5-5c and d).
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Figure 5-5: Load-CMOD relationships from which fi@® parameters were derived. (a)
and (b): 3/8” aggregate mixtures with 19% and 25¥ogity, and (c) and (d): #4
aggregate mixtures with 19% and 25% porosity

5.4.2 Combined influence of fiber volume, porosity, and pore sizes on K;c and CTOD,

and fiber volume on the load-CMOD response of meryiconcretes. One of the main
objectives of using different volumes of synthdifiers in these macroporous materials is
to evaluate if the detrimental effects of high mitypon the mechanical properties can be
alleviated to some extent. It has been shown beaétfect of fibers is indistinguishable

in the compressive strength results. In order awate the combined influence of



porosity () and fiber volume (), the ratio of the load at a CMOD of 0.5 mm to peak
load (R smn{Pmax iS used as one of the mechanical propertiestefast. This ratio is
important since it provides a measure of the reditlexural capacity of the notched
beam. The porosity for the conventional concretaken as zero for all fiber loading
level<. Figure 5-6(a) and (b) demonstrate the trends gfPPmax as a function of bott
and v for the specimens made using #4 and 3/8” aggregaspectively (i.e., for

specimens consisting of smaller and larger porgseatively)

P0.5mml Pmax

POI'Osity
Figure 5-6: Residual flexural capacity as a funtid porosity and fiber volume fraction

for pervious concretes with: (a) #4 aggregates sm@ore size), and (b) 3/8” aggregates
(larger pore size).

The residual capacity is shown to be invarianhwhanges in porosity at a given

fiber volume fraction. For example, in the abseoickbers, the residual capacity is the

> The porosity of conventional concretes, when caegdo the large, open porosity of pervious
concretes, can be safely considered to be negigibl
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lowest, and the ratio does not change appreciaitlyalanges in porosity in the range
studied. The effect of fibers at a given porosstyery evident from these figures. For
conventional concretes (corresponding to zero yrmsthese figures), the residual
capacity ratio increases from 12% to 40% when itter fvolume is increased from 0 to
1.0%. For the pervious concretes with 19% and 26%6gity, the increase in residual
capacity ratio varies from 15-50% and 20-65% respely when the fiber volume is
increased from 0 to 1.0%. Thus it can be noticedl e contribution of fibers towards
enhancing the residual capacity increases witmarease in the specimen porosity,
providing an insight into the synergistic effectdibers and pore volume fraction on the
fracture performance of pervious concretes. Théaggtion of this behavior is based on
the fact that, increasing the porosity while maimtay the aggregate size (or the pore
size) same implies more number of pores, therethyaiag the mean free spacing
between the pores. The statistical possibility thatfibers aid in bridging these pores
and transfer load across the pores is higher wiepares are closer to each other. Thus

the fibers are more effective at higher porosivith respect to the flexural load capacity.

The fracture toughness @ of the pervious concrete mixtures as a functibn o
the fiber volume fraction is shown in Figure 5-fgu¥e 5-7(a) and (b) show that, for both
the porosities and both the aggregate sizes (@ fpes), l increases with fiber
volume fraction. It is also noticed that, for tteerse porosities, an increase in pore size
(3/8” aggregate specimens have a larger criticed pize than the #4 aggregate
specimens, as shown in Figure 5-2) results in aatamh in K¢ values. This can be

explained based on the idea of pore-to-pore toitissown Figure 5-3. Considering that
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the aggregates in pervious concretes are fraotgistant (the dominant crack path in the
solid phase is through the paste binding the agdesy and since the paste thickness in
pervious concretes is very small (Yang & Jiang,30the pore-to-pore tortuosity can be
used as a representation of the crack path totyudsiis is because the advancing crack
either traverses the pore, or if the pore sizearhtation with respect to the crack is
favorable (generally for much smaller sizes thas¢éhencountered in pervious concretes
made using the aggregate sizes as described ipapes), crack blunting occurs which
drives the crack along the pore-solid interface eWthe solid ligament lengths are small,
as is the case in pervious concretes and espewidiiyspecimens having larger pore
sizes, the crack traverses from one pore into anplading to an instantaneous
initiation from this pore. This continuing mechanislrives the crack through the
specimen. Thus the pore-to-pore tortuosity candmsidered to be an appropriate
measure of the crack path distance. For the sanosipg a larger pore size results in
lower tortuosity values, and correspondingly, leskstance for the crack to travel. The
material structure does not facilitate increasadigation of the energy of the crack,
thereby leading to lower Kvalues. The tortuosity, and thus the crack pathetrsed are
longer in a specimen with smaller pore sizes, argdhe opposite effect. Figure 5-3(b)
shows the crack tortuosity in pervious concretesaofie porosity, made using the

different aggregate sizes to qualitatively reinéotiis point.
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Figure 5-7: Kc as a function of fiber volume for pervious conergtixtures made using:
(a) #4 aggregates, and (b) 3/8” aggregates.

A bubble plot showing the dependence @f &n the porosity, pore sizes, and
fiber volume is shown in Figure 5-8(a). The lartjer size of the bubble in this plot, the
larger is the K value. Expectedly, this plot shows that the ¥alues are higher when
the porosity is lower and the fiber volume fractisrhigher. It can be noticed that, even
though there is a synergistic effect of fibers htgher porosity as shown in Figure 5-5,
the overall benefits of having a lower porosity datweigh this effect. At a higher fiber
volume and a lower porosity, the pore sizes dacoate into play to large extent because
the tortuosity of the pore network is larger andrey is spent by the crack in traversing
longer distances. In a forthcoming section, alihas information is used as inputs into a
statistical model and a stochastic simulation tanidy the relative sensitivity of the pore
structure features and fibers on the fracture toagh of pervious concretes. The

influence of the pore structure features and filoerthe CTODR values is quite different
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from those on the K values as can be noticed from Figure 5-8(b). Tfexeof porosity

is much less pronounced on the CTQMBlues.
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Figure 5-8: Bubble plots showing the combined iefice of porosity, pore sizes, and
fiber volume on: (a) k&, and (b) CTODRof pervious concrete mixtures. The larger the
bubble size, the larger thedor CTOL value. The bubble size range is maintained the

same in both the figures for consistency.

Since Kcand CTOR are the critical fracture properties of a quadirmaterial
like concrete, it is useful to explore their redaship. Ideally, ke and CTOR depend
only on the material. As can be observed in FigiZxeamong the material propertiese K
is primarily dependent on the porosity (also shanRigure 5-8), with the values almost
unchanged even when the CTOIRlues change with increase in aggregate sizéilaexd
volume. The higher CTOpDvalues are typically observed for the specimerts tigher

fiber volume fraction. It is worthwhile to mentitvere that CTOBRIs defined as the
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crack opening displacement at the critical fractoesl. The fibers will delay the opening,
propagation, and coalescence of some of theseg;riekteby accommodating a larger

crack opening displacement before failure.
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Figure 5-9: Relationship betweenckand CTOR for the pervious concrete mixtures

5.5 Crack Extension and R-Curve Behavior of Pervious Concr etes

Figure 5-10 depicts the critical effective elastiack length, a(crack length at
the peak load) as a function of the fiber volunaetion. The critical crack length
increases with an increase in fiber volume. Foidaally brittle material, the critical
crack extension is zero. Thus it is only natural tie critical crack length (or the
extension) increases with fiber volume becausediberease the ductility of the

material.
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Figure 5-10: Relationship between critical craakgii and fiber volume fraction for the
pervious concrete mixtures

In order to further quantify the influence of psity and fibers, the stress capacity
of the specimens as a function of crack length dedsrmined. This provides an
indication of the crack length “tolerability” of ¢hmaterial. The effective crack length)(a
corresponding to every CMOD value in the load-CMQIDve was determined based on
the focal point method shown in Figure 5-1(b). Am&ginary” unloading compliance for
every point in the load-CMOD curve {(J was calculated by joining the focal point to
the corresponding point in the curve and deterngitine inverse of its slope. The same
procedure that was used to obtajimaSection 2.3 was used here to obtajrile only
difference being the use of a different value ptt@rresponding to every CMOD value.
The stress capacity of the specimen as a funcfiocrack extensionAa = a-a) is shown
in Figure 14(a). Only the results for pervious aete specimens made using #4
aggregates are shown here to keep the discussiomsu Very distinct trends are
observed for the lower and higher porosity specsr(éme solid lines in Figure 5-11(a)),

with the lower porosity specimens showing a higétegss capacity for the same crack
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extension. The influence of fibers, as expectetyiremal in the pre-peak region. For the
same effective crack length, the fiber reinforcedvpus concrete specimens have a
higher stress capacity, or in other words, thenpo@tion of fibers result in the pervious
concrete specimens being able to tolerate a largek extension at the same stress. The
influence of fibers becomes more prominent wherctaek extension increases,
irrespective of the specimen porosity. While thks taf the stres@a curve for the non-
fiber reinforced specimens are essentially parahely are likely to meet at some large
crack extension (i.e., have the same stress) éofiltler reinforced pervious concretes.
This shows that, when the crack extension appreaat&rge value, the porosity (in the
considered range) is less consequential for fibefarced pervious concretes. The
increased influence of fibers in the larger posospecimens is evident here, which is in

line with the results reported in a previous secba the residual load capacity.
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Figure 5-11: (a) Stress, and (b) Strain energyasglaate, as functions of crack extension
for the pervious concretes made using #4 aggreglessymbols in (b) correspond to
the crack extension at the peak load.

R-curves that indicate the change in fracturestastce in terms of the strain
energy release ratex@s a function of crack extension are shown iniedis11(b) for
the pervious concrete specimens made using #4 gajgse with and without the
incorporation of fibers. The behavior of specimerele using 3/8” aggregates are very
similar (albeit with differences in magnitude) amehce are not discussed here. R curves
have been used to characterize toughening in féaeforced concrete and other
composites (Eissa & Batson, 1996)(Llorca & ElicE290)(Mobasher & Peled, 2004).
The R-curve is not a material parameter and is gdgralependent, but can be used to
compare the fracture resistance of pervious coesiatthis case because the testing
geometries were identical for all the specimens difitical crack extensiomé at the
peak load) is represented in these curves usingalgmrhe strain energy release rate

was calculated as:

“Z”a[F(ao/d)]Z 5.1

Gr="C

The function F(gd) is the geometric function for the stress intigrfsctor (Shah et al.,
1995). The R curves shown in Figure 5-11(b) dematesthree distinct regions. In the
first region, there is a small increase in fract@gstance without any crack extension,
attributable to the bridging forces behind the krg. In the second region, there is a
gradual increase in fracture resistance with irsgea crack extension. This region ends

roughly at the crack extension corresponding toptiek load (marked using symbols),
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after which the behavior of fiber-reinforced andriber-reinforced specimens diverge
significantly. As can be seen from Figure 5-11{b¢ GAa relationship depends only on
the porosity and is independent of the fiber volumgl the end of the second region
(peak load). The third region for the specimen$auit fiber reinforcement is a plateau,
with little to no further increase in fracture since with increasing crack length. This
stage corresponds to rapid propagation of the ctdowever, for fiber reinforced
pervious concretes, there is a much larger incrieefsacture resistance with crack
extension in the third region. This is attributedte influence of fibers on the post-peak
response of concretes that result in tougheningaritbe noticed from the R-curves
shown here that for fiber reinforced pervious cetes, the larger porosity specimen has
a fracture resistance that approaches that obtlierlporosity specimen at higher crack
extensions, once again demonstrating the largkreine of fibers in mixtures having a

higher porosity.

5.6 Quantification of the Influence of Material Design Variableson K¢

The preceding sections have analyzed the influehpere structure features of
pervious concretes and the fiber volume fractionhanfracture parameters extracted
from the two-parameter fracture model. In this imegteffort is made to stochastically
guantify the sensitivity of each of the materiasige variables to the fracture parameters,
especially Kc. Understanding the relative influence of eachhefrhaterial design
parameters on the fracture toughness will helpmpé the pore structure of pervious

concrete for mechanical performance.
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5.6.1 A deterministic model relating K;c and material design variables

The development of a deterministic starting malat relates k to the
parameters of interest in necessary before tharkeaensitivity can be stochastically
evaluated. A regression-based method is choserctorglish this objective. All the pore
structure features described earlier (porositye®ize, mean free spacing of pores,
tortuosity) along with the fiber volume fractionugabeen used in the model. Several
statistical models were evaluated, and a multiplelmear regression model was found
to provide the highest degree of predictive caftgbiHowever, the use of all the terms
individually in a multiple regression model resdlia multi-collinearity issues. Multi-
collinearity is a phenomenon in which two or moredal terms are highly correlated to
each other, and this correlation coefficient isagge than the correlation of these terms
with the response variable (Omkar Deo & Neithal@2®1,0)(Kumar, 1987). Though
multi-collinearity does not reduce the predictiapability of the model, it has the
potential to interfere with the assignment of sewvisy to the individual variables. Table
5-1 shows the correlation matrix of the non-linesgression model containing all the
individual model terms. The parameter interactiaese ignored since they were
observed not to contribute much to the statiss@aificance of the model. The terms in

bold in Table 1 show the model terms demonstratingji-collinearity.

In order to avoid multi-collinearity, the followgnactions were performed: (i) pore
structure features were grouped based on theiigdiyglationships so as to result in
reduced inter-variable correlation coefficientsd & transformations applied to the

model terms and/or the response variables to etiserggnificance of the model and to
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reduce the effects of multi-collinearity. Since thare size (gi) and the mean free
spacing of pores\j are both indicators of characteristic length scdlthe phases in
pervious concretes {dis a representative length scale for the poresjidaac
representative length scale for the solid phabke)rdtio {./d.) is included as a non-
dimensional term in the model. Similarly, sincevés shown that the porosity and
tortuosity are well relatedyt was included as another term. The correlationirdr
the transformed model is also shown in Table 1 wWie multi-collinearity issues being
mostly resolved. The correlation betwedd,,;; and v is slightly higher than that between
M derit and K, but it has been ignored here considering thewat®gof the model and
the high B value (0.96) of prediction as shown in Figure 5-#2perimental and
predicted values of KIC for all the pervious cortergpecimens using the statistical
model. The response variable is also transformeal fogywer ternfs, which is equal to -

%. The transformed model is expressed as:

5.2

(Ko) =a,+ayv; +a, £+a3
T crit

An analysis of variance found the model terms talbsignificant with p-values far
lesser than 0.05. The coefficienis a1, o2, andos were obtained as 4.42, 34.76, -11.31,

and 2.30 respectively.

Table 5-1: Correlation matrix for the non-transfearand transformed models foickas
a function of the experimental variables. The valuebold indicate multi-collinearity.

Model Model Termq ¢ erit A T Vi Kic
Non-Transformed | ¢ 1.00
model (with i 0.26 | 1.00
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Figure 5-12: Experimental and predicted values effér all the pervious concrete
specimens using the statistical model

5.6.2 Analyzing feature sensitivity through stochastic smulation

In this section, the use of a Monte-Carlo simolatio understand the sensitivity

of the model terms on the predicteg Kalues is discussed. The deterministic model
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described in the previous section is used as the tvedel. For each of the model
parameters, the Anderson-Darling (A-D) statisticatculated for several probabilistic
distribution fits (including normal, lognormal, Will etc.), and the distribution showing
the lowest A-D statistic shows the closest fithe tlata (Hosmer Jr, Lemeshow, & May,
2011). For all the three terms,(/t, A/dcit) in the transformed model forid normal
distribution was found to be the best one représgmnihe data. Each of these three terms
was randomly generated 10,000 times based on taenpters of their probability
distributions, to determine the probability distrilon of Kc. Figure 5-13(a) shows the
predicted histogram of probability distribution fb®,000 trials. The predicteddXvalues
also follow a normal distribution. The contributiohvariance or the sensitivity of the
model parameters to thgd¥alues is shown in Figure 5-13(b). The sensitgitivere
determined by using the statistical forecasting, tGoystal Ball™. The percentage
sensitivity plotted in this chart, calculated byrqauting the rank correlation coefficients
between every input model term with the estimatk,ef provides a meaningful
indication of the magnitude and direction of chanigeK,c with changes in each of the
input terms. Positive sensitivities indicate thatrecrease in the input model term is
associated with an increase in the output terne latger the absolute value of the
percentage (%) sensitivity, the stronger is theiralation or interdependency. Even
when the number of trials in the Monte-Carlo simiolawas increased to 20,000, the
sensitivities were found to be unchanged. The thahinfluences Ik the most ish/r,

and an increase in this parameter decreasesi¢hvalkie as shown by the negative

sensitivity. Since the tortuosity decreases witlrease in porosity, the tergir is
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amplified even with a slight increase in porositydecrease in tortuosity, explaining the
larger magnitude of sensitivity associated witls tierm. Increase in the mean free
spacing between the pores or the solid phase gpacitecrease in pore size are found to
increase kg, as is the increase in volume fraction of fib@itse quantification of feature
sensitivities provided here reinforces the condnsimade in the earlier sections on the

influence of the pore structure features and fumdume on Kc of pervious concretes.
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Figure 5-13: (a) Predicted histogram fog Kising Monte-Carlo simulation, and (b)
sensitivity of the model parameters tg K

5.7 Summary

The fracture response of pervious concrete spedrmpeportioned for different
porosities, as a function of the pore structuréuies and fiber volume fraction, was
studied in this chapter. Stereological and morphickl methods were used to extract the

relevant pore structure features of pervious caasrgom planar images. A two-
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parameter fracture model was used to obtain thoeulira toughness (K) and critical

crack tip opening displacement (CT@Irom load-crack mouth opening displacement
(CMOD) data of notched beams under three-point ingnd’he experimental results
show that K¢ is primarily dependent on the porosity of pervicoscretes. For a similar
porosity, an increase in pore size results in agtdn in Kc. At similar pore sizes, the
effect of fibers on the post-peak response is mpaseninent in mixtures with a higher
porosity, as shown by the residual load capaditgss-crack extension relationships, and
Gr curves. These effects were explained using thenrfrea spacing of pores and pore-
to-pore tortuosity in these systems. A sensitigitalysis was employed to quantify the

influence of material design parameters ga K
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6 CHAPTER 6: FRACTURE ENERGY

6.1 Genera

Multi phase materials such as concrete and raekjaasi-brittle and there is a
non-linear aspect to the propagation of the cralckrey there is plastic zone of semi-
ductile behavior. In the following chapter, a fiaet energy release ratesf®ased on
non linear fracture mechanics models for quasttbnihaterials, and is classified as a
fictitious crack approach, was determined for vasitypes of pervious concrete and with

varying amount of fibers (Shah et al., 1995)(Wittma2002)(Hillerborg et al., 1976).

6.2 PoreStructure Features

The effect of aggregate size, porosity and addibibfibers on the influence of
critical pore diameter was analyzed in great defthe critical pore diameter was
calculated from the scanned images using bothatbepbint correlation function and
granulometric morphology which were explained itadeabove. For each mix design,
there were approximately 8 scanned images that wsse for granulometry and TPC. It
was first found that there was no significant deeiafrom the critical pore diameters
calculated from either TPC or granulometry by usangann-Whitney two tailed U test
(Kruskal, 1957). If the non-parameteric measurthefoverlap between the two
distributions (P-value) was greater than 0.05 ulddoe determined that the two
populations were statistically similar.

The critical pore diameters were compared to e &f aggregate used and its

volumetric porosity as well as the fiber contenlivee used to see if a relationship could
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be observed. The reason for using different aggesgjzes in pervious concrete is to get
different average pore sizes. Pore size is usdakgtly proportional to the aggregate

size but has no relation to the volumetric porosity
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Figure 6-1: Critical pore diameter vs. % fiber llume for a) 19% porosity and b) 25%

porosity

The tortuosity has an inverse relationship topbeosity. When the porosity is
one hundred percent it will be have a minimal vaitié for the tortusoity (Epstein,
1989b). In Figure 6-2(b) the tortuosity can bers® decrease in hyperbolic manner as
the porosity increases. The tortuosity only setani®e a function of porosity and not of
fiber content or aggregate though it does appesratthe higher porosity, the larger
aggregate size has the higher tortuosity. Atadkeel porosity of 19% there is no

significant difference in tortuosity with aggregaiee and this can be observed in Figure

6-2(a).
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Figure 6-2:(a) tortuosity vs. Fiber volume and Toytuosity vs. porosity

6.3 Influence of Porosity

The influence of porosity on the peak load is r&ag significance. The peak load
decreases by almost 50% when the porosity incréamaszero to 19%. There is only a
modest decrease in strength when the porosityasesefrom 19% to 25%. A higher
porosity reduces the gel space ratio and thus esdoerall tensile strength which is
consistent with the data below in Figure 6-3. (R&GOUDA, 1973)(Manning & Hope,
1971). The stiffness is also highly dependent uperporosity as well. The solid
concrete specimens show the greatest stiffnesstfierslope of the loading portion of

the curve and the 25% porosity specimens haveetst stiffness.
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Figure 6-3: Load vs. Displacement for (a) #4 aggte and (b) 3/8” aggregate

6.4 Influence of aggregate/pore size

The aggregate size dictates the average porasizplays a significant role in
influencing the peak load. The smaller aggregaie seems to show a moderate increase
in strength with the 0.2d notch depth and 25% ptyrdst less strength with the 19%
porosity. With the 04.d notch depth, there isigh$lincrease in strength with the smaller
aggregate size for both the 19 and 25% porositidsas been found in previous studies

that at a given porosity, the strength of porousenias decreases linearly with the size
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of the macropore(Liu, 1997). The stiffness sewnize relatively unaffected by the

aggregate size for either notch depth.
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Figure 6-4: Load vs. Displacement for (a) 0.2d hatepth and (b) 0.4d notch dept

6.5 Influenceof fiber volumes

The peak loads can be seen below in Figure 6am@)b). For both the 9% and
25% porosities, there is a slight decrease in pesk with increasing fiber volume. This
is likely due to fiber clumping during the mixinggeess which weakens areas of the

matrix interface. The notch depth also plays aifigant role in influencing the peak
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load which decreases with increasing depth. @danotch depth will create a smaller

cross section which will lower the peak load inertb keep the stress at failure the

same.
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Figure 6-5: Peak load vs. % fiber volume for (a¥dl@nd (b) 25%

Below in Figure 6-6 the load vs. displacement esrgan be seen for all 0.2d
notch depth specimens. The addition of fibersaases both the stiffness and post peak
strength. The number 4 sized aggregate specinhens relatively no change in peak
strength but there is considerable increase ingest strength. When the fiber content

is increased to 1.0% there is significant strardening which is a phenonom in which
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the energy needed to open a critical crack is riwe the energy needed to form a new
crack. The strain hardening is likely due to fidebonding which orginates from fiber

surface abrasion at fiber/matrix interface(Lin & LB97)(Tjiptobroto & Hansen, 1993).

(a) (b)
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Figure 6-6: Load vs. displacement for #4 aggregate0.2d notch depth with (a) 19%
porosity and (b) 25%

There is less strain hardening with the larger a@jregate size with 19% porosity and
no strain hardening with the 25% porosity. The@édapore size allows for less fiber
bridging and thus less fiber de-bonding that leasttain hardening during the fiber pull

out process.
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Figure 6-7: Load vs. displacement for 3/8” aggtegad 0.2d notch depth with (a) 19%
porosity and (b) 25%

notch depth specimens. No strain hardening wasreéd with this notch depth and was
likely due to less cross sectional area to give tidesa significant amount of fiber de-

bonding that would result in strain hardening effec
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S I I B B 6000 =t L L
- hH 9 i B
E +——40.0% Fiber [ - @—e—egg";o i:gz: i
g 6——00.5% Fiber [ 4 T 1.00/0 Fiber [
E *—*—%1,0% Fiber [ - o i
h [ 4000 ™
4000 #4.19% 0.4d i #4 25% 0.4d

0llll|llll|||||||||| 0llll|llll|llll|llll

0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Displacement (mm) Displacement (mm)

79



Figure 6-8: Load vs. displacement for #4 aggregate0.4d notch depth with (a) 19%
porosity and (b) 25%

The stiffness increases with the increase in filménme for the higher porosity for the
smaller aggregate size as can be seen above. iShaw little difference in the peak
strength between the 19 and 25 percent porosiiesan be seen below there is a

significant decrease in peak load with the increagmrosity.
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Figure 6-9: Load vs. displacement for 3/8” aggregatd 0.4d notch depth with (a) 19%
porosity and (b) 25%
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As can been in Figure 6-10, The toughness ihglesxplotted against the
percentage of fiber volume for the 4 different rdesigns and 2 different notch depths.

All specimens show significant increases in redidtrangth.
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Figure 6-10: toughness index vs. fiber volume(&)r25% and (b) 19%

As can be seen below in Figure 6-11 there is @nadvincrease in the fracture
energy release rate with increasing fiber volumiébfiith notch depths and aggregate
sizes at 25% porosity. There is a much largeeismse though at the larger notch depth
and is likely due to the decreased cross-sectimea that is able to absorb and the
energy released from the propagation of the ofkcratere is also a slight decrease in
fracture energy on the #4 sized aggregate with Ba2ch when increasing from 0.5to 1.0

percent fiber volume. This may be due to fibengbing effects.

b
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Figure 6-11: G at 25% porosity with a notch depth of (a) 0.2d én) 0.4d

Below inFigure 6-12 the alues for the 19% porosities can be seen. Again
there is an overall increase in fracture energynithe fiber volume is increased. The
larger notch depth shows less of an increase atura energy than with the smaller
notch. It seems that with a lower porosity anddepores, there are fewer places to
allow fiber bridging to occur so a larger crosstsegmal area is needed to increase the rate
of energy release from the crack propagation. Taetre energy is plotted as function
of fiber volume in Figure 6-13 and show the generaleasing trend of ®vith the

addition of fibers.

(@) (b)
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6.6 Summary
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The fracture energy release rate and the toughneiees were calculated for the
twelve different mix designs of pervious concreliewas found that fracture energy
release rate was highly dependent on porosity ied ¢ontent but had little to no
influence on pore size. The toughness indices hvére representative of the residual
strengths were determined for the pervious conagteimens. It was found that these

values were also highly dependent on porosity &et tontent.
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7 CHAPTER 7: CONCLUSION

7.1 Genera

This chapter provides comprehensive conclusiossdan the research carried
out to investigate the influence of fibers and psiracture features on the mechanical
and fracture properties of pervious concrete. Basethe research, several

recommendations for further studies are also pealid

7.2 Permeability of Pervious Concretesand Human Teeth

This chapter has focused on studying the relatipnsetween permeability and
tortuosity as it pertains to porosity and pore sizpervious concrete. Various ideal
geometric shapes were also constructed that hgthgapore sizes and porosities. The
pervious concretes also had differing pore sizelspamosities. The permeabilities were
determined using three different methods; Stokegesd_attice Boltzmann method and
the Katz-Thompson equation. These values weredbepared to the tortuosity values
determined using a Matlab code that uses a poneectinity algorithm. The tortuosity
was also determined from the inverse of the comdtictietermined from a numerical
analysis that was necessary for using the Katz-som equation. These tortuosity
values were then compared to the permeabiliti¢se pervious concretes and ideal
geometric shapes showed consistent similaritiesd®t the tortuosities and the
permeabilities.

Reconstruction of human teeth from actual SEM iesagf dentin and enamel

were created and the permeabilities were determisgd) the Stokes solver and Lattice
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Boltzmann method. These values were found to hsistent with empirical values

found in literature.

7.3 Fracture Toughness

This topic has provided a fundamental understandirthe influence of the pore
structure features and fibers on the fracture respof pervious concrete notched beams
under three-point loading. The results from thiglgtare expected to facilitate the
material design of pervious concretes for adequatture resistance. Fibers generally
were not found to influence the compressive stietmany significant degree, as is
expected for conventional concretes also. Amongtre structure features, porosity
exerted the maximum influence on compressive sthe@r the pervious concretes
evaluated in this study, it was found that thetfree toughness (K) was primarily
dependent on the porosity, even thoughwas found to increase with increase in fiber
volume fraction. For a given porosity, an incregsthe pore size resulted in a reduction
in the Kc values. It was shown that, though the fibers aveeneffective at higher
porosities, the overall benefits of having a lowerosity far outweigh this effect when
K\c values are considered. The critical crack lengtindased with increase in fiber

volume irrespective of porosity and pore sizes.

The residual flexural capacity of the pervious@ete specimens were found to
be invariant with porosity at a given fiber volurinaction. The contribution of fibers
towards improving the residual flexural capacitysvigher at a higher porosity
(provided the pore size remained the same). Incse, there are more number of pores,
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thereby reducing the mean free spacing betweepdtes. This increased the possibility
that the pores are bridged by the fibers, resultithe observed effect. The increased
influence of fibers at higher porosity was alsoeslied in the stress-crack extension

relationship and in the R-curves.

A statistical model was used to expregs &S a function of the pore structure
features and fiber volume. The terms in the modskvgrouped and the model
transformed to reduce the effects of multicollimga stochastic simulation for
sensitivity revealed that,Kwas mostly dependent @¥c. Since the tortuosity decreases

with increasing porosity, the sensitivity of thesrm was amplified.

7.4 Fracture Energy

The fracture energy release rate and the toughneises were calculated for the
twelve different mix designs of pervious concreliewas found that fracture energy
release rate was highly dependent on porosity imed ¢ontent but had little to no
influence on pore size. The toughness indices hvhire representative of the residual
strengths were determined for the pervious con@gteimens. It was found that these

values were also highly dependent on porosity dvet tontent.

7.5 Recommendationsfor Future Research

Future research involving different volume fran8mf fibers, different porosities,
and different aggregate sizes using the same tetbtaais and analysis as described in this

thesis is recommended. A more sophisticated ntbdérelates the pore structure
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features to the mechanical and fracture behavipeofious concretes could be created.
In this study only polypropylene fibers were usedising different materials such as

steel and fiberglass would be good choices to stodfurther analysis.
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