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ABSTRACT

Concrete under tension exhibits a great degree of post-peak non-linearity.
Current design codes assume the tensile strength of concrete to be negligible,
which is not only a gross oversimplification of the fracture process of concrete in
tension, but is also overly conservative. However, research in the field of fracture
mechanics has produced models that can accurately predict crack propagation in
concrete using fracture parameters determined from testing. One of these
models, which is both simple and reasonably accurate, estimates the post-peak
tensile behavior of concrete as a bilinear approximation of the softening curve,
known as the bilinear cohesive crack model.

The American Concrete Institute’s Committee 446 is developing a draft
test method, ACI 446-5, which determines the key fracture parameters of the
bilinear cohesive crack model using three-point bend notched beam tests. ACI
446-5 currently contains errors and some impractical methods, combined with
complex and often obscure equations for the determination of the bilinear
cohesive fracture parameters.

To remedy this, the equations for the calculation of the fracture
parameters of the bilinear cohesive crack model are derived, and the

experimental methods examined and criticized. Experiments of normal strength

Vi



concrete notched beams of three different sizes were also performed using the
guidelines for Level Il testing, provided in Chapters 2 and 4 of ACI 446-5, with
modifications as needed in the case of ambiguity or impracticality. The results
are analyzed and discussed, and potential size dependence of the fracture
parameters is discussed. With the corrections provided in this thesis, ACI 446-5
is concluded to be adequate for the determination of the fracture parameters of
the bilinear cohesive crack model, and modifications are suggested to improve
the test method.
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1 INTRODUCTION

Considerable effort has been expended in the attempt to model the
behavior of concrete under tensile forces. Due to the complex behavior of
concrete under tension, most modern design codes neglect the tensile strength
of concrete altogether. This conservative assumption denies designers the
ability to not only cut costs through the extra strength in tension concrete can
offer, but also completely ignores the process of crack propagation. Researchers
have long been aware of these problems, and throughout the years have
developed several models that attempt to use the material properties of concrete
to predict both failure and the process of crack propagation. Due to its complex
structure and heterogeneity, replicating the behavior of concrete using classic
analytical methods from mechanics of materials and other computational models
has proven quite difficult.

However, the field of fracture mechanics has shown much promise in
predicting crack propagation of concrete under tensile forces. In particular, the
American Concrete Institute (ACI) is in the process of developing a standard
testing method to determine key fracture parameters and material properties of
concrete using simple three-point bend notched beam tests that can be
performed in any modern materials laboratory. In March, 2010, ACI Committee
446 released a draft test method for fracture toughness testing of concrete,
known as notched beam level Il (NBLII) tests. This test method will be the focus
for this thesis. In particular, this thesis provides the results of trial runs of NBLII
tests of three different beam sizes of normal strength concrete, as well as
adaptations, criticisms, and an in-depth discussion of the proposed testing
method and the calculations of the key fracture parameters.

1.1 Motivation

Although the field of fracture mechanics has been broadly studied for
many decades, its practical applications in design are currently limited. In
particular, design codes for structures using reinforced concrete generally only

use the uniaxial compressive strength of concrete, ¢, to determine failure and



serviceability criteria. Although the equations for design using f’c have proven to
be adequate in most cases, they make gross assumptions concerning the
behavior of concrete, where using parameters such as the fracture toughness of
concrete would be more appropriate.

Part of the reason for the popularity of f'c comes from the fact that the tests
to determine compressive strength are very simple, repeatable, and only one
calculation needs to be made; dividing the ultimate uniaxial force by the cross-
sectional area of the specimen. By contrast, in the field of fracture mechanics of
concrete, there currently exists no agreed upon standard testing method to
determine key fracture parameters. In fact, there is still no agreement on a single
theoretical model that can be used to describe crack propagation.

Despite this, it is expected in the future that the principles of fracture
mechanics will be used in design codes. In order for this to occur, a
standardized and agreed upon theoretical model and testing method must be
developed. ACI Report 446-5 on Fracture Toughness Testing (ACI 446-5)
provides two such standards with Level | and Level Il beam tests, but is still in the
developmental phase and requires further rigorous scrutiny. One of the
motivations for this thesis is to provide such scrutiny, and to determine if the
Level Il testing method provided by ACI 446-5 is an adequate and reasonable
method for determining the key fracture parameters of concrete. Also, the
equations to calculate the fracture parameters listed in Chapter 4 of ACI 446-5
are very complex and often have obfuscated origins. Thus, this thesis provides a
guide to the equations in Chapter 4 of ACI 446-5 by showing derivations where
needed and providing scientific reasoning and criticism where appropriate.

1.2 Background

Concrete under tension exhibits a large degree of non-linearity close to
and beyond its tensile strength. While simple tests to discover the tensile
strength of concrete are reasonably well established, the tensile strength alone
does nothing to describe concrete behavior past the peak load. In general,

normal-strength concrete under tension exhibits approximately linear-elastic



behavior up to its peak tensile strength. After reaching peak tensile stress,
concrete exhibits strain-softening behavior by gradually losing load-carrying
capacity as deformation increases. In a typical load-deformation curve, after
reaching maximum load, load asymptotically approaches zero as deformation
increases. This behavior differs greatly from classically brittle materials, such as
glass, which suddenly lose all load-carrying capacity after reaching maximum
load, disallowing any further deformation. It also differs from typically ductile
materials, such as steel, which exhibit yielding where deformation increases
without increases in load, and eventually strain hardening, in which greater load
is needed for further deformation. Concrete thus has been labeled as a quasi-
brittle material, and falls under the realm of quasi-brittle fracture mechanics.

From a mechanics perspective, strain-softening in concrete occurs due to
the existence of micro-cracks in the cementitious material surrounding the
aggregate. In brittle materials, a single crack propagates through the material,
with a very small fracture process zone in front of the crack. By contrast,
concrete has a very long, but narrow fracture process zone due to micro-cracks
forming at relatively large distances in front of the main crack, with a typical
characteristic size in the range of 0.15 m — 0.40 m [Bazant & Planas, 1998]. With
such a large fracture process zone, concrete does not fall under the realm of
linear-elastic fracture mechanics, and thus other models have been developed in
an attempt to replicate the crack-propagation of concrete.

One of the first of these models is the fictitious crack model developed by
Hillerborg, which proposed the notion of a crack that has the ability to transfer
tensile stress across the crack faces [Hillerborg, 1978]. The idea of this
“cohesive zone” was later employed by Guinea et al. into what is known as the
bilinear cohesive crack model [Guinea 1994], which assumes a bilinear
approximation of the softening curve of concrete. This model is the basis for ACI
446-5 testing methods, and will be explored in detail in Chapter 2 of this thesis.



1.3 Obijectives and Scope

The primary purpose of this thesis is to determine whether ACI 446-5
Level Il test method is suitable as a standard for fracture toughness testing. For
this conclusion to be satisfied, several criteria must be met. Primarily, the test
must be relatively simple, inexpensive to perform, and repeatable. Also, the
issue of potential dependence of the fracture parameters upon specimen size
must be explored.

In fulfillment of the above requirements, the equations defining the bilinear
cohesive crack model are explained and derived. Also, a thorough and
descriptive examination of the testing procedures of ACI 446-5 is provided by
performing several experimental trials using the proposed method, along with in-
depth discussion and criticism where appropriate. Results of the tests are then
analyzed to determine if the testing procedure delivers realistic and objective
values, and conclusions are drawn with respect to the validity of the testing
method.

Chapter 2 focuses on the theoretical background of the NBLII test method,
providing the provenance of the calculations required to determine the cohesive
crack model parameters utilized by ACI 446-5. Chapter 3 provides an in-depth
description, criticism, and discussion of the NBLII testing methods, along with the
raw experimental results of the experiments. Chapter 4 analyzes and discusses
the results from the experiments, providing the key fracture parameters and
bilinear approximations of the cohesive model for concrete. Lastly, Chapter 5
draws conclusions about the experimental methods and makes
recommendations for further research and testing.



2 THE BILINEAR COHESIVE FRACTURE PARAMETERS

The ACI 446-5 NBLII testing method and the testing presented in this
document follow what is known as the bilinear cohesive crack model, originally
developed by Guinea et al., to create a four-parameter fracture mechanics model
to describe the post-peak behavior of concrete as a bilinear approximation of the
softening curve [Guinea et al., 1994]. This chapter is dedicated to the origins of
the cohesive crack model, including the background and the provenance of the
equations used to calculate the fracture parameters of the bilinear approximation
of the softening curve of concrete. Section 2.1 discusses Hillerborg'’s fictitious
crack model and the determination of the fracture energy, Gr, while Section 2.2
discusses the four-parameter bilinear cohesive crack model of Guinea et al. and
the calculation of the fractures parameters in Chapter 4 of ACI 446-5.

2.1 Hillerborg’s Model and the Determination of Gr

As discussed in Chapter 1, concrete is a quasi-brittle material with a large
fracture process zone, and thus the principles of linear elastic fracture mechanics
(LEFM) are not applicable. LEFM assumes that stresses at the crack tip
approach infinity, where in reality the maximum stress achievable is the tensile
strength of the material, f;. Hillerborg reconciled this discrepancy by providing a
fictitious crack ahead of the crack tip that imposes closing forces within the
fracture process zone [Hillerborg, 1978]. As the crack widens, the closing forces
within the cohesive zone decrease from f; as the crack opening increases, and
thus allows for the generation of the softening behavior seen in tension tests of
concrete. Figure 1 depicts a graphical representation of this concept, where the
maximum tensile stress, f;, is reached, and as the crack opening, w, increases
the stress, o, decreases non-linearly until a critical crack opening displacement,
W, is reached where the cohesive stress is reduced to zero.

The fracture energy dissipated per unit of crack area, Gg, is then defined
as the area under the stress vs. crack opening displacement curve. Ge is
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Figure 1: Graphical description of the cohesive zone, and accompanying stress vs. crack
opening displacement curve

a material property of the concrete and represents the amount of external applied
energy required to fully break a unit surface area of the cohesive crack.
Hillerborg contended that Gr could be determined through the load-deformation
curve data from three-point bend notched beam tests (without compensation for
self-weight) by dividing the area under the load-deformation curve by the notched
cross-sectional area of the specimen [Hillerborg, 1985]. However, the literature
has shown that G exhibits considerable dependence on specimen size using
Hillerborg’s methods [Shah et al., 1995]. The primary reason for this size
dependence is attributed to not accounting for energy dissipated at the tail end of
the curve, where theoretically the load-deformation curve asymptotically
approaches zero. ACI 446-5 provides an equation for Gg that takes into account
the tail of the curve, as well as using slight over-compensation for self-weight,
which will be discussed further in Section 3.2.2, to prevent dynamic instability
before a full softening curve can be developed. To fully understand the origin of
the ACI 446-5 NBLII method for the determination of Gg, one must explore its
development. In particular, the work by Peterson is summarized next [Peterson,
1981].
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Figure 2: Load-deflection curve for a three-point bend test

Figure 2 shows a theoretical load-deformation curve using no weight
compensation. With no weight compensation, the self-weight of the specimen
contributes to the overall load in the system, and must be accounted for. The
self-weight of the specimen is acting upon the system before testing begins, and
thus the test actually starts at a non-zero load before any load by the testing
machine is applied. The center-span moment due to this non-zero load of
specimen self-weight, for a simply supported beam, is mgS/8, where m is the
total mass of the beam, g is the acceleration of gravity and S is the span length
of the test setup. Subsequently, an equivalent center-span load of Pg = mg/2,
would cause the same moment at mid-span, and is referred to as the residual
load. Thus, the recorded test data would occur in the shaded area of Figure 2,
beginning at point 1 and ending in sudden unstable failure due to the beam’s
self-weight at point 2. The entire load-deformation curve, including the effect of
self-weight, is represented by both the un-shaded and shaded areas of Figure 2.
Integrating under the entire load-deformation curve (A1 + A2 + Az + A4), and
dividing by the cross-sectional area of the notched section, will yield the fracture



energy, Gr. A; is easily obtained from the test data by means of trapezoidal
integration. The rest of the curve, however, is interpolated, as described next.
Generally, A4 can be neglected as it is very small, normally 1 — 2% of the
entire area [Peterson, 1981]. Knowing the deformation and residual load at point
2 (8o and PR respectively) from the recorded test data, A, can be calculated as
follows:
Ay = PRdy . (1)

(@) | S/2 ( P

(b)

A

|
P + mg/2 S/2 ;)

Figure 3: Graphical description and free body diagram of beam behavior toward the end of
the test

To determine Ag, several assumptions must be made about the geometry
of the area at the far tail of the curve. Toward the end of the test, one can



assume the beam acts as two separate rigid rectangular pieces held together
only through the cohesive zone, as depicted in Figure 3 (a), where the cracked
surfaces remain plane, the depth of the cohesive zone, d, varies based upon the
displacement, d, and the critical crack opening displacement, w,, is always
constant at depth d. This is an approximation as it assumes the stress in the
compression zone of the beam is concentrated at a single point, seen as force C
in Figure 3 (b). In reality there will always be a compressive zone of finite depth
at the top of the beam. Using the beam geometry as seen in Figure 3 (a), with
the foregoing assumptions and with a real crack propagating, the depth of the
cohesive zone, d, is inversely proportional to the deformation of the beam, 9, i.e.:
Sw,

=13 2)

In Figure 3 (b), the stress distribution of the cohesive zone is shown as a function

d

of the vertical axis z, and the tensile portion of this function is labeled as f(z),

where the resultant, T is:

d
T = Bf_ fw(2))dz , (3)

where B is the width of the beam. The resultant tensile force, T, is located at a

distance from the top of the beam that is proportional to d, denoted by a

constant, Ko, times d. Summing moments about point O, we get the following:
mgS PS mg$S

O:KOTd+T—T— 4 (4)
Rearranging equation (4), we get:
%(P + %) = K,Td . (5)
Defining the load function P(8) = P + mg/2, we get:
PO _ g ©
We know from the geometry in Figure 3 (a) that w can be related to d as the
following:
z wd
Wzgwc;zzw—c. (7)

Substituting equation (7) into equation (3), we get:



T = Bfwcf(w)idw. (8)

w=0 C

We also know from the definition of G that

Gr = fw)dw . 9)
w=0
With d being an independent variable, and w,; a constant, equation (8) becomes:
Gp
T=dB—, (10)
WC

and thus, T is proportional to d. Knowing this, and solving for P(8) in equation (6),
the equation becomes:

4BG
P(8) = Ko~

dz, (11)

c

Substituting in d from equation (2) into equation (11), and knowing that we, S, G
and Ky are constants, for simplicity we can combine them into a single constant,

Ky, and equation (11) becomes:

K 1
m&=§§, Ky = 7 BSKoGpw, . (12)

Referring back to Figure 2, we now have an approximate function of the curve
over area As for large deformations. As can be calculated by integrating the

function as follows:

r F K, K, K
As = fP((S)ch = | 3246 =5 =35, (13)
0 0
8o 8o

which then, knowing that P(&,) = Pgr, and substituting equation (12) into equation
(13), we find:

Az = PRy, = A, . (14)

Now that all the areas are approximately accounted for, the fracture
energy can be calculated as the entire area under the curve in Figure 2 divided
by the cross-sectional area of the cracked section as follows:
(A1 + 2Pg6)

™ B(D—ay) ’

where B is the beam width, D is the beam depth, and ay is the notch depth.

(15)
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However, equation (15) assumes that when 6=0,, the specimen is very
close to the complete failure. This is an incorrect assumption, especially for
larger beams where Pg can be a significant fraction of the peak load, due to the
beam failing dynamically due to self-weight before a satisfactory softening curve
can be developed. Thus, size dependence is expected for this testing method.

It should be noted that Hillerborg gave an alternate method and equation
where the beam can be tested upside-down to eliminate self-weight as the cause
of size dependence. However, not only was this method relatively unsafe, but
size dependence was still observed in tests following this procedure [Shah et al.,
1995]. In an attempt to eliminate size dependence, the far tail of the softening
curve needs further examination. To achieve this, significant data from the far
tail of the softening curve is needed, and thus weight compensation must be
used in some form to counter-act the tendency of beams to fail prematurely due
to self-weight before the curve can be satisfactorily developed. The use of
counterweights at the ends of the beams to create a balancing negative moment
has proven to be the most practical solution to this problem. However, this
creates some other challenges in the calculation of Ge.

Ideally, a beam would have weight compensation so that no internal
moment exists at center span. This is unrealistic due to the variability in casting
of specimens and the heterogeneity of concrete, and thus it is more practical to
provide a slight overcompensation, which achieves stability toward the end of the
test and is also easier to correct for in the calculations. The correction terms for
the calculation of Gr used in Chapter 4 of ACI 446-5 are in part related to the
derivation developed in the book by Bazant and Planas, which is summarized
below [Bazant & Planas, 1998].

Figure 4 depicts a typical load-deformation curve for a load-compensated
beam similar to that of Figure 2, with a few key differences. The test is ended at
the point &g and the curve asymptotically approaches a load, P’o, which is the
equivalent center-span downward force necessary to equilibrate the negative
moment provided by the counterweights.

11



Load, P ‘l'

Deformation, o

Figure 4: Load-deformation curve for overcompensated three-point bend test

Pr is defined, once again, as the residual load at the end of the test, which
is taken directly from the testing data. P’g then is the difference between Pr and
P’o. For illustrative purposes, P’y, P'r and Pg are all grossly exaggerated, as with
slight overcompensation they would only be small fractions of the peak load. It
should also be noted that P’y is difficult to know in advance, but as will be shown
is not necessary in the final calculation of area. For convenience, another term is
also introduced, known as the work of fracture, Wg, which represents the entire
shaded area under the load-deformation curve in Figure 4, similar to the sum of
the areas from Figure 2 (A1 + A2+ Az + A4). The term Wgy represents the area
under the curve obtained directly from the test data through trapezoidal
integration, which is equivalent to Ay in Figure 2. Lastly, da represents the
displacement at a load Pr near the beginning of the test, and &g represents the
displacement at the end of the test. dg is known from the test data, and da can
be interpolated from the data lying in the initial linear portion of the curve. Using
the same logic to determine Az, employed in equation (14), and with the new
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definition of Wr and Wgy, the total area of under the curve can be calculated as
follows:
Wi = Wiy + 2P, . (16)
From equation (12), without weight compensation, it is approximated that
at the end of the test that P(d) = K1/0%, where Kj is a constant. With weight
compensation and for the large displacements at the far tail of the curve,

equation (12) is then modified as follows:
A
(6 =607

where A = Ky, and is referred to as the far tail constant. Note that equation (17)

P—P= (17)

is slightly different from that of equation (12) since the curve has been shifted
upward by an amount P’y and to the right by an amount &4 due to the
overcompensation by the counterweights.

The far tail constant, A, can then be calculated using the least squares
method with data obtained from the far end of the curve. P’y is technically not
necessary for the calculation of A, and the fitting curve can be forced through the

point &g. Thus, equation (17) can be manipulated as follows:
A
(Br = 84)%
Eliminating P’p, and with some algebraic manipulation, equation (18) then

Pr =Py =P = (18)

becomes:
1 1
=4 2 2
(6 —684)% (6r—64)

Then, data obtained from the end of the test can be used to perform a least-

P — Py (19)

squares fit to determine A. Once A is known, the work of fracture can be

calculated by substituting P’'g from equation (18) into equation (16), which yields:

(6r —8a)
Finally, the fracture energy is calculated as:
W

Cr =3 —ay
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Note that equations (20) and (21) correspond to the equations in Sections 9.6.4
and 9.6.5 respectively in Chapter 4 of ACI 446-5.

However, equation (19) does not match up exactly to the equation in
Section 9.3.4 of Chapter 4 of ACI 446-5, which is used to calculate the far tail
constant, A. ACI 446-5 switches values of displacement for those of crack mouth
opening displacement (CMOD), with a geometrical factor to relate CMOD to &. It
is noted that the reasoning for this cannot be found in the literature. Above, we
assumed that toward the end of the test the beam acts as two rigid pieces, and
therefore CMOD is proportional to 8. However, the forgoing assumption is only
an approximation, and due care should be taken by ACI 446-5 to justify this
assumption of proportionality, as even small errors and approximations can have
significant influence on the fracture parameters (discussed further in Chapter 4 of
this thesis).

With the above assumption, the manipulation of equation (19) to that of
the equation in Section 9.3.4 in Chapter 4 of ACI 446-5 is fairly straight forward.
By using the same logic employed in equation (2), and substituting the cohesive
zone depth, d, for the full depth of the beam, D, and the critical crack opening
displacement, we, for the crack mouth opening displacement, wy and, finally,
solving for the displacement, 6, we get:

SWM
§=—— . 22
D (22)

For simplicity, the term P — P from equation (19) is replaced with what
ACI 446-5 refers to as the corrected load, P1, where P is the recorded load data,
and Pg is the known residual load at the end of the test. As will be discussed in
Chapter 3, a pre-load of 5-10% of the recorded peak load is also applied before
testing begins to allow for testing setup seating. Data is not recorded during pre-
loading, and thus the test begins at a load P equal to the pre-load. Testing is
completed when the final CMOD reaches a value of 4D/300, as per Section 7.6.3
of Chapter 2 of ACI 446-5.

Section 9.3 of Chapter 4 of ACI 446-5 details the method to obtain A by
least squares analysis. First, Py is first plotted against measured values of
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CMOD. A typical plot of P1 vs. CMOD is shown in Figure 5, where wya is the
CMOD corresponding to a corrected load of Py = 0, and wyr is the last point of
CMOD on record.

CMOD (wy,), mm

>

© Corrected Load, P; (N)

Figure 5: Plot of corrected load, P1 vs. CMOD

It should be noted that Section 9.3.1 of Chapter 4 of ACI 446-5 contains
some confusing language, where it appears to suggest that all data
corresponding to a CMOD greater than 2 mm should be excised. This
requirement is curious, as there’s no obvious reason to excise data collected
beyond CMOD =2 mm. Also, with larger depth specimens, Chapter 2 of ACI
446-5 allows for data to be collected to CMOD = 4D/300, which could easily
exceed the 2 mm requirement. The author recommends that this requirement be
removed.

Note in Figure 5 that the corrected load-deformation curve appears nearly
asymptotic to a corrected load of zero. This is due to the expectation that with
weight compensation, it is possible to achieve a long tail of the softening curve.
Also, it is expected that some of the initial linear portion of the corrected curve

will be negative, as the overcompensation by the counterweights will cause a
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slightly positive residual load at the end of the test, which when adjusted for will
move the curve downward. The value wya then is determined through
interpolation of the corrected data where the initial linear portion of the curve
crosses the x-axis in Figure 5. Substituting equation (22) into equation (19), and
P+ for P — P we get:
p=4(5) [ )
S Wy —wya)?  (Wyr — wpya)?

where wy is CMOD data taken from the far tail of the curve. In accordance with

(23)

Section 9.3.4 of Chapter 4 of ACI 446-5, data corresponding to loads less than or
equal to 5% of Pimax from the far tail of the curve is collected for the least squares
analysis to determine A.

To assist in the calculation of A, ACI 446-5 creates another term, X, so
that Py = AX. Xis calculated as follows for each data point of wy:

X = (ﬂ)z [ LR . (24)
S Wy —wma)®  (Wyg — Wia)?
Section 9.3.5 of Chapter 4 of ACI 446-5 allows for a simple linear regression to
determine A. However, when plotting Py vs. X, ACI 446-5 suggests the curve
more closely resembles a quadratic equation as follows:

P=X(A+KX), (25)
where K is a constant that is not needed for any further calculations. Note that
equations (24) and (25) are exactly those of the equations in Section 9.3.4 and
9.3.5 respectively of Chapter 4 of ACI 446-5. Performing a least-squares fit of
equation (25) provides A, and is recommended by ACI 446-5 over a simple linear
regression (although a linear regression is allowed). It should be noted the
reasoning for this is not cited, and the author recommends that ACI 446-5
provide some explanation for using a quadratic equation over a linear one.

The far tail constant, A, can now be plugged into equation (20) to obtain
WE, and then Gg. As will be discussed in Section 2.2, A will also be used, in part,
to calculate the initial portion of the softening curve, the fracture energy, and the
critical crack opening displacement.
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One area of contention is that should the residual load be less than that of
the pre-load (the small amount of un-recorded loading before testing to eliminate
seating non-linearities, usually between 5-10% of the expected peak load), there
will be no initial negative corrected load data. Instead, the first corrected load
data point will be positive. This particular circumstance was observed in
specimens with a well-developed softening tail, and will be discussed further in
Chapter 4. ACI 446-5 does not have any provisions for this situation, so using a
value of wya = 0 in this case is a practical assumption given that a typical value
of wua is usually between 10 to 20 microns, which is on the order of wyg x 10°.

Although Gr is a useful fracture parameter, it alone is not entirely sufficient
in describing the post-peak behavior of concrete, as the shape of softening curve
is never taken into account. It’'s well within the realm of possibility that two
concretes with the same Gr could exhibit different post-peak behavior, and thus
more parameters are needed to better describe the fracture process.

2.2 Bilinear Cohesive Crack Model

As discussed above, Gr represents the energy condition required for crack
propagation and completely controls fracture when the fracture process zone is
considerably smaller than the size of the specimen [Elices et al. 2002]. However,
it alone is not enough to fully describe the post-peak behavior of concrete. By
contrast, when the fracture process zone is large compared to size of the
specimen, the tensile strength and initial slope of the softening curve begin to
control several properties, such as the strength of the specimen [Elices et al.
2002]. The reason is that for relatively small specimen sizes, the peak load
occurs at very small crack opening displacement values, and therefore the
strength of the specimen relies entirely on the initial portion of the softening
curve. Thus to better describe the post-peak behavior of concrete, a new model
must be created that provides fracture parameters that also take into account the
initial portion of the softening curve. Guinea et al. proposed such a model with
four fracture parameters that approximate the stress vs. crack opening
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displacement softening curve of concrete as bilinear, described as the bilinear
cohesive crack model [Guinea et al., 1994].

As discussed in Chapter 1, ACI 446-5 uses the bilinear cohesive crack
model as the basis for calculations of the fracture parameters determined from
NBLII tests. The calculation of these fracture parameters are an adaptation of the
equations and methods developed by Hillerborg, discussed above in Section 2.1,
and by Guinea et al., discussed further below. These methods have gone
through many modifications over the years, which have led to changes of several
of the original equations found in the literature. In select cases, the equations
listed in Chapter 4 of ACI 446-5 cannot be found in the literature. In general, the
equations are also complex and in some cases sensitive to small changes,
discussed further in Chapter 4, making them error-prone. Thus, careful
consideration of the assumptions of each of the equations listed in ACI 446-5 is
required.

The bilinear cohesive crack model developed by Guinea et al. is a simple
approximation of the softening curve shown in Figure 1, where the softening
curve of concrete is approximated by two linear functions, as shown in Figure 6.
This bilinear approximation is completely defined by the following terms, which
are represented graphically in Figure 6:

e The total fracture energy: Gr

e The splitting tensile strength: f;

e The initial horizontal intercept: wy
e The critical crack opening: we

e The initial fracture energy: Gy

The first term, Gg, is calculated from load-deformation curve data using
equation (21), derived in Section 2.1. The other terms are discussed in detail
below, with the initial portion of the softening curve discussed in Section 2.2.1,
and the critical crack opening displacement, w,, discussed in Section 2.2.2.

18



Softening Curve

Stress, o

Figure 6: Bilinear approximation of softening curve

2.2.1 The Initial Portion of the Softening Curve

The term f;, shown in Figure 6, represents the tensile strength of the
concrete which is obtained from Brazilian split cylinder tests. It should be noted
that the experiments and theoretical analysis performed by Rocco et al.
determined that the Brazilian tests show a great deal of dependence on the size
of the specimen with respect to the width of the wooden strips used a